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ABSTRACT

The use of spontaneous self-assembly as a lithography and external fields-free means
to construct well-ordered, often intriguing structures has received much attention as a result
of the ease of producing complex structures with small feature sizes. Self-assembly via
irreversible solvent evaporation of a droplet containing nonvolatile solutes (polymers,
nanoparticles, and colloids) represents one such case. However, the flow instabilities within
the evaporating droplet often result in irregular dissipative structures (e.g., convection
patterns and fingering instabilities). Therefore, fully utilizing evaporation as a simple tool
for creating well-ordered structures that have numerous technological applications requires
delicate control over several factors, including the evaporative flux, solution concentration,
interfacial interaction between the solute and the substrate, etc.
In this study, we developed a simple route to produce highly regular polymeric
structures in an easily controllable, cost-effective, and reproducible manner simply by
allowing a drop to evaporate in a confined geometry consisting of a sphere on a Si surface
(i.e., a sphere-on-Si geometry). The confined geometry provides unique environment for
controlling the flow within the evaporating droplet, which, in turn, regulates the structure
formation. A variety of polymers, including (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4phenylenevinylene] (MEH-PPV), poly(ferrocenyldimethylsilane) (PFS), polystyrene (PS),
poly(methyl methacrylate) (PMMA), and polystyrene-block-poly(methyl methacrylate) (PSb-PMMA), are selected as nonvolatile solutes. A number of parameters are found to
effectively mediate the structure formation, including the solution concentration, the
interfacial interaction between the solute and the substrate, curvature and molecular effect.

xiv
This simple, lithography-free route allows subsequent preparation of various metal, metal
oxide, and carbon nanotube patterns with controlled spacing, size, and thickness.
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CHAPTER 1: GENERAL INTRODUCTIONS
Self-assembly at nanometer and micrometer scales
Self-assembly of small molecules
At all scales, self-assembly is defined as a spontaneous process of components which
are capable of forming either separated or linked, ordered structures.1

Molecular self-

assembly has been recognized ubiquitous in the filed of chemistry, materials engineering, and
biology, for example, the formation of molecular crystals,1 colloids,2 lipid bilayers,3 phase
separated polymers, 4 and self-assembled monolayers. 5 Although weak covalent bonding is
utilized to self-assemble in some cases, 6 a wider range of other interactions are also
employed, including van der Waals, Coulomb interactions, hydrophobic interactions, and
hydrogen bonds. In a self-assembly system, it consists of a group of molecules or segments
of macromolecules that interact and, ultimately, lead the system from less ordered molecular
state (e.g., a solution, disordered aggregation, or random coils) to ordered state (e.g.,
crystalline structure or folded macromolecules). When the appropriate conditions are
provided artificially or naturally, self-assembly can occur with aggregation of the
components in a various range of size7 from the molecular level to macroscopic level as
represented in Figure 1-1. 8 When molecules interact with each other, aggregation of
components results in when there is a net interaction at an equilibrium separation distance
between the components (Figure 1-1a). The equilibrium separation distance represents either
a competition or a balance between the attraction and repulsion forces. These two
interactions occur not only in molecular self-assembly, but also in macroscopic selfassembly. Self-assembly of any objects are recognized as the aggregates that are
energetically more stable than the individual, dissociated forms or disordered aggregates.9

2

Figure 1-1. Schematic illustration of molecular self-assembly.

Figure 1-1b and 1-1c show the reversibility or adjustability of aggregates. In case of
irreversibility (Figure1-1b), components (blue) that interact with one another irreversibly
form disordered glasses (green). In contrast, components, which can equilibrate or adjust
their positions during contact reaction within aggregates, can be engineered in ordered
crystals if the ordered forms have the lowest-energy level (red) (Figure 1-1c). From this
essential differences between irreversible aggregation and ordered self-assembly, we know
that the components should be able to adjust their respective positions. 10 As a result,
complementarities in shapes of the self-assembled components are crucial. There are
numerous self-assemblies in the field of biology as shown in Figure 1-1d, for example, the
folding of polypeptide chains into proteins11 and the folding of nucleic acids into functional
forms.12 These examples inspired the design of biomimetic processes.

3
Although much of the work in self-assembly has been focused on molecular
components so far, many of the most interesting applications of self-assembling processes
can be found in larger sizes, ranging from nanometers to micrometers scale, including
colloids, nanowires and nanospheres, and related structures. In the system where the size of
components is bigger than that of molecules, the attraction and repulsive interactions that are
concerned are capillary, electrostatic, magnetic, optical, fluidic shear, and gravitational
forces. Self-assembly at larger scale, which is analogous to molecular self-assembly, offers
practical and technological strategies to produce well ordered structures that have great
potential applications in microelectronics,

13 , 14

photonics,

15 , 16

near field optics,

17

nanotechnology,18,19,20, and manufacturing. It also provides a level of control over not only
the characteristics of the components, but also the interactions among them, which makes
fundamental investigations tunable through the interchange of concepts and techniques
within these fields.

Self-assembly of colloids
Colloids have been studied for decades on the broad range of perspectives and
materials science.21 There are a number of unique applications of colloids that are attractive
to scientists who work in the field of materials engineering.22 In the emerging filed of self
assembly related to nanoscience and nanoengineering, self-assembly of colloidal particles
produced well-ordered structures with a wide range of dimensions as shown in Figure 1-2.23

4

Figure 1-2. A list of representative colloidal systems together with their typical ranges of
dimensions. The upper limit of the critical dimension for colloids has been extended from 1
µm to 100 µm.

Monodispersed spherical polystyrene and silica particles24 in suspensions have been
used for studying the self assembly process due to their availability and potential
applications. In addition to these commercially available materials, 25 nanoparticles (e.g.,
quantum dots)26, 27, 28 and carbon nanotubes29, 30, 31 have also been explored aggressively.
A variety of mechanisms of self assembly of colloidal particles have been proposed.
Nagayama et al. found that the mechanism of self assembly via evaporation of colloidal
particles mainly originated from “capillary forces” between the particles at the fluid
interfaces.32,33, 34, 35, 36 Denkov et al. classified the comprehensive types of capillary forces
between the colloidal particles after considering various conditions, such as colloid’s
wettability, electrostatic repulsion, and particle weight effect between colloids and substrates
as schematically illustrated in Figure 1-3a.37
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a

b

c

Figure 1-3. a) Types of capillary forces: (1) the normal capillary forces can be due to either
liquid-in-gas or gas-in-liquid capillary-bridges that lead to particle-particle and particlesubstrate interactions, the force is directed normally to the contact line. (2) In the case of
lateral capillary forces, the force is parallel to the contact line. The interaction is due to the
overlap of interfacial deformations created by the separate particles. (3) In the case of
flotation force, the deformations are caused by the particle weight and buoyancy. (4) In the
case of immersion forces, the deformations are related to the wetting properties of the
particle surface: position and shape of the contact line, and magnitude of the contact angle. b)
Schematic presentation of the particle assembly process driven by the liquid flow c) SEM
image of the monolayered colloidal crystals fabricated 360 nm PS particles.

6
Figure 1-3b shows a schematic presentation of the particle assembly process driven
by the liquid flow. When a droplet of the colloid suspension dried on a solid flat surface,
such as glass or Si substrate, the attractive capillary forces within a thin film of liquid
supported on a substrate were the main driving force among the spherical colloids and forced
them to form a closed packed, hexagonal array. During slow evaporation under a controlled
condition, lateral displacement by slow migration of colloids allowed “nucleus formation”;
here, nucleus was defined as finely ordered region that consist of a number of colloidal
spheres at the initial stage of evaporation. When the thickness of the liquid layer approached
the diameter of colloids in the mid stage of drying, absorbed colloids led to slow-moving of
more colloids, which were assembled around the nucleus continuously due to their attractive
capillary forces. If the surfaces possess enough flatness, cleanness, and chemically
homogeneity, direct deposition of colloids could be a very simple method to generate highly
ordered structure with relatively large domain size on planar surface (Figure 1-3c).
Numerous researchers have found effective ways to utilize this simple phenomenon to
engineer the well-ordered structures for practical applications. Figure 1.4 summarizes the
techniques that have been implemented in the colloidal assembly. 38 In some cases, these
techniques are combined with the lithographical methods, such as prepatterning, templating,
replication, and etching process, before or after colloids deposition to yield versatile
intriguing structures.

7

a

d

b

e

c

f

Figure 1-4. Diverse self-assembly strategies to create ordered colloid arrays: a) dip-coating
in which capillary forces and evaporation induce colloidal self-assembly, b) lifting up a
colloid array from an interface using the substrate, c) electrophoretic deposition of colloids,
d) chemical or electrochemical deposition of colloids with a patterned array, e) physical
template-guided self-organization of colloids, f) spin-coating in which shear and capillary
forces drive the colloidal self-organization.

Nagayama et al. discovered, for the first time, a growing particle array, via direct
observation of the dynamics of colloids under optical microscope, using a conventional dip
coating method (Figure 1-4a).8 In their study, they used a step-motor to control the
evaporation rate and lateral capillary force at the edge of interface meniscus / particles / air,
and to vertically lift up the wettable substrate from the colloidal suspension at very slow

8
withdrawal velocity 39 . in this case, polycrystalline monolayer having large domains was
obtained with various thickness defined by the diameter of the colloid (Figure 1-3c).
There is an increased demand for more dense assembly of colloids and the formation
of 3D arrays on a substrate. Colvin and his co-workers40 contrived an easy route to forming a
3D structure by placing an inclined substrate in a suspension of colloidal spheres at c = 1-5
vol %. As shown in Figure 1-4b, for this experimental approach, the optimization of
temperature gradient and the inclination of substrate41 were the key to control the evaporation
rate in a vessel for the colloids to adopt face centered cubic or hexagonal packing possessing
3D array fashions. 42 To utilize the interface of particles efficiently with electrostatic and
capillary forces, chemically modified particles i.e. alkoxyl chains or silanization could be
used at the special interfaces at the boundary of liquid meniscus, i.e., air/benzene or
octane/water interface. 43 Typically, in this case, the starting position for the colloids
deposition was somewhat below of the initial level of the contact line on the top of the
meniscus.
In addition to the abovementioned conventional techniques to assembly colloidal
particles on a flat surface, other techniques were also employed to enhance the controllability
and ordering of colloids, including electric or magnetic field (Figure 1-4c), 44 ,
electrostatic interaction using polyelectrolyte (Figure 1-4d),

48 , 49 , 50 , 51 , 52

45 , 46 , 47

self -assembled

monolayers (Figure 1-4e),53 ,54, 55 and spin casting on the prepatterned substrates created by
lithography which consist of patterns with specific shapes and aspect ratio (Figure 1-4f ). 56,
57, 58

Recently, most of the colloidal self-assemblies have combined with other techniques or

processes to generate precise site-specific adsorption of colloidal particles on the chemically
or mechanically tunable surfaces. A number of these examples are shown in Figure 1-5.

9

Figure 1-5. Self-assembly techniques to create ordered colloid arrays a) an ordered square
array in the top layer and an ordered arrays of square voids in the bottom layer of a double
layered colloidal crystal produced using a two step lift up process. The inset displays the
magnified views of the corresponding images,59 b) an array of trigonal planar clusters formed
with 0.9 µm PS beads in cylinder holes 2 um in diameter and 1 um in depth,60 c) cross
sectional SEM image of thin planar opal template assembly on a Si wafer from 855 nm
spheres,71 d) SEM image of the nanopatterned hole arrays: magnified SEM image of a single
domain of a nanopatterned hole array. The inset shows a cross-sectional view of the
nanopatterned hole arrays, 61 e) Silicon inverse opal obtained from a planar colloids
templates,71 f) 80nm diameter silica particles on grooved samples for 3500 rpm of spin
speed,31 g) optical micrographs (difference interference contrast) of the drying front of a latex
suspension droplet on an ammonium silane (squares)-octadecylsilane monolayer pattern
before (A) and after removal of the liquid (inset) schematic side view of a resting droplet on
the substrate.47
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Although the practical applications are yet to come, periodic arrays in a regular
fashion in either two or three dimensions by self assembly of colloids can be exploited as a
platform of switches,62 microchip reactors,63 chemical and biosensors,64, 65, 66, 67 high density
data storage device,68, 69 electronics,70 and photonic bandgap materials.71, 72, 73, 74, 75, 76 Many
of these assemblies have emerged as new material systems having a wide range of novel
optical and electronic properties as a function of particle size and interparticle distance. The
ability to generate well-defined distribution with varying feature size provides particular
functionality to reach to the industrial applications, such as fabricating integrated electrooptical devices.77

Self-assembly of block copolymers
One of the key challenges in recent nanotechnology is to precise control a selfassembly to create specific architectures.78,79 As the size scale of device features becomes
smaller, new self-assembled materials are required to meet the demands in both cost and
manufacturing issues. To this end, the self-assembly of block copolymers provides a robust
solution to these challenges. Diblock copolymers, comprised of two chemically distinct
chains covalently linked at one end, spontaneously self-assemble into a rich diversity of
structures at nanometer length scales (e.g. spheres, cylinders, lamellae, etc.), depending on
the volume fractions of the components. In addition, their size is dictated by molecular
weight, typically in a range of 10 to 100nm, 80 which promises a density of ~ (1–10)x1012
nanostructures per inch2. The formation of ordered nanodomains in block copolymers is also
dictated by the Flory–Huggins interaction parameter , which reflects the incompatibility
between blocks. They have found potential applications in preparing high density
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circuits,81,82,83,84,85 storage media,86,87 nanocomposites,88 ,89 functional nanomaterials.90 ,91 By
combining the tailored self-assembly of block copolymer at the nanoscopic scale (i.e., a
“bottom up” approach) with a “top down” process at the microscopic scale, such as
utilization of a lithographic template,92 ,93 ,94 uniform ordered arrays of nanodomains were
found in the block copolymer thin films. The combined “top-down” and “bottom-up”
approaches provides a path towards the rational design of “hierarchical structures”95,96 with
periodic features that span over multi-length scales.97
For many applications using diblock copolymer thin film, both orientation and lateral
order (i.e., long range order) of the nanodomains are crucial.98 Preferential interactions of one
of the two blocks with the substrate and the surface energies of the blocks categorize the
morphologies according to the thickness of films as shown Figure 1-6.99In the case of diblock
copolymer thin film, to achieve vertically aligned nanodomains, the commensurability
between the characteristic length scale, L0 of diblock copolymer and film thickness is
manipulated by optimizing the concentration of the solution. Cylinders lying parallel to the
surface (Figure 1-6c) and lamellae standing laterally to substrate (Figure 1-6b) are examples
for fabrication of nanowires. 100 Upright cylinders and spheres will be of interest in the
formation of highly packed hexagonal arrays for data storage devices (Figure 1-6d).

12

Figure 1-6. When confined to a thin film, the orientation of block copolymer domains with
respect to the substrate surface is crucial for many applications. a) Lamellae lying parallel to
the substrate, b) lamellae aligned perpendicular, c) cylinders lying parallel, d) cylinders
perpendicular, and e) spheres. In the case of lamellae in the perpendicular orientation and
cylinders in parallel, lines can be patterned if the persistence length of the structure can be
controlled. In the case of upright cylinders and spheres, the grain size and perfection of the
hexagonal array is of primary importance.

In

general,

the

self-assembled

structures

tend

to

be

progressed

into

thermodynamically equilibrium state so that the self-assembly process leads to regular, stable
organization. In case of both dip coating and solution droplet castings on substrate are “slow
processes”,101, 102 which generate self-assembly during the casting process. In addition, the
non-equilibrium effects of solvent evaporation affect the orientation of nanodomains leading
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to desirable morphologies. For example, the orientation of block copolymer cylinders
changes with the evaporation rate of the solvent. 103 , 104 However, in most cases, block
copolymer thin films are prepared by spin-coating technique where a drop of polymer
solution is deposited on a spinning solid substrate (silicon wafers are commonly used due to
their uniform flatness). As the substrate spins, the polymer film spreads by centrifugal forces,
and the volatile solvent is “rapidly” spun off. The thickness of the final films depends on
polymer concentration and spin speed; the thickness of the film can be easily controlled by
these two parameters. Also, the surface roughness of polymer films which obtained from
both spin casting and droplet solvent casting process can be controlled by varying the
evaporation rate of the solvent. For instance, if the solvent evaporation rate is too fast, the
surface will be roughened by solvent flow instabilities so that the solvent should be chosen to
maximize film uniformity. Moreover, in the process of spin coating, the solvent flashes off so
quickly that equilibrium state of block copolymers are hard to reach. Thus, self-assembly of
block copolymer occurs frequently in the mean time of allowing to an annealing process at
elevated temperatures under vacuum; this process minimizes surface-induced nonequilibrium effects, and increases the possibilities of a polymer to reach its thermodynamic
equilibrium morphology.
In principle, the higher the molecular weight of block copolymers is, the larger
obstacles of the kinetic barriers to thermodynamic equilibrium become.105 For applications of
larger domain spacing, extremely large molecular weights are necessary; in case of strongly
segregated molecular chains, the characteristic nanodomain spacing, d increases
approximately as the two third power of molecular weight. As a result, the allowance of
temperature range between glass transition and decomposition is insufficient to reach to the
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thermal equilibrium. In this context, rather than thermal annealing, “solvent annealing
process” 106,107,108,109 of block copolymer thin films are used. The solvent vapor provides
specific amount of mobility with the time scale to the block copolymers or acts as a
plasticizer to the thin film. In addition to supplying mobility, the solvent annealing may
screen unfavorable interactions between the copolymer species leading to a depression in the
order–disorder transition. Furthermore, the evaporation of a solvent is highly directional so
that this process can induce a spontaneous nanodomain orientation. When the solvent flows
normal to the pinned contact line, 110 it leads to the formation of well-ordered arrays of
nanodomains with very long range orderings. It has been demonstrated that the choice of
selective solvents dramatically impacts the kinds of nanostructures and plays a role in the
orientation of the nanodomains.
Film thickness has considerable effect on the morphologies of block copolymers111
Different interfacial energy in two blocks attracts one of the blocks to a substrate, inducing a
layering effect in the film. Lamellar film is composed of the characteristic spacing, L0 in
domain structures. The surface energy plays an important role due to the chain stretching and
compression of block copolymers, if the film thickness is not commensurate with L0.
Accordingly, islands or holes form at the polymer/air interface due to differences in surface
energy and affinity of the blocks with the substrate. Smooth films are observed after
annealing the as-spun film with a thickness that matches a natural thickness, h as discussed in
the following: (1) when both surfaces (i.e., the substrate and the air surface) attract the same
block, h is equal to nL0 , where n is an integer; (2) when two surfaces attract different blocks,
flat films occur when the initial film thickness equals to (n + 1/ 2)L0. In case of very thin
films, surface effects could induce significant deviations of morphology from the predicted
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bulk structures as shown in Figure 1-7. The surface reconstructions of a cylinder-forming
block copolymer include the reorientation of nanodomains, wetting layers, and perforated
lamellae mainly due to the interplay between surface energy and confinement effects (Figure
1.7).

Figure 1-7. The self-assembly of block copolymers is fundamentally influenced by the
boundary conditions including film thickness. a) and b) are phase AFM images of a thin
poly(styrene-b-butadiene-b-styrene) triblock copolymer which reconstructs as a function of
film thickness. c) is a schematic height profile of the phase images shown above, while d) is
a simulation result of the same block copolymer.112

Lithographically defined grooved substrates have been employed to extend the ability
of self-assembly of block copolymer thin film under confinement 113 with various length
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scales of topographical lateral dimensions (i.e., template assisted self-assembly). Similar
patterns of islands and holes have been obtained for the lamellar-forming and sphere-forming
block copolymers on topographically patterned substrates (Figure 1-8). Thermal annealing
has shown dramatic effects on the reduction of uncontrolled defects and improves the lateral
ordering in lamellar-forming block copolymers (Figure 1-8c). 114 A variety of periodic
nanoscale patterns, such as nanospheres (Figure 1-8d), have been created with the thickness
modulations.
In addition to the abovementioned template assisted self-assembly of block
copolymers, the perfect long-range ordered nanoarrays of block copolymer thin films
themselves can also be used as templates and have applications in nanotechnology.115 For
example, nanoporous materials116 can be generated by selective removal of one block from
the self-assembled block copolymer thin film. Subsequently, it served as a mask for
lithography using conventional reactive ion etching technique as shown in Figure 1-9.
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Figure 1-8. a) Characteristic lengths (L0) of block copolymers and the characteristic length
(LS) of the template are indicated. b) Perspective schematic of template and cross-sectional
schematic of a polyvinylpyridine (blue) brush on the SiO2 substrate surface (green) and a
monolayer of PVP spheres (blue) encased in a styrene matrix (red).117 c) Sequential phasecontest AFM images of a film of cylindrical PS-b-PEP prepared on a 95 nm deep and 600 nm
wide template with annealing times of A) 9, B) 14, C) 19, D) 24, and E) 33 h at 130 °C. d)
Spherical PFS domains within 1D templates of varying width. A) SEM images of ordered
arrays of PFS domains with number of rows in the groove n = 2–12.118
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Figure 1-9.

Processing scheme of nanolithography template consisting of a uniform

monolayer of hexagonally ordered PB spheres in a PS matrix (cross sectional view in a)).
The sequential removal of one component and further etching of the sample replicate patterns
on the order of tens of nanometers to a silicon nitride surface. Route b) demonstrates a
positive resist; dot arrays, while route c) demonstrates a negative one; hole arrays.119
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Self-assembly of biopolymer: DNA molecules
The specific binding of DNA molecules on surfaces has found many potential
applications in genetic analysis, diagnosis, and DNA chips, 120 ,

121 , 122

in which DNA

molecules are “addressable” only when they are highly ordered or stretched.123, 124 To this
end, the ability to arrange and/or stretch DNA molecules (i.e., DNA combing) is the key and
has been demonstrated in many occasions.125,126.
Bensimon and his co-workers were the first to study DNA combing. 127, 128, 129 They
exploited several techniques to align DNA molecules, including utilizing the receding
meniscus of vertically moving substrate, and confining them between two glass slides and
allowing the solvent to evaporate, for purposes of physical mapping of genes 130 and
molecular diagnosis of diseases.127

a

b

Figure 1-10. Methods of DNA combing. a) Utilizing the receding meniscus of vertically
moving substrate, b) Confining between two parallel surfaces.
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To develop the efficient DNA combing by simply stretching 131 , 132 , 133 , 134 various
substrates can be used, e.g. silanized,135 polymer-coated,136 predefined patterned surfaces.137,
138, 139, 140, 141

The moving meniscus of DNA solutions offered a wide variety of combing

methods to elongate and fix DNA molecules on the substrates via natural drying process.
Spin-stretching on a spinning disk at the appropriate speed to allow fast solvent
evaporation,142 controlling both the convective flow and the motion of meniscus, 143, 144,
146

145,

and electrophoresis separation 147 , 148 , 149 , 150 have been demonstrated to be effective in

DNA combing to form well-defined shapes and arrays of DNA molecules.
a

ac

eb

b

cd

df

Figure 1-11. (Left) The air-water interface acts as a local field directing the orientation of
molecules dynamically as they are deposited. Molecules of DNA oriented by passage of an
air-water interface around a) 90 ° bend in a 100 μm channel, and b) a 100 μm post. Scale bars
in both cases represent 20 μm; arrows indicate the direction of motion of the air-water
interface. (Right) Fluorescence micrographs of DNA molecules combed on a flat PDMS
stamp; c) vertically and e) diagonally aligned DNA strands on the PDMS stamps, and the
arrays of short, d) and long, f) DNA strands prepared by double printing: scalebar indicates
10 μm.
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On the other hand, other similar methods have been demonstrated by flowing DNA
solutions on the air/liquid interface in microfluidic channels. 151 , 152 , 153 , 154 , 155 , 156 These
results suggested the possibilities of precise control of the orientation and curvature of DNA
molecules, although molecules were randomly distributed in the microchannels originally.
Moreover, soft lithography method 157 was applied to realize the highly effective periodic
alignment of DNA via polydimethylsiloxane (PDMS) stamp assisted molecular combing
process.158, 159, 160
Apart from the above mentioned approaches, Seeman and his co-workers161, 162, 163,
164

pioneered to explore designable complex mesoscopic structures of DNA by self

assembling them based on their specific bonding pairs, which are the nature recognition
properties of DNA molecules. By the hybridization method and appropriate unique sequence
design of oligonucleotide’s base-parings, DNA “arms” with branched junction were formed
with single stranded “sticky-ends”; a new type of elementary block for two or three
dimension building blocks was appeared to compose a molecular scaffold-like structure. For
example, as illustrated in Figure 1-12a, one of the prototype structures was designed by
synthetic DNA molecules based on the assembly of four-arm branched junctions through the
association of sequence-configurative sticky ends. In addition, they suggested the hypothetic
construction of artificial DNA materials by controlling the number of arms in a given by
ligated DNA molecules whose edges were interlocked with two turns of the DNA double
helices (see Figure 1-12b).
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a

b

Figure 1-12. Assembly of branched DNA molecules; a) Self-assembly of branched DNA
molecules into a two-dimensional array. DNA branched-junction forms from four DNA
strands; those strands coloured green and blue have complementary sticky-end overhangs
labelled H and H, respectively, whereas those coloured pink and red have complementary
overhangs V and V, respectively. A number of DNA branched junctions cohere based on the
orientation of their complementary sticky ends, forming a square-like unit with unpaired
sticky ends on the outside, so more units could be added to produce a two-dimensional
crystal. b) Ligated DNA molecules form interconnected rings to create double helix. For
example, the front red strand is linked to the green strand on the right, a cube-like structure.
The structure consists of six cyclic interlocked single strands, each the light blue strand on
the top, the magenta strand on the left, and the dark blue strand linked twice to its four
neighbours, because each edge contains two turns of the DNA on the bottom. It is linked only
indirectly to the yellow strand at the rear.

An additional attractive approach to produce artificial DNA structures 165 at the
molecular level is “DNA-templated self assembly” with various functionalizations for use in
nanotechnology, such as electronics, 166 , 167 magnetic, 168 photonic, 169 and chemical sensing
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applications. 170 The basic idea is that the immobilized DNA molecules can be used as
nanostructured template like other polymeric materials. Braun et al.171 was the first to exploit
the metallization 172 of DNA molecules to achieve conductive of nanowires as shown
schematically in Figure 1-13.

f
c

a

d
g

b

e

Figure 1-13. Construction of a silverwire connecting two gold electrodes. The top left image
shows the electrode pattern; the two 50μm long, parallel elelectrodes are connected to four
(100 X100μm) bonding-pads. a) Oligonucleotides with two different sequences attached to
the electrodes. b) DNA bridge connecting the two electrodes. c)Silver-ion-loaded
DNAbridge. d) Metallic silver aggregates bound to the DNA skeleton. e) Fully developed
silverwire. f, g) AFM images of a silverwire connecting two gold electrodes 12 μm apart:
granular morphology of the conductivewire)
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They utilized self assembly of DNA as templates to construct Ag nanowire between
two gold electrodes, which were modified by thiolating DNA. Self assembly was performed
with another bridge-DNA containing sticky-ends to connect two electrodes (Figure 1-13b
and c). Then, Ag ion was loaded along the DNA template to form a selective Ag localization
through Ag+/Na+ ion exchange. AFM images showed small aggregation of Ag grains which
was contiguous along the DNA backbone.
Yan and LaBean 173 incarnated highly organized structures with specific nanoscale
features, for example, a “molecular pegboard” through the combination of both designed self
assembly of DNA molecules based on their specific bonding pairs and templated DNA
method. 174, 175 DNA molecular assembly has been recognized as the advanced materials,
which can be prepared by a number of methods, such as the direct DNA combing via
evaporation, designed self assembly by synthesizing, and hybridization with template and
lithographical approaches. More significant strategies are yet to be utilized in this emerging
filed.

Structure formation in polymer thin films
Dewetting induced structure formation
The stability and homogeneity of thin films and multilayer structures are of interest
both academically and technologically. Polymer films have been studied intensively because
of their important applications in the microelectronics industry as photoresists, insulating
layer, dielectric layers, coatings, lubricants, and protective layers. However, the polymer
films, which are usually prepared by spin coating, are trapped in the thermodynamic
metastable or unstable state.176 It is well-known that the destabilization of thin films creates
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the spontaneous rupture, and induces formation of holes. They continue to grow laterally to a
critical value at which a stable structure with a characteristic morphology is reached.177 This
process is termed “dewetting”.178,179
Reiter observed the break-up of polystyrene thin film that form irregular polygonal
structures on Si substrate. 180 The spinodal dewetting of thin films (below 100 nm) was
proposed to account for the resulting pattern formation, i.e., film broke up, followed by the
growth of holes. The rupture of the film was related to the nucleation of the defects on the
substrate, thereby spontaneously inducing the capillary waves (i.e., “spinodal dewetting”).181
Xie and his co-workers182 investigated spontaneous dewetting of polystyrene (PS) film on Si
substrates by preparing PS films with the thickness below 10 nm. They found the qualitative
influence of the film thickness on the dewetting process for the first time.
The influence of the native oxide layer on top of Si substrate in the dewetting process
was first described by Seemann and Jacobs.183 A different sign of Hamaker constant was
resulted in, signifying the interfacial interaction between the polymers and Si substrate, by
chemically treating Si substrate. Dewetting was classified by the “stability” of PS thin films
on Si substrate, and identified with the morphologies shown in Figure 1-14a-c). They
established a model that gave the relation of the spinodal wavelength, s 184 and the effective
interface potential,  (h) , which can be interpreted as the excess free energy (per unit area)
between the two interfaces (solid/liquid, liquid/gas)179, 185, 186 Three cases were considered,
i.e., stable (curve 1), unstable (curve 2), and metastable (curve 3) film as shown in Figure 114d. In curve 1,  (h) > 0, which meant that the equilibrium state lied at infinite film
thickness; there was no free energy minimum. For the metastable system (i.e., curve 3), a
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minimum of  (h) was at h = hequil , where hequil is the equilibrium film thickness (see the
arrow in Figure 1-14d), and at the maximum  (h) , the film thickness, h = hmax > hequil .

a)

d)

b)

c)

e)

h equil
Figure 1-14. a)-c) AFM images of dewetting PS (Mw=2k) films; scale bars indicate 5µm, a)
3.9nm thickness of PS on thick oxide layer of SiO2 b) 4.1nm thickness of PS on thin natural
oxide layer of SiO2 c) 6.6nm thickness of PS on thin natural oxide layer of SiO2 d) Sketch of
the effective interface potential Φ as a function of film thickness for stable (1), unstable (2),
and metastable (3) films. e) Second derivative of effective interface potential Φ as a function
of film thickness h.
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For h > hmax , the polymer film destabilized and ruptured via the heterogeneous
nucleation, corresponding to PS thin films on a Si substrate with a native oxide layer (~2 nm)
(blue and purple curves in Figure 1-14e). Curve 2 characterized an unstable state, in which a
spontaneous dewetting, i.e., spinodal dewetting occured. This process was analogous to the
spinodal decomposition in the polymer blend, having a characteristic wavelength, s (i.e., a
characteristic dewetting pattern of thin film).187
For PS thin film deposited on Si substrate with a SiO layer (i.e., Air/PS/SiO/Si), the
potential originated from van der Waals forces acted on PS film can be given,188

vdW (h)  

ASiO
ASiO
ASi


2
2
12 h 12 (h  d ) 12 (h  d ) 2

(1-1)

Where A is Hamaker constant, h is the film thickness, and d is the thickness of SiO. A model
was introduced for the global minimum of  (h) (the excess free energy per unit area) at the
equilibrium film thickness, hequil :
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Where the first term in eq. (1-2) is the short-range interaction of PS with SiO, the second
term is the interaction potential of PS with the SiO layer, and the third term is the difference
between the interaction of PS with Si and the SiO layer. Three curves as a function of PS
film thickness (at different SiO thickness, dSiO), calculated based on eq. (1-2), are shown in
Figure 1-14e. Furthermore, Seemann and Jacobs reconstructed the effective interface
potential

for

the

octadecyltrichlorosilane

(OTS)

modified

system,

denoted

Air/PS/OTS/SiO/Si, 185 in which a monolayer of OTS was deposited on the SiO surface.
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In addition to the above approaches, there are other ways to understand dewetting
phenomena and predict the evolution of unstable thin films. 189 , 190 , 191 , 192 Although the
instabilities of polymer thin films induced by spinodal dewetting and heterogeneous
nucleation have been studied both experimentally and theoretically, much work is still
needed to gain a comprehensive understanding of the dewetting process.193

Breath figures
The phenomenon of water condensing on a clean surface to form well-ordered arrays
of droplets is well known. In the past decade, the transfer of such structures to polymer
surfaces by in situ condensation of water droplets onto a drying polymer solution has been
shown to be a convenient means to ‘imprint’ highly ordered honeycomb structures into
polymers or nanoparticle thin films. 194,195 These honeycomb structures are termed “breath
figures”.
“Breath figures” could form not only on the solid substrates but also on the liquids,
especially on paraffin oil. 196 The first simple approach to produce “breath figures” was
introduced by Francois and his co-workers in 1994.

197

They found self-assembled

honeycomb morphologies were spontaneously formed with a monodispersed pore size when
a droplet of specific polymer solutions was exposed to a moist air flow. Figure 1-15 shows
the schematic of this approach method and the applications of the formed porous structures.
Self-assembled porous polymeric films have a wide range of potential applications as
antireflection coatings, 198 , 199 , 200 dielectric materials for electronic devices, 201 , 202 optical
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materials, 203 membranes, 204 and cell culture media. 205 Micro- or nano-porous structures
produced by the “breath figure” approach might be used templates, which were, otherwise,
often obtained using colloidal particles,206 micro-phase separated block copolymers,207 and
bacteria.208

Figure 1-15. Schematic of bubble formation and potential uses for bubble arrays with
different bubble sizes.

The detailed mechanism of the formation of “breath figures” is still debating. Two
mechanisms have been suggested. First, Srinivasarao and his co-workers 209 reported
progressive three-dimensional ordered array of air bubbles, instead of two dimensional breath
figure array within a polymer thin film, as shown in (Figure 1-16a). During the process of
blowing the moist air flow across the surface of polymer solution, water droplets nucleated
on the surface and subsequently grew because of evaporative cooling of water droplets. Thus,
non-coalescent droplets with a hexagonally packed ordered, quasi-crystalline, and highly
mobile array formed and sunk into a polymer solution. After complete solvent evaporation
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from the polymer solution, the water droplets evaporated as well. This further solidified the
polymer scaffold. After the formation of first layer of “breath figures”, a new generation of
water droplets as a second layer was deposited on top of the first one. This process repeated
over and over. As a result, a 3D network formed on a solid substrate when the solvent and
water completely evaporated from the polymer matrix.

Figure 1-16 Mechanism of breath figure arrays; a) the formation according to Srinivasarao,
and according to Shimomura with different perspective b) top view c) side view.
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Shimomura et al. proposed another mechanism for the formation of breath figures.210,
211, 212

After applying the polymer solution on a substrate, the solvent started to evaporate and

water droplets condensed on top of the polymer solution (Figure 1-16b). Then, the water
droplets were dragged around the polymer solution to reduce the surface tension. The
evaporation induced a shrink in polymer solution’s diameter, more water droplets were
packed with each other in the three-phase contact line (solution, air, and substrate). Complete
evaporation of solvent and water led to the formation of honeycomb structures.
Although the process of “breath figures” is simple and well established, not all details
of the structure formation are well understood. A variety of polymers were used to produce
“breath figures”, including star-like polymers, rod-coil block copolymers, 213 conjugated
polymers214, as well as linear homopolymers.209, 215 Different solvents, such as chloroform,
carbon disulfide, benzene, and toluene were empolyed to prepare polymer solutions.
Recently, the studies have been extended to use organometallic polymers 216 and grafted
polymers217 and complimentary substrates.218

Evaporation induced self-assembly
Dynamic self-assembly of nonvolatile solutes through irreversible solvent
evaporation of a droplet on a solid surface has been recognized as a nonlithography route to
producing intriguing patterns for many engineering applications.219, 220,

221, 222, 223

Two main

characteristic patterns are known. The best studies is produced by Marangoni-Bénard
convection,224, 225,226 which results in polygonal network structures due to the upward flow of
lower warmer liquid. The second is the “coffee ring” pattern (ring-shaped coffee stains
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formed upon the solvent evaporation) (Figure 1-17), which was first investigated by Deegan
and his co-workers.227, 228,229

Figure 1-17. a) A photograph of a dried coffee drop. The dark perimeter is produced by a
dense accumulation of coffee particles (the radius is approximately 5 cm). b) Video
micrographs showing dispersion of fluorescent 1 µm polystyrene spheres in water during
evaporation. c) Schematic illustration of the origin of the advective current. (i) If the contact
line were not pinned, uniform evaporation would remove the hashed layer, the interface
moves from the solid line to the dashed line, and the contact line would move from A to B.
However, if the contact line is pinned then the motion from A to B must be prevented by an
outflow to replenish the liquid removed from the edge. (ii) Shows the actual motion of the
interface and the compensating current.

It was observed that the contact line of a droplet becomes pinned in the drying
process. The highest liquid evaporating region at the pinned edge is replenished by the liquid
from the interior, so that outward flow carries the nonvolatile solutes to the edge. A subset of
the coffee ring phenomena is the concentric rings formed by repeated pinning and depinning
events (i.e., stick-slip motion) of the contact line, as illustrated in Figure 1-18230, 231
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Figure 1-18. A schematic illustration for a pinned contact line with the different view. a)
Main driving forces in the convective assembly process232. F is a lateral capillary immersion
force, between particles captured in the thin liquid film. Fd is a hydrodynamic force, which
drags the particles suspended in the thicker layers towards the thinner regions. Fd is the
caused by a hydrodynamic flux, Jw, which compensates the water evaporated from thinner
regions. b) Typical number of stripe patterns (the arrow in the picture) formed by the
evaporation of a droplet containing PS particles (0.005 volume fraction in water) on glass
substrate. c) (Left) the highest rate evaporating of liquid at the contact line induces a flow of
particles toward the edge. Then, some particles are pinned to the substrate by bootstrapping.
(Right) once the contact line “slips”, it keeps moving until it runs into a fixed particle, at
which point it may become pinned again.
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During replenishing the liquid evaporated at the pinned edge (Figure 1-18c), a flow
from the inner region to the outer region results in. This flow transfers the solutes to the
contact line that is formed by the “slip-stick” motion. After complete drying of the droplet,
contact lines, consisting of nonvolatile solutes, are left behind (Figure 1-18b). The deposition
of solutes is independent of the nature of the solutes (biopolymers,233,234, 235 silica particles,236
latex particles,237 nanoparticles,238 polymers,239 and so on), and only requires the pinning of
the contact line during drying.
However, stochastic concentric rings (i.e., irregular rings) are generally formed on a
single surface. 240 , 241 ,

242

Moreover, the bulk of theoretical work within lubrication

approximation has centered on understanding a single ring formation. Only very few elegant
theoretical studies have focused on periodic multiring formation 243, 244, 245 (i.e., concentric
rings) during droplet evaporation on a single surface.

References
1.

G. R. Desiraju, Crystal Engineering: The Design of Organic Solids, Elsevier (1989).

2.

D. F. Evans, H. Wennerstrom, H. The Colloidal Domain: Where Physics, Chemistry,
Biology, and Technology Meet, Wiley (1999).

3.

M. N. Jones, D. Chapman, Micelles, Monolayers, and Biomembranes, Wiley–Liss
(1995).

4.
5.

E. L. Thomas, Science 286, 1307 (1999).
A. Kumar, N. A. Abbott, E. Kim, H. A. Biebuyck, G. M. Whitesides, Acc. Chem. Res.
28, 219 (1995).

6.

B. Olenyuk, J. A. Whiteford, A. Fechtenkotter, P. J. Stang, Nature 398, 796 (1999).

7.

M. Boncheva, D. A. Bruzewicz, G. M. Whiteside, Pure Appli. Chem. 75, 621 (2003).

8.

G. M. Whitesides, M. Boncheva, Proc. Natl. Acad. Sci. USA 99, 4769 (2002).

9.

N. Bowden, A. Terfort, J. Carbeck, G. M. Whitesides, Sicence 276, 233 (1997).

35
10.

M.P. Valignat, O. Theodoly, J.C. Crocker, W.B. Russel, and P.M. Chaikin, Proc. Natl.
Acad. Sci. USA 102, 4225 (2005).

11.

V. Grantcharova, E. J. Alm, D. Baker, A. L. Horwich, Curr. Opin. Struct. Biol. 11, 70
(2001).

12.
13.

S. Neidle, Oxford Handbook of Nucleic Acid Structure, Oxford Univ. Press (1999).
H. Sirringhaus, T. Kawase, R. H. Friend, T. Shimoda, M. Inbasekaran, W. Wu, E. P.
Woo, Science 290, 2123 (2000).

14.

J. A. Rogers, Z. Bao, K. Baldwin, A. Dodabalapur, B. Crone, V. R. Raju, V. Kuck, H.
Katz, K. Amundson, J. Ewing, P. Drzaic, Proc. Natl. Acad. Sci. USA 98, 4835 (2001).

15.

S. A. Jenekhe, L. X. Chen, Science 283, 372 (1999).

16.

Y. Xia, B. Gates, Y. Yin, Y. Lu, Adv. Mater. 12, 693 (2000).

17.

M. H. Wu, G. M. Whitesides, Appl. Phys. Lett. 78, 2273 (2001).

18.

C. M. Lieber, Sci. Am. 285, 58 (2001).

19.

V. I. Klimov, A. A. Mikhailovski, S. Xu, A. Malko, J. A. Hollingsworth, C. A.,
Leatherdale, H.-J. Eisler, M. G. Bawendi, Science 290, 314 (2000).

20.
21.

S. H. Sun, C. B. Murray, D. Weller, L. Folks, A. Moser, Science 287, 1989 (2000).
a) D. H. Everett, Basic Principles of Colloid Science, Royal Society of Chemistry,
London (1988) b) W. B. Russel, D. A. Saville,W. R. Schowalter, Colloidal
Dispersions, Cambridge University Press, Cambridge (1989) c) R. J. Hunter,
Introduction to Modern Colloid Science, Oxford University Press, Oxford (1993) d)
Ordering and Phase Transitions in Colloidal Systems (Eds:A. K. Arora,B. V. R.
Tata),VCH,Weinheim (1996).

22.

Y. Xia, B. Gates, Y. Yin, Y. Lu, Adv. Mater. 12, 693 (2000).

23.

Microscopy & Histology Catalog, Polysciences, Warrington, PA (1993-1994).

24.

O. D. Velev, T. A. Jede, R. F. Lobo, A. M. Lenhoff, Nature 389, 448 (1997).

36
25.

Reproduced from Reference 22.

26.

M. Gleiche, L. F. Chi, H. Fuchs, Nature 403, 173 (2003).

27.

Y. Babayan, J. E. Barton, E. C. Greyson, T. W. Odom, Adv. Mater. 16, 1341 (2004).

28.

Y. Lu, H. Fan, A. Stump, T. L. Ward, T. Rieker, C. J. Brinker, Nature 398, 223 (1999).

29.

H. Shimoda, S. J. Oh, H. Z. Geng, R. J. Walker, X. B. Zhang, L. E. McNeil, O. Zhou,
Adv. Mater. 14, 899 (2002).

30.
31.

V. V. Tsukruk, H. H. Ko, S. Peleshanko, Phys. Rev. Lett. 92, 065502-1 (2004).
Y. Li, X. J. Huang, S. H. Heo, C. C. Li, Y. K. Choi, W. P. Cai, S. O. Cho, Langmuir
23, 2169 (2007).

32.

N. D. Denkov, O. D. Velev, P. A. Kralchevsky, I. B. Ivanov, H. Yoshimura, K.
Nagayama, Nature 361, 26 (1993).

33.

N. D. Denkov, O. Velev, P. A. Kralchevsky, I. B. Ivanov, H. Yoshimura, K.
Nagayama, Langmuir 8, 3183 (1992).

34.

A. S. Dimitrov, K. Nagayama, Langmuir 12, 1303 (1996).

35.

A. S. Dimitrov, T. Miwa, K. Nagayama, Langmuir 15, 5257 (1999).

36.

O. Velev, N. D. Denkov, V. N. Paunov, P. A. Kralchevsky, K. Nagayama, Langmuir 9,
3702 (1993).

37.

P. A. Kralchevsky, N. D. Denkov, Curr. Opin. Coll. Interf. Sci. 6, 383 (2001).

38.

S.-M. Yang, S. G. Jang, D.-G., Choi, S. Kim, H. K. Yu, Small 2, 458 (2006).

39.

M. Ghosh, F. Fan, K. J. Stebe, Langmuir 23, 2180 (2007).

37
40.

P. Jiang, J. F. Bertone, K. S. Hwang, V. L. Colvin, Chem. Mater. 11, 2132 (1999).

41.

S. H. Im, M. H. Kim, O O. Park, Chem. Mater. 15, 1797 (2003).

42.

H. Cong, W. Cao, Langmuir 19, 8177 (2003).

43.

M. Kondo, K. Shinoaki, L. Bergstrom, N. Mizutani, Langmuir 11, 394 (1995).

44.

R. C. Hayward, D. A. Saville, I. A. Aksay, Nature 404, 56 (2000).

45.

O. D. Velev, A. M. Lenhoff, E. W. Kaler, Science 287, 2240 (2000).

46.

B. B. Yellen, G. Friedman, Adv. Mater. 16, 111 (2004).

47.

E. Kumacheva, R. K. Golding, M. Allard, E. H. Sargent, Adv. Mater. 14, 221 (2002).

48.

G. B. Sukhorukov, E. Donath, H. Lichtenfeld, E. Knippel, M. Knippel, A. Budde, H.
Mohwald, Colloids and surfaces A, 137, 253 (1998).

49.

J. Aizenberg, P. V. Braun, P. Wiltzius, Phys. Rev. Lett. 84, 2997 (2000).

50.

K. M. Chen, X. Jiang, L. C. Kimering, P. T. Hammond, Langmuir 16, 7825 (2000).

51.

B. F. Lyles, M. S. Terrot, P. T. Hammond, A. P. Gast, Langmuir 20, 3028 (2004).

52.

I. Lee, H. Zheng, M. F. Rubner, P. T. Hammond, Adv. Mater. 14, 572 (2002).

53.

U. Jonas, A. del Campo, C. Kruger, G. Glasser, D. Boos, Proc. Natl. Acad. Sci. USA
99, 5034 (2002).

54.
55.

F. Fan, K. J. Stebe, Langmuir 20, 3062 (2004).
Y.-H. Ye, S. Badilescu, V.-V. Truong, P. Rochon, A. Natansohn, Appl. Phys. Lett. 79,
872 (2001).

56.

G. Picard, Langmuir 14, 3710 (1998).

57.

D. Xia, A. Biswas, D. Li, S. R. J. Brueck, Adv. Mater. 16, 1427 (2004).

58.

D. Wang, H. Mohwald, Adv. Mater. 16, 244 (2004).

59.

J. Yao, X. Yan, G. Lu, K. Zhang, X. Chen, L. Jiang, B. Yang, Adv. Mater. 16, 81
(2004).

60.

Y. Xia, Y. Yin, Y. Lu, J. McLellan, Adv. Funct. Mater. 13, 907 (2003).

61.

J. H. Moon, S. G. Jang, J.-M. Lim, S.-M. Yang, Adv. Mater. 17, 2559 (2005).

62.

P. Tran, J. Opt. Soc. Am. B 14, 2589 (1997).

63.

H. Gau, S. Herminghaus, P. Lenz, R. Lipowsky, Science 283, 46 (1999).

64.

O. O. Velev, E. W. Kaler, Langmuir 15, 3693 (1999).

65.

J. H. Holtz, S. A. Asher, Nature 389, 829 (1997).

38
66.

S. P. A. Fodor, R. P. Rava, X. C. Huang, A. C. Pease, C. P. Holmes, C. L. Adams,
Nature 364, 555 (1993).

67.

K. Lee, S. A. Asher, J. Am. Chem. Soc. 122, 9534 (2000).

68.

C. Haginoya, M. Ishibashi, K. Koike, Appl. Phys. Lett. 71, 2934 (1997).

69.

B. H. Cumpston, S. P. Ananthavel, S. Barlow, D. L.. Dyer, J. E.. Ehrlich,
L. L. Erskine, A. A. Heikal, S. M. Kuebler, I.-Y. S. Lee, D. McCord-Maughon, J. Qin,
H. R. Rockel, M. Rumi, X.-L. Wu, S. R. Marder, J. W. Perry, Nature 398, 51 (1999).

70.

A. N. Shipway, E. Katz, I. Willner, Chemphyschem 1, 18 (2000).

71.

Y. A. Vlasov, X.-Z. Bo, J. C. Sturm, D. J. Norris, Nature 414, 289 (2001).

72

P. Jiang, G. N. Ostojic, R. Narat, D. M. Mittleman, V. L. Colvin, Adv. Mater. 13, 389
(2001).

73.

O. Painter, R. K. Lee, A. Scherer, A. Yariv, J. D. O’Brien, P. D. Dapkus, I. Kim,
Science 284, 1819 (1999).

74.

S.-Y. Lin, E. Chow, V. Hietala, P. R. Villeneuve, J. D. Joannopoulos, Science 282,
274 (1998).

75.
76.

Y. Lu, Y. Yin, Y. Xia, Adv. Mater. 13, 34 (2001).
S. A. Maier, M. L. Brongersma, P. G. Kik, S. Meltzer, A. A. G. Requicha, H. A.
Atwater, Adv. Mater. 13, 1501 (2001).

77.

G. A. Ozin, S. M. Yang, Adv. Funct. Mater. 11, 95 (2001).

78.

C. Park, J. Yoon, E. L. Thomas, Polymer 44, 6725 (2003).

79.

I. W. Hamley, Angew. Chem. Int. Ed. 42, 1692 (2003).

80.

C. J. Hawker, T. P. Russell, MRS Bullet. 30, 952 (2005).

81.

K. W. Guarini, C. T. Balck, K. R. milkove, R. L. Sandstrom, J. Vac. Sci. Technol. B 19,
2784 (2001).

82.

M. R. Bockstaller, Y. Lapetnikov, S. Margel, E. L. Thomas, J. Am. Chem. Soc. 125,
5276 (2003).

83.

D. E. Fogg, L. H. Radzilowski, B. O. Dabbousi, R.R. Schrock, E. L. Thomas, M. G.
Bawendi, Macromolecules 30, 8433 (1997).

84.

D. E. Fogg, L. H. Radzilowski, R. Blanski, R.R. Schrock, E. L. Thomas, M. G.
Bawendi, Macromolecules 30, 417 (1997).

39
85.

A. Urbas, R. Sharp, Y. Fink, E.L. Thomas, M. Xenidou, L.J. Fetters, Adv. Mater. 12,
812 (2000).

86.

J. Y. Cheng, C. A. Ross, V. Z. H. Chan, E. L. Thomas, G. H. Rob, R. G. H.
Lammertink, G. J. Vansco, Adv. Mater. 13, 1174 (2001).

87.

C. T. Black, K. Guarini, K. R. Milkove, S. M. Baker, T. P. Russell, M. T. Tuominen,
Appl. Phys. Lett. 79, 409 (2001).

88.

Y. Lin, A. Boker, J. He, K. Sill, H. Xiang, C. Abetz, X. Li, J. Wang, T. Emrick, S.
Long, Q. Wang, A. Balazs, T. P. Russell, Nature 434, 55 (2005).

89.

M. R. Bockstaller, R. A. Mickiewicz, E. L. Thomas, Adv. Mater. 17, 1331 (2005).

90.

M. Li, C. A. Coenjarts, C. K. Ober, Adv. Polym. Sci. 190, 183 (2005).

91.

M. A. Hillmyer, Adv. Polym. Sci. 190, 137 (2005).

92.

J. Y. Cheng, C. A. Ross, H. I. Smith, E. L. Thomas Adv. Mater. 18, 2505 (2006).

93.

H.-W Li, W. T. S. Huck, Nano Lett. 4, 1633 (2004).

94.

S. O. Park, H. H. Solak, M. P. Stoykovich, N. J. Ferrier, J. J. Pablo, P. F. Nealey,
Nature 424, 411 (2003).

95.

D. Sundrani, S. B. Darling, S. J. Sibener, Langmuir 20, 5091 (2004).

96.

W. A. Lopes, H. M. Jaeger, Nature 414, 735 (2001).

97.

U. Jeong, H.-C. Kim, R. L. Rodriguez, I. Y. Tsai, C. M. Stafford, J. K. Kim, C. J.
Hawker, T. P. Russell, Adv. Mater. (2002).

98.

V. A. Belyi, T. A. Witten, J. chem. phys. 120, 5476 (2004).

99.

R. A. Segalman, Mater. Sci. Eng. R48, 191 (2005).

100.

T. Thurn-Albrencht, J. Schotter, G. A. Kastle, N. Emley, T. Shibauchi, L. KrusinElbaum, K. Guarini, C. T. Black, M. T. Tuominen, T. P. Russell, Science 290, 2126
(2000).

101.

H. Huang, Z. Hu, Y. Chen, F. Zhang, Y. Gong, T. He, C. Wu, Macromolecules 37,
6523 (2004).

102.

G. Kim, M. Libera, Macromolecules 31, 2569 (1998).

103.

J. Hwang, J. Huh, B. Jung, J.-M. Hong, M. Park, C. Park, Polymer 46, 9133 (2005).

104.

T. To, H. Wang, A. B. Djrisic, M. H. Xie, W. K. Chan, Z. Xie, C. Wu, S. Y. Tong,
Thin Solid Films 467, 59 (2004).

40
105.

J. Yoon, W. Lee, E. L. Thomas, Adv. Mater. 18, 2691 (2006).

106.

J. Zhao, S. Jiang, X. Ji, L. An, B. Jiang, Polymer 46, 6513 (2005).

107.

K. Fukunaga, H. Elbs, R. Magerle, G. Krausch, Macromolecules 33, 947 (2000).

108.

K. Tanaka, A. Takahana, T. Kajiyama, Macromolecules 29, 3232 (1996).

109.

J. Peng, Y. Wei, H. Wang, B. Li, Y. Han, Macromol. Rapid commun. 26, 738 (2005).

110.

M. Kimura, M. J. Misner, T. Xu, S. H. Kim, T. P. Russell, Langmuir 19, 9910 (2003).

111.

A. knoll, A. Horvat, K. S. Lyakhova, G. Krausch, G. J. A. Sevink, A. V. Zvelindovsky,
R. Magerle, Phys. Rev. Lett. 89, 035501-1 (2002).

112.

T. L. Morkved, H. M. Jaeger, Europhys. Lett. 40, 634 (1997).

113.

D. Sundrani, S. J. Sibener, Macromolecules 35, 8531 (2002).

114.

D. Sundrani, S. B. Darling, S. J. Sibener, Nano Lett. 4, 273 (2004).

115.

S. H. Kim, M. J. Misner, T. Xu, M. Kimura, T. P. Russell, Adv. Mater.16, 226 (2004).

116.

R. A. Pai, R. Humayun, M. T. Schulberg, A. Sengupta, J. N. Sun, J. J. Watkins,
Science 303, 507 (2004).

117.

R. A. Segalman, A. Hexamer, E. J. Kramer, Macromolecules 36, 6831 (2003).

118.

J. Y. Cheng, A. M. Mayes, C. A. Ross, Nat. Mater. 3, 823 (2004).

119.

M. Park, C. Harrison, P. M. Chaikin, R. A. Resister, D. A. Adamson, Science 276,
1401 (1997).

120.

M. Cuzin, Transfus. Clin. Biol. 8, 291 (2001).

121.

D. Gerhold, T. Rushmore, C. T. Caskey, Trends Biochem. Sci. 24, 168 (1999).

122.

M. C. Pirrung, Angew. Chem. Int. Ed. 41, 1276 (2002).

123.

C.M. Niemeyer, Curr. Opin. Chem. Biol. 4, 609 (2000).

124.

F. Patolsky, C. M. Lieber, Mater. Today 8, 20 (2005).

125.

X. Michalet, Nano Lett. 1, 341 (2001).

126.

C. M. Niemeyer, Angew. Chem. Int. Ed. 40, 4128 (2001).

127.

D. Bensimon, A. J. Simon, V. Croquette, A. Bensimon, Phys. Rev. Lett. 74, 4754
(1995).

128.

X. Michalet, R. Ekong, F. Fougerousse, S.Rousseaux, C. Schurra, N. Hornigold, M.
Slegtenhorst, J. Wolfe, S. Povey, J. S. Beckmann, A. Bensimon, Science 277, 1518
(1997).

41
129.

J.-F. Allemand, D. Bensimon, L Jullien, A. Bensimon, V. Croquette, Biophys. J. 73,
2064 (1997).

130.

J. Jing, J. Reed, J. Huang, X. Hu, V. Clarke, J. Edington, D. Housman, T. S.
Anantharaman, E. J. Huff, B. Mishra, B. Porter, A. Shenker, E. Wolfson, C. Hiort, R.
Kantor, C. Aston, D. C. Schwartz, Proc. Natl. Acad. Sci. USA. 95, 8046 (1998).

131.

S. S. Abramchuk, A. R. Khokhlov, T. Iwataki, H. Oana, K. Yoshikawa, Europhys.
Lett. 55, 294 (2001).

132.

T. Heim, S. Preuss, B. Gerstmayer, A. Bosio, R. Blossey, J. Phys. Condens. Matter
17, S703 (2005).

133.
134.

A. T. Wooley, R. T. Kelley, Nano Lett. 1, 345 (2001).
I. Smalyukh, O. V. Zribi, J. C. Butler, O. D. Lavrentovich, G. C. L. Wong, Phys. Rev.
Lett 96, 177801 (2006).

135.

S. Yoda, S. P. Han, H. Kudo, K. J. Kwak, M. Fujihira, Jpn. J. Appl. Phys. 43, 6297
(2004).

136.

H. Nakao, H. Hayashi, T. Yoshino, S. Sugiyama, K. Otobe, T. Ohtani, Nano Lett. 2,
475 (2002).

137.

M. Shin, C. Kwon, S. K. Kim, H. J. Kim, Y. Roh, B. Hong, J. B. Park, H. Lee, Nano
Lett. 6, 1334 (2006).

138.
139.

G. Maubach, W. Fritzche, Nano Lett. 4, 607 (2004).
D. C. G. Klein, L. Gurevich, J. W. Janssen, L. P. Kouwenhoven, J. D. Carbeck, L. L.
Sohn, Appl. Phys. Lett. 78, 2396 (2001).

140.

G. C. Randall, P. S. Doyle, Macromolecules 39, 7734 (2006).

141.

G. Liu, J. Zhao, Langmuir 22, 2923 (2006).

142.

H. Yokota, J. Sunwoo, M. Sarikaya, G. Engh, R. Aebersold, Anal. Chem. 71, 4418
(1999).

143.

W. Wang, J. Lin, D. C. Schwartz, Biophys. J. 75, 513 (1998).

144.

K. Otobe, T. Ohtani, Nucleic Acid Res. 29, e109 (2001).

145.

N. Morii, G. Kido, H. Suzuki, H. Morii, Biopolymers 77, 163 (2005).

146.

X. Fang, B. Li, E. Petersen, Y-S Seo, V. A. Samuilov, Y. Chen, J. C. Sokolov, C-Y
Shew, M. H. Rafailovich, Langmuir 22, 6308 (2006).

42
147.

N. Pernodet, V. Samuilov, K. Shin, J. Sokolov, M. H. Rafailovich, D. Gersappe, B.
Chu, Phys. Rev. Lett. 85, 5651 (2000).

148.

Y-S Seo, V. A. Samuilov, J. Sokolov, M. Rafailovich, B. Tinland, J. Kim, B. Chu,
Electrophoresis 23, 2618 (2002).

149.
150.

H-Y Lin L-C Tsai, P-Y Chi, C-D Chen, Nanotechnology. 16, 2738 (2005).
B. Li, X. Fang, H. Luo, E. Petersen, Y-S Seo, V. Samuliov, M. Rafailovich, J.
Sokolov, D. Gersappe, B. Chu, Electrophoresis 27, 1312 (2006).

151.

V. Namasivayam, R. G. Larson, D. T. Burke, M. Burns, Anal. Chem. 74, 3378 (2002).

152.

H. Cao, J. O. Tegenfeldt, R. H. Austin, S. U. Chou, Appl. Phys. Lett. 81, 3058 (2002).

153.

C. A. P. Petit, J. D. Carbeck, Nano Lett. 3, 1141 (2003).

154.

A. Curt, D. Lasne, J-F Allemand, M. Dahan, P. Desbiolles, Phys. Rev. E 67, 051910
(2003).

155.
156.

V. Dukkipati, J. H. Kim, S. W. Pang, R. G. Larson, Nano Lett. 6, 2499 (2006).
E. Bystrenova, M. Facchini, M. Cavallini, M. G. Cacace, F. Biscarini, Angew. Chem.
Int. Ed . 45, 4779 (2006).

157.
158.

Y. Xia, G. M. Whitesides, Angew. Chem. Int. Ed. 37, 550 (1998).
H. Nakao, M. Gad, S. Sugiyama, K. Otobe, T. Ohtani, J. Am. Chem. Soc. 125, 7162
(2003).

159.

J. Guan, L. J. Lee, Proc. Natl. Acad. Sci. USA. 102, 18321 (2005).

160.

P. Björk, S. Holmström, O. Inganäs, Small 2, 1068 (2006).

161.

N. C. Seeman, Nature 421, 427 (2003).

162.

E. Winfree, F. Liu, L. A. Wenzler, N. C. Seeman, Nature 394, 539 (1998).

163.

N. C. Seeman, A. M. Belcher, Proc. Natl. Acad. Sci. USA. 99, 6451 (2002).

164.

J. J. Storhoff, C. A. Mirkin, Chem. Rev. 99, 1849 (1999).

165.

Y. Ito, E. Fukusaki, J. Mol. Catal. B 28, 155 (2004).

166.

R. M. Stoltenberg, A. T. Woolley, J. Biomed. Microdevices 6, 105 (2004).

167.

D. S. Hopkins, D. Pekker, P. M. Goldbart, A. Bezryadin, Science 308, 1762 (2005).

168.

D. Nyamjav, J. M. Kinsella, A. Ivanisevic, Appl. Phys. Lett. 86, 093107-1 (2005).

169.

M. Heilemann, P. Tinnefeld, G. S. Mosteiro, M. G. Parajo, N. F. Van Hulst, M. Sauer,
J. Am. Chem. Soc. 126, 6514 (2004).

43
170.

Y. Ma, J. Zhang, G. Zhang, H. He, J. Am. Chem. Soc. 126, 7097 (2004).

171.

E. Braun, Y. Eichen, U. Sivan, G. Ben-Yoseph, Nature 391, 775 (1998).

172.

K. Keren, R. S. Berman, E. Braun, Nano Lett. 4, 323 (2004).

173.

H. Yan, S. H. Park, G. Finkelstein, J. H. Reif, T. H. Labean, Science 301, 1882 (2003).

174.

K. Lund, Y. Liu, S. Lindsay, H. Yan, J. Am. Chem. Soc. 127, 17606 (2005).

175.

J. Sharma, R. Chhabra, Y. Liu, Y. Ke, H. Yan, Angew. Chem. In. Ed. 45, 730 (2006).

176.

D. J. Srolovitz, S. A. Safran, J. Appl. Phys. 60, 247 (1986).

177.

C. Redon, F. Brochard-Wyart, F. Rondelez, Phys. Rev. Lett. 66, 715 (1991).

178.

O. Karthaus, L. Grasjo, N. Maruyama, M. Shimomura, Chaos 9, 308 (1999).

179.

G. Reiter, Langmuir 9, 1344 (1993).

180.

G. Reiter, Phys. Rev. Lett 68, 75 (1992).

181.

a) A. Vrij, Discuss. Faraday Soc. 42,23 (1966); b) A. Vrij, J. Th. G. Overbeek, J. Am.
Chem. Soc. 90, 3074 (1968).

182.

R. Xie, A. Karim, J. F. Douglas, C. C. Han, R. A. Weiss, Phys. Rev. Lett. 81, 1251
(1998).

183.
184.

R. Seemann, S. Herminghaus, K. Jacobs, Phys. Rev. Lett. 86, 5534 (2001).

s is connected with  (h) via the equation,

s =[-8  2  /  ''(h) ]1/2 , where  is the

surface tension of the film with respect to air.
185.

S. Dietrich, in Phase Transition and Critical Phenomena, 1998, edited by C. Domb
and J. L. Lebowitz (Academic, London), Vol. 12; M. Schick, in Liquids at Interfaces,
1989 edited by J. Charvolin et al. (Elsevier Science, Amsterdam).

186.

R. Seemann, S. Herminghaus, C. Neto, S. Schlagowski, D. Podzimek, R. Konrad, H.
Mantz, K. Jacobs, J. Phys. Condens. Matter 17, S267 (2005).

187.

V. S. Mitlin, J. Colloid Interface Sci. 156, 491 (1993).

188.

R. Seemann, S. Herminghaus, K. Jacobs, J. Phys. Condens. Matter 13, 4925 (2001).

189.

M. D. Morariu, E. Schaffer, U. Steiner, Eur. Phys. J. E. 12, 375 (2003).

190.

P. Muller, J. Phys. Condens. Matter 15, R1549 (2003).

191.

U. Thiele, M. G. Velarde, K. Keuffer, Phys. Rev. Lett. 87, 016104 (2001).

192.

A. Sharma, Langmuir 9, 861 (1993).

193.

G. Reiter, Eur. Phys. J. E 12, 465 (2003).

44
194.

J. Aitken, Nature 86, 516 (1911).

195.

L. Rayleght, Nature 86, 416 (1911).

196.

C. M. Knobler, D. Beysens, Europhys. Lett. 6, 707 (1998).

197.

G. Widawski, M. Rawiso, B. Francois, Nature 369, 387 (1994).

198.

S. Walheim, E. Schaffer, J. Mlynek, U. Steiner, Science 283, 520 (1999).

199.

J. A. Hiller, J. D. Mendelsohn, M. F. Rubner, Nat. Mater. 1, 59 (2002).

200.

M. Ibn-Elhaj, M. Schadt, Nature 410, 796 (2001).

201.

S. Ding, P. Wang, X. Wan, D. W. Zhang, J. Wang, W. W. Lee, Mater. Sci. Eng. B 83,
130 (1999).

202.

R. Schwodiauer, S. Bauer, Rev. Sci. Instrum. 73, 1845 (2002).

203.

M. S. Park, Y. Lee, J. K. Kim, Chem. Mater. 17, 3944 (2005).

204.

G. Yang, X. Xiong, L. J. Zhang, Membr. Sci. 201, 161-173 (2002).

205.

T. Nishikawa, R. Ookura, J. Nishida, K, Arai, J. Hayashi, N. Kurono, T. Sawadaishi,
M. Hara, M. Shimomura, Langmuir 18, 5734-5740 (2002).

206.
207.

O. D. Velev, T. A. Jede, R. F. Lobo, A. M. Lenhoff, Nature 389, 447 (1997).
M. Park, C. Harrison, P. M. Chaikin, R. A. Register, D. H. Adamson, Science 276,
1401 (1997).

208.

S. A. Davis, S. L. Burkett, N. H. Medelson,, S. Mann, Nature 385, 420 (1997)

209.

M. Srinivasarao, D. Collings, A. Philips, S. Patel, Science 292, 79 (2001)

210.

N. Maruyama, T. Koito, J. Nishida, T. Sawadaish, X. Cieren, K. Ijiro, O. Karthaus,
M. Shimomura, Thin Solid Films 327-329, 854 (1998).

211.

O. Karthaus, N. Maruyama, X. Cieren, M. Shimomura, H. Hasegawa, T. Hashimoto,
Langmuir 16, 6071 (2000).

212.

H. Yabu, M. Shimomura, Chem. Mater. 17, 5231 (2005).

213.

B. de Boer, U. Stalmach, H. Nijland, G. Hadziioannou, Adv. Mater. 12, 1581 (2000).

214.

L. V. Govor, I. A. Bashmakov, R. Kiebooms, V. Dyakonov, J. Parisi, Adv. Mater. 13,
588 (2001).

215.
216.

J. Peng, Y. Han, B. Li, Polymer 45, 447 (2004).
B. Englert, S. Scholz, P. L. Leech, M. Shinivasarao, U. H. F. Bunz, Chem Eur. J. 11,
995 (2005).

45
217.

M. H. Stenzel-Rosenbaum, T. P. Davies, A. G. Fane, V. Chen, Angew. Chem. Int. Ed.
40, 3428 (2001).

218.

H. Yabu, M. Shimomura, Langmuir 22, 4992 (2006).

219.

T. Young, Phil. Trans. Roy. Soc. 95, 65 (1805).

220.

E. Rabani, D. R. Reichman, P. L. Geissler, and L. E. Brus, Nature 426, 271 (2003).

221.

J. K. Cox, A. Eisenberg,, R. B. Lennox, Curr. Opin Colloid Interface Sci. 4, 52
(1999).

222.

C. Normand, Y. Pomeau, M. G. Velarde, Rev. Mod. Phys. 49, 581 (1977).

223.

T. Ondarcuhu and C. Joachim, Europhys. Lett. 42, 215 (1998).

224.

Z. Mitov and E. Kumacheva, Phys. Rev. Lett. 81, 3427 (1998).

225.

V. X. Nguyen and K. J. Stebe, Phys. Rev. Lett. 88, 164501 (2002).

226.

S. Q. Xu and E. Kumacheva, J. Am. Chem. Soc. 124, 1142 (2002).

227.

R. D. Deegan, O. Bakajin, T. F. Dupont, G. Hubber, S. R. Nagal, T. A. Witten, Nature
389, 827 (1997).

228.
229.

R. D. Deegan, Phys. Rev. E 61, 475 (2000).
R. D. Deegan, O. Bakajin, T. F. Dupont, G. Hubber, S. R. Nagal, T. A. Witten, Phys.
Rev. E 62, 756 (2000).

230.

E. Adachi, A. S. Dimitrov, K. Nagayama, Langmuir 11, 1057 (1995).

231.

L. Shmuylovich, A. Q. Shen, H. A. Stone, Langmuir 18, 3441 (2002).

232.

P. A. Kralchevsky, N. D. Denkov, Curr. Opin. Coloid Interface. Sci. 6, 383 (2001).

233.

I. Tuval, L. Cisneros, C. Dombrowski, C. W. Wolgemuth, J. O. Kessler, R. E.
Goldstein, Proc. Natl. Acad. Sci. USA. 102, 2277 (2005).

234.

V. Dugas, J. Broutin, E. Souteyrand, Langmuir 21, 9130 (2005).

235.

R. G. Larson, T. T. Perkins, D. E. Smith, and S. Chu, Phys. Rev. E 55, 1794 (1997).

236.

J. J. Guo, J. A. Lewis, J. Am. Ceram. Soc. 82, 2345 (1999).

237.

K. Uno, K. Hayashi, T. Hayashi, K. Ito, H. Kitano, Colloid Polym. Sci. 276, 810
(1998).

238.

C. H. Chon, S. Paik, J. B. Tipton Jr, K. D. Kihm, Langmuir 23, 2953 (2006).

239.

M. Gonuguntla, A. Sharma, Langmuir 20, 3456 (2004).

240.

Y. O. Popov, Phys. Rev. E 71, 036313 (2005).

46
241.

T. Okubo, S. Kanayama, K. Kimura, Colloid Polym. Sci 282, 486 (2004).

242.

A. P. Sommer, M. Ben-Moshe, S. Magdassi, J. Phys. Chem B 108, 8 (2004).

243.

H. Maeda, Langmuir 15, 8505 (1999).

244.

H. Maeda, Langmuir 16, 9977 (2000).

245.

A. P. Sommer, R.-P. Franke, Nano Lett. 3, 573 (2003).

47
CHAPTER 2: DRYING MEDIATED PATTERN FORMATION IN
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A paper published in Chemistry of Materials, 17, 6223 (2005)
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Introduction
Poly(ferrocenylsilanes) (PFS) are a novel class of transition metal-containing
polymers with a main chain that consists of alternating organosilane and ferrocene units.1-17
They posses intriguing physical properties that have potential applications in magnetic data
storage,1, 2, 4-7, 10, 12, 13 photonic device,1, 9 and redox-active materials.2, 5 In addition, they are
ideal precursors for producing magnetoceramics where the magnetic properties can be tuned
by

pyrolysis

temperature.1,

2,

4-8,

10-13

For

example,

pyrolysis

of

poly(ferrocenyldimethylsilane) at 1000ºC turns it into ferromagnetic -iron (-Fe)
nanoparticles embedded in an amorphous silicon carbide/carbon (SiC/C) matrix.1, 7 It has
been demonstrated that the patterned, micron scale PFS bars, circles, and lines exhibit a
significant increase in coercivity in magnetic properties measurements.12 Furthermore, these
patterned PFS can also serve as etch barriers in nano and microlithographic applications, for
example, transferring the patterns into silicon substrate.11, 15-17 PFS is stable in reactive ion
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etching process compared to common organic polymers due to the presence of iron and
silicon in the polymer backbone.17 However, the creation of these micrometer size patterns
involves the preparation and use of either a mask in UV-lithography11,

14

or a stamp in

capillary force lithography,16, 17 or requires the use of expensive electron-beam lithography
that is not cost-effective and operated under high vacuum chamber.11,

12

Moreover, a

subsequent step of removal of unexposed PFS is required.11, 12, 14
Self assembly via irreversible solvent evaporation of a droplet containing nonvolatile
elements (dyes, nanoparticles, or polymers) represents an extremely versatile way for onestep creation of complex large-scale18-34 or long-range ordered structures.35, 36 However, the
flow instabilities within the evaporating droplet often result in irregular dissipative structures,
e.g., convection patterns and fingering instabilities. Therefore, to fully utilize the evaporation
as a simple, non-lithography route to produce well-ordered structures that have numerous
technological applications, it requires delicately controlling the evaporative flux, the solution
concentration, and the interfacial interactions among the solvent, solute, and substrate. To
date, a few attempts have been made to control the droplet evaporation in a confined
geometry in which self-organized mesoscale patterns are readily obtained.37-39 Recently,
patterns of remarkably high fidelity and regularity have been reported.37 They are formed
simply by allowing a drop to evaporate in a confined geometry composed of two cylindrical
mica surfaces placed at right angle to one another.37
Here we show that, by constructing a much simpler confined geometry consisting of a
spherical lens on a silicon (Si) surface (sphere-on-Si), patterns of periodic concentric rings of
poly(ferrocenyldimethylsilane) (PFDMS) can be formed in one step in a precisely
controllable manner without the need of lithographic techniques and external fields.
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Subsequent pyrolysis of the patterned PFDMS rings yielded ferromagnetic ceramics
containing -Fe nanoparticles. The use of a sphere-on-Si geometry carries advantages over
the case in which two crossed cylindrical mica surfaces were empolyed.37 It eliminates the
need of mica cleaving to prepare step-free mica thin films, the sputtering of silver on the
backside of mica thin film for optical imaging in the reflection mode, and the gluing of mica
thin films onto cylindrical lenses.40, 41 The present much simpler yet general geometry affords
a means to produce and organize surface patterns in a concentric fashion with unprecedented
regularity.
To implement a confined geometry, an inch-worm motor with a step motion of a few
micrometers was used to place the upper sphere into contact with the lower stationary Si
substrate. Before they contacted (i.e., separated by approximately a few hundred micrometers
apart), a small amount of PFDMS toluene solution was loaded (~25 μl) and trapped within
the gap between the sphere and Si due to the capillary force as schematically illustrated in
Figure 1a. The sphere was finally brought into contact with Si substrate by the inch-worm
motor such that a capillary-held PFDMS solution forms with evaporation rate highest at the
extremity (Figure 2-1b). This leads to unstable stick-slip motion of the three-phase contact
line, which moves toward the center of the sphere/Si contact during the course of solvent
evaporation.
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Figure 2-1. Schematic representation of a droplet of PFDMS toluene solution in the confined
geometry consisting of a spherical lens on a Si substrate.

The evaporation, in general, took an hour to complete. Afterward, the two surfaces
were separated. A periodic family of microscopic concentric rings was formed on both
sphere and Si surfaces. An optical microscope (OM; Olympus BX51) in the reflection mode
was used to examine the deposited patterns without delay since crystallization was observed
after leaving rings at the ambient conditions for a few days. Instead of performing
characterizations on the spherical lens, including AFM (DI Dimension 3100 in tapping
mode) and scanning electron microscopy (SEM; Joel 6060LV) as will be shown later, the
patterns formed on Si substrate were investigated. This is because that the surface of the
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spherical lens is curved, which makes it hard to take images without the curving effect from
the lens.

Results and Discussion
Shown in Figure 2-2 are the optical micrographs of the concentric ring patterns over a
lateral distance of several hundred micrometers obtained by the deposition of PFDMS from
0.0625 mg/ml and 1.25 mg/ml PFDMS toluene solutions in the geometry shown in Figure 21. It should be noted that only a small region of the entire ring patterns is shown in the
images. In both cases, a definite spacing between microscopic rings was seen. The average
center to center distance of the rings, C-C, for the 0.0625mg/ml solution is 6.3μm as
determined by both AFM and fast Fourier transfer of the optical micrograph. The average
height, h, and width, w, of the ring are 96 nm and 2.5 µm, respectively, as measured by AFM.
For 1.25 mg/ml solution C-C=16.7 μm, h=182 nm, and w=14 µm. From the result of 0.0625
mg/ml solution each individual ring broken into dots was observed (i.e., forming dotted
rings), indicating, as would be expected, a surface tension driven Rayleigh instability at the
three-phase contact line since the concentration is twenty times dilute than 1.25mg/ml
solution. For both solutions the surfaces of PFDMS rings appeared uniform, suggesting that
PFDMS was in amorphous state and has not yet crystallized. This is presumably due to the
presence of trapped solvent. It should be noted that these unique concentric rings patterns
described here were highly reproducible.
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Figure 2-2. Optical micrographs of the periodic concentric ring patterns on Si substrate
formed by the deposition of PFDMS in the geometry shown in Figure 1b. The concentrations
of PFDMS toluene are 0.0625 mg/mL in (a) and 1.25 mg/mL in (b). The scale bars are 50 µm
in both images. Inset: the chemical structure of PFDMS.

After a few day of leaving sample in ambient condition, the surface of PFDMS
patterns were checked by AFM. Shown in Figure 2-3 are the 3D height and 2D phase images
of a PFDMS surface pattern made from 1.25 mg/ml solution. In 3D height image (Figure 23a), ridge-like rings were observed. Locally, they appeared as stripes in 80 μm x 80 μm scan
area. A close examination of AFM phase image revealed that the crystallization of PFDMS
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occurred. Brighter thin curved lines covered at the surface of each stripe can be seen, which
is indicative of higher, curve-like features were formed over a few day period.

Figure 2-3 AFM images of PFDMS stripes on Si substrate produced from the solution with c
= 1.25 mg/ml. (a): 3D height image; (b): 2D phase image. The crystallization of PFDMS is
clearly evident in 2D phase image. The image size is 80x80 μm2
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The fibril-like crystals are clearly evident and subsequently branch out to cover the
bare Si wafer surface between two PFDMS stripes. Moreover, PFDMS crystals were even
seen to grow and connect two adjacent stripes, for instance, in the lower left of the image.
The symmetric chain structure of PFDMS (shown in the inset in Figure 2-2a), which allows
close packing of PFDMS molecules into crystalline lamellae, favors the crystallization. For a
PFDMS with molecular weight (MW) of 3.4x105 the glass transition temperature Tg and
melting point Tm of PFDMS with two substituent methyl groups are 33C and 122-145C,
respectively.42,

43

These contrast with asymmetrically substituted PFS that possesses a

significantly lower Tg and is amorphous.44, 45 The residual amount of solvent trapped in the
rings, acting as plasticizer, causes a reduction in Tg of PFDMS used in our study. In addition,
the MW of PFDMS is 1.6x105, lower than 3.4x105, suggesting a Tg lower than 33C.42 Taken
together, Tg of PFDMS rings much lower than 33C is expected, this provides a sufficient
mobility for PFDMS chains to fold and form crystals at room temperature (~25 C).
The concentric PFDMS rings were further pyrolyzed at 1000ºC in a quartz tube under
vacuum in a pyrolysis furnace for a few hours to obtain the -Fe crystallites embedded in the
SiC matrix.1, 7 Shown in Figure 2-4 are SEM images of PFDMS before and after pyrolysis.
The integrity of originally formed ring patterns (Figure 2-4a) was retained after pyrolysis
(Figure 2-4b). As a consequence, very low-cost magnetic ceramic rings in a circumferential
fashion were produced in a precisely controllable manner and that have promising
applications in magnetic data storage, especially the rotating-disk medium.1, 7, 12
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Figure 2-4. SEM images of PFDMS rings (a) as formed; and (b) after pyrolysis at 1000°C.
The pyrolysis resulted in the formation of ferromagnetic ceramic rings containing -iron (Fe) crystallites in a silicon carbide/carbon (SiC/C) matrix. The integrity of originally formed
patterns in (a) was maintained. The white scale bars are 100μm in (a), and 20μm in (b).

The formation of periodic concentric rings can be understood as a direct consequence
of controlled, repetitive “stick-slip” motion of contact line resulted from the competition
between friction force (pining force, FP) and capillary force, FC (depining force) during the
course of irreversible solvent evaporation.30, 32, 34, 46 FP reflects the interaction between the
solute and the solvent.30, 47, 48 The counter force, FC is a function of the surface tension of the
solvent and the interfacial area of capillary formed between spherical lens and Si surfaces. In
the present study a capillary-held PFDMS toluene solution bridges between sphere and Si
surfaces with certain contact angle governed by the surface tension of toluene and interfacial
interactions between the surface (both sphere and Si) and the solution. A line of polymer18-20
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is then formed as toluene evaporates, ensuring that toluene evaporating from the edge of the
capillary is replenished by toluene from the interior, so that outward flow carries the
nonvolatile PFDMS to the edge. The deposition of PFDMS exerts a FP against the movement
of the contact line.49, 50 During the evaporation of toluene the contact angle decreases and the
interfacial area of the capillary increases. This causes an increase in FC. When FC reaches a
value greater than FP, the contact line would become unstable and hop to a new position.
Thus a new ring develops.47,

48

This process repeats over and over until it reaches the

sphere/Si contact area. The present confined geometry facilitates the suppression of
hydrodynamic instabilities and convections due to the facts that the experiments were
performed inside a chamber and evaporation was constrained to occur at the capillary edge.
As a result it provides a better control over the solvent evaporation. Thus, rather than a
stochastic stick-slip motion that was responsible for the formation of irregular rings,34 the
periodic ring patterns of PFDMS were deposited on both sphere and Si surfaces. In contrast
to cases in which gradient concentric rings were seen in confined geometries either
consisting of two crossed cylindrical mica surfaces37 or a sphere on a Si surface, the lack of
gradient, i.e., a constant C-C observed in the present study, may be due to a delicate interplay
of the geometrical constraint, the friction force, and capillary force. It merits a detailed study
that is currently being pursued.

Conclusion
We have developed a simple route to highly regular concentric ring patterns in an
easily controllable, cost-effective, and reproducible manner, simply by allowing a drop to
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evaporate in a confined geometry consisting of a sphere on a Si surface. The confined
geometry provides unique environment for controlling the flow within the evaporating
droplet, which, in turn, regulate the pattern formation. The organometallic polymer, PFDMS,
was chosen as a model system. By employing PFDMS toluene solution with an appropriate
concentration, either dotted (at low concentration) or continuous (at high concentration)
concentric ring patterns can be produced. The symmetrically substituted PFDMS rings
crystallized over a period of a few days at ambient condition. Thermal treatment of PFDMS
transforms it, with the retention of concentric ring patterns, into magnetic ceramic rings
containing -Fe embedded within SiC/C matrix that have applications in magnetic data
storage and photonic materials etc. We envision that the formed PFDMS ring patterns can be
used as etching barriers for preparing features with high aspect ratio by transferring patterns
into various substrates using reactive ion etching. This work is currently under investigation.

Experimental
Material: poly(ferrocenyldimethylsilane) (PFDMS), having molecular weight of
1.61x105 was purchased from Polymer Source Inc. Solutions of PFDMS in toluene (1.25
mg/ml and 0.0625 mg/ml) were prepared, purified with 0.2μm filter, and used in the
experiments.
Construction of confined geometry: The radius of spherical lens is ~1 cm. Si wafer
was cleaned by a mixture of sulfuric acid and Nochromix™, and then firmly fixed at the
bottom sample holder. To implement a confined geometry, an inch-worm motor with a step
motion of a few micrometers was used to place the upper spherical lens into contact with the
lower stationary Si substrate. Before they contacted (i.e., separated by approximately a few
hundred micrometers apart), a small amount of PFDMS toluene solution was loaded (~25μl)
and trapped within the gap between the lens and Si due to the capillary force. The lens was
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finally brought into contact with Si substrate by the inch-worm motor. Cares were taken
during the contacting process to ensure no vibration of the sphere since irregular and/or
unstable rings may be resulted from the hydrodynamic instabilities induced by the vertical
vibration of the sphere.
Pyrolysis: -Fe was produced by pyrolysis of PFDMS sealed in a quartz tube under
vacuum in a pyrolysis furnace. The quartz tube was cleaned in base bath and dried. The
temperature of the furnace was kept at 1000C for a few hours, then was cooled to room
temperature.
Characterizations: An Olympus BX51 optical microscope in the reflection mode was
used to investigate the patterns deposited at Si surface. Atomic force microscopy (AFM)
images on patterns formed on Si surface were obtained using a Digital instruments
Dimension 3100 scanning force microscope in the tapping mode. BS-tap300 tips from
Budget Sensors with spring constants ranging from 20 to 75N/m were used as scanning
probes. The scanning electron microscopy studies were performed on a JOEL 6060LV SEM,
operating at 5kV accelerating voltage.

Instead of performing the OM, AFM and SEM characterizations on deposited
PFDMS patterns on the spherical lens, the patterns formed on Si wafer was investigated. This
is because that the surface of the spherical lens is curved, which makes it hard to take images
without the curving effect from the lens.
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CHAPTER 3: SPONTANEOUS FORMATION OF MESOSCALE POLYMER
PATTERNS IN AN EVAPORATING BOUND SOLUTION
A paper published in Advanced Materials, 19, 1413 (2007)

Suck Won Hong, Jianfeng Xia, and Zhiqun Lin
Department of Materials Science and Engineering, Iowa State University, Ames, IA 50011

Introduction
The use of spontaneous self-assembly as a lithography- and external fields-free means
to construct well-ordered, often intriguing structures has received many attentions due to the
ease of producing complex structures with small feature sizes.1-3 Drying mediated selfassembly of nonvolatile solutes (polymers, nanoparticles, and colloids) through irreversible
solvent evaporation of a sessile droplet on a solid substrate (unbound solution) represents one
such case.3-16 However, irregular polygonal network structures (Benard cells)14,
stochastically distributed concentric ‘coffee rings’4-6,

10

15

and

are often observed. The irregular

multi-rings (‘coffee rings’) are formed via repeated pinning and depinning events (i.e., ‘stickslip’ motion) of the contact line.4-6, 10 The evaporation flux varies spatially with the highest
flux observed at the edge of the drop. Therefore, to form spatially periodic patterns at the
microscopic scale, the flow field in an evaporating liquid must be delicately harnessed. In
this regard, recently, a few attempts have been made to guide the droplet evaporation in a
confined geometry17-20 with17 or without18-22 the use of external fields. Patterns of remarkably
high fidelity and regularity have been produced.18-22 However, interfacial interactions
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between nonvolatile solutes and substrates govern the stability of thin films and have not
been explored in these studies.18-20 The synergy of controlled self-assemblies of solutes and
their destabilization mediated by the interaction between solutes and substrates during the
solvent evaporation can lead to the formation of intriguing, ordered structures.
Herein, we report on the spontaneous formation of well-organized mesoscale polymer
patterns during the course of solvent evaporation by constraining polymer solutions in a
sphere-on-Si geometry as illustrated in Fig.3-1 (bound solution, i.e., capillary bridge).
Gradient concentric rings and self-organized punch-hole-like structures were obtained via
mediating interfacial interactions between the polymer and the substrate. This facile approach
opens up a new avenue for producing yet more complex patterns in a simple, controllable,
and cost-effective manner.

Figure 3-1. Confined geometry. Cross-sectional view of a capillary-held solution containing
nonvolatile solutes placed in a sphere-on-Si geometry (i.e., capillary bridge). X is the radial
distance of a formed pattern away from the center of sphere/Si contact, h is the thickness of
the thin film, H is the height of the capillary bridge at the liquid-vapor interface, and L is the
distance from the capillary entrance to the meniscus (the liquid-vapor interface).
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Poly(methyl methacrylate) (PMMA), polystyrene (PS), and polystyrene-blockpoly(methyl methacrylate) diblock copolymer (PS-b-PMMA) were used as nonvolatile
solutes to prepare PMMA, PS, and

PS-b-PMMA toluene solutions, respectively. The

concentration of all the solutions is 0.25 mg/ml. The evaporation, in general, took less than
30 min to complete. The pattern formation was monitored in situ by optical microscopy
(OM). After the evaporation was complete, two surfaces (spherical lens and Si) were
separated and examined by OM and atomic force microscope (AFM). Only the patterns on Si
were evaluated.

Results and Discussion
Highly ordered gradient concentric rings of PMMA, persisting toward the sphere/Si
contact center, were obtained over the entire surfaces of the sphere and Si except the region
where the sphere was in contact with Si (Fig. 3-2a). A typical optical micrograph of a small
region of entire rings of PMMA is shown in Fig. 3-2b. The formation of periodic, gradient
rings was a direct consequence of controlled, repetitive ‘stick-slip’ motion of the contact line,
resulted from the competition of linear pinning force and nonlinear depinning force (i.e.,
capillary force) in the sphere-on-Si geometry20. This is in sharp contrast with irregular
concentric rings formed in an unbound liquid by stochastic ‘stick-slip’ motion of the contact
line,5, 6, 10 suggesting that the use of the sphere-on-Si geometry rendered the control over the
evaporation rate, and is effective in improving the stability against the convection.
The representative 3D AFM height images of PMMA rings at different radial
distances, X (Fig. 3-1), away from the center of sphere/Si contact are shown in Fig. 3-2c-e.
The recession (from Fig. 3-2c to 2e) of the center-to-center distance between adjacent rings,
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C-C, and the height of the ring, h, were clearly evident. As the solution front moved toward
the center of sphere/Si contact due to evaporative loss of toluene (Fig. 3-2a), both C-C and h
decreased progressively from C-C = 35.2 m, h = 192 nm at X = 4200 m (Fig. 3-2c) to 27.2
m, 141 nm at X = 3300 m (Fig. 3-2d) to 25.3 m, 93 nm at X = 2700 m (Fig. 3-2e). The
number of the rings in the 120 x 120 m2 scan area increased from 4 rings (Fig. 3-2c) to 4.5
rings (Fig. 3-2d) to 5 rings (Fig. 3-2e). The average width of a typical ring, w is roughly 2-3
orders of magnitude smaller than its associated length (i.e., circumference) (e.g., (2  X) / w
= 2  * 4200 / 16.8 = ~ 103; corresponding to rings shown in Fig. 3-2c). It is noteworthy that
marginal undulations at edges of the rings were seen at the very late stage of dynamic selfassembly of PMMA (Fig. 3-2e), in which the solution front was close to the center of
sphere/Si contact. There was no a thin layer of PMMA deposited in the space between the
two rings as confirmed by AFM measurements. Such gradient concentric PMMA rings may
be explored as unique surfaces for studying cell adhesion, selective adsorption, and
molecular recognition.19
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Figure 3-2. Gradient concentric ring patterns formation. (a) Schematic drawing illustrating
sequential formation of gradient concentric rings of PMMA during the solvent evaporation in
the geometry shown in Figure 3-1. Left panel: PMMA rings with largest C-C are formed at
the early stage. Middle and right panels: As the solution front propagates toward the center of
sphere/Si contact, C-C decreases. The sphere/Si contact area is marked as “Contact Center”
in the right panel. (b) Optical micrograph of gradient concentric rings of PMMA. The rings
(light green thin PMMA ring on Si substrate (yellowish background)) are periodic over a
large distance. The concentration of PMMA toluene solution is c = 0.25 mg/ml. The scale bar
is 50 m. (c-e) 3D AFM height images of PMMA rings as the ‘stick-slip’ motion
progressively approaches the center of sphere/Si contact, corresponding to the stages in (a),
respectively. The image size is 100 x 100 m2. The z scale is 1000 nm.
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Rather than a periodic family of concentric rings of PMMA formed by the ‘stick-slip’
motion of the contact line, considerable fingering instabilities2, 3, 7, 13, 17, 23 were observed in
the deposition of PS as toluene evaporated, characterized by the appearance of surface
perturbation with a well-defined wavelength at edges of a ring (Fig. 3-3). In the experiment,
the concentric rings of PS were found to form only at distances far away from the center of
sphere/Si contact (i.e., at larger X) at the early stage of dynamic self-assembly process (left
panel in Fig. 3-3a), as shown in a representative AFM image (leftmost ring in Fig. 3-3c). As
the solution front progressed inward, fingering instabilities emerged at both sides of a ring
(middle panel in Fig. 3-3a, rightmost ring in Fig. 3-3c, and Fig. 3-3d) due to the simultaneous
occurrence of the ‘stick-slip’ motion of the contact line and the fingering instabilities of the
rings.17 The fingers are readily revealed in the 2D AFM height images (Fig. 3-3c and 3-3d).
Eventually, the contact line jumped inward to a new position, during which it dragged fingers
formed in its front with it and, thus, yielded the punch-hole-like structures, residing along the
space between two adjacent rings (see snapshots (Fig. S1) from the real-time lapse video in
Supporting Information). An optical micrograph is shown in Fig. 3-3b, illustrating surface
patterns of PS produced locally at different stages.
The center-to-center distance between adjacent PS fingers on a ring, F, and the
height of the ring, h are 26.6 m, 374 nm at X = 3195 m (Fig. 3-3d) and 25.3 m, 328 nm at
X = 3020 m (Fig. 3e where F is roughly equal to the diameter of the microscopic hole).
The average width of fingers at the center connecting two adjacent rings is ~2.6 m as
measured by AFM (Fig. 3-3e). The spatial-temporal evolution of PS surface patterns from
rings to fingers to microscopic holes can be rationalized as follows.
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Figure 3-3. Fingers and punch-hole structures formation. (a) Schematic illustrations of
sequential formation of rings, rings with fingers, and punch-hole-like structures of PS as the
solution front moves inward. (b) Optical micrograph of surface patterns of PS formed by
drying mediated self-assembly in the sphere-on-Si geometry (Fig. 3-1). The fingers and the
punch-hole-like structures (blue PS patterns on Si substrate (colorless background)) are
observed. The concentration of PS toluene solution is c = 0.25 mg/ml. The scale bar is 50m.
(c-e) 2D AFM height images of PS surface patterns. The coexistence of rings and fingering
instabilities is seen in (c) at larger X. As the solution front moved inward (i.e., reducing X)
due to the evaporative loss of the solvent, fingering instabilities appear at both sides of a ring
in (d and e). With increasing proximity to the center of sphere/Si contact, the punch-holelike structures are formed in (e). The image size is 120 x 120 m2. The z scale is 1000 nm.
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The velocity of the displacement of the meniscus (i.e., the liquid-vapor interface), v,
in a capillary bridge is inversely proportional to the distance from the capillary entrance to
the meniscus, L (Fig. 3-1) (i.e., v ~ 1/L).24 v deceases as the meniscus moves inward as a
result of an increase in L. The numerical calculations have demonstrated that the formation of
fingering instability in an evaporating film is dictated by v: a faster v stabilizes the front,
while a slower v leads to the development of fingering instabilities at a propagating front.25 In
the present study, the concentration of the solution was higher at the beginning of the
evaporation process so that more solutes can deposit to form a ring, yielding a larger value of
h as observed experimentally. As the solution front retracted, the evaporation rate of the
solvent decreased, which, in turn, caused a reduction in v. Thus, fewer solutes were available
with which to pin the contact line. As a consequence, the concentration and the viscosity of
the solution at the capillary edge decreased. These led to instabilities.25 The fingers on PS
rings were observed to emerge gradually (middle panel in Fig. 3-3a, and Fig. 3-3d). A slower
v made fingers more stable. Furthermore, the center-to-center distance between two adjacent
rings, C-C decreased as rings near to the center of sphere/Si contact. This facilitates the
continuity of fingers connecting between neighboring rings. The microscopic holes were,
thus, formed with increasing proximity to the center of sphere/Si contact (right panel in Fig.
3-3a, and Fig. 3-3e).
Since the solution concentration (c = 0.25 mg/ml), the loading volume (V = 20 L)
and the solvent (toluene) were kept same for both PS and PMMA solutions, the difference in
resulting surface patterns of PS and PMMA (i.e., rings in PMMA vs. rings together with
fingers and holes in PS) can be attributed to different interfacial interaction between the
polymer and the substrate. The in-situ optical microscopy observation revealed that the
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formation of fingers at the early stage was a thin-film instability in origin (see snapshots (Fig.
3-S1) from the real-time lapse video in Supporting Information). On the basis of linear

stability analysis on a liquid-like thin film, that is, the capillary edge with the height h (Fig.
3-1) in the present study, the dispersion relation that quantifies the perturbation is given by26,
27

  q 4 

A
q2
4
2 h 

(3-1)

where  is the growth rate of the perturbation, q is the growth mode,  is the surface tension
of the solute, and A is Hamaker constant, signifying the interfacial interaction between the
solute and the substrate. It has been shown both experimentally and theoretically that a
PMMA thin film is stable on a Si surface with 2-nm thick native silicon oxide at the surface
since A is negative.28, 29 In contrast, a PS thin film is unstable due to a positive value of A.29-31
Therefore, PMMA rings were stable on Si substrate while PS rings destabilized and formed
fingering instabilities with a fastest growth mode,
qm = [1/(2h2)]*[A/]1/2

(3-2)

It is worth noting that the viscosities of PS and PMMA, which contribute the pinning of the
polymers, are on the same order of magnitude provided that Mn (PS) = 420 kg/mol and Mn
(PMMA) = 534 kg/mol; however, the stabilities of the polymer rings are governed by the
sign of A (eq. 3-1). The fingering instabilities were caused by the concentration-gradientinduced surface tension gradient.17 The deposition of polymer to form a ring reduces local
surface tension of the solution, thereby leading the solution to spread to the region with
higher concentration.17 The condition for equilibrium between a wetting and a meniscus is
the equality of the capillary pressure and the disjoining pressure,24
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(3-3)

Substituting eq. (3-3) into eq. (3-2), the characteristic wavelength of fingering instabilities,

F is, thus, given by24, 26, 27, 32
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where meniscus is the surface tension of the meniscus in the capillary bridge (i.e., the surface
tension of toluene in the present study, 29 mN/m),  is the surface tension of the solute (i.e.,
the surface tension of PS in present study, 40.7 mN/m), and H is the height of capillary
bridge at the liquid-vapor interface (Fig. 3-1) and can be calculated based on H  X 2/2R,
where R is radius of curvature of the spherical lens (R ~ 2 cm) and X can be readily
determined experimentally. Substituting the height of PS ring determined by AFM
measurement and H into eq. (3-2) yields F = 29.6 m at X = 3195 m and F = 26.3 m at X
= 3020 m, which are in good agreement with values measured experimentally (i.e., 26.6 m
at X = 3195 m in Fig. 3-3d and 25.3 m at X = 3020 m in Fig. 3-3e). While optimized
experimental conditions are required to impart higher regularity of punch-hole-like structures
(Fig. 3-3b and Fig. 3-3e), the present findings suggest that a coupling of ‘stick-slip’ motion
and fingering instabilities due to unfavorable interfacial interaction between the nonvolatile
solute and the substrate (i.e., possessing a positive A) may provide a unique means of
organizing materials into well-ordered structures in which regular microscopic holes reside
along concentric circles (Fig. 3-3e).
To further verify that unfavorable interfacial interaction between PS and Si substrate
is crucial in forming fingering instabilities, a lamellar-forming diblock copolymer of
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polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) was employed as a nonvolatile
solute in which PS blocks are covalently linked with PMMA blocks at the one end. Fig. 3-4
shows a surface pattern of PS-b-PMMA formed by drying mediated self-assembly of a 0.25
mg/ml PS-b-PMMA toluene solution in the sphere-on-Si geometry (Fig. 3-1).

Figure 3-4 Optical micrograph of gradient concentric surface pattern of PS-b-PMMA
diblock copolymer formed from a 0.25 mg/ml PS-b-PMMA toluene solution. As the solution
front progresses inward, the transition from rings to the coexistence of rings with fingering
instabilities are clearly evident. However, punch-hole-like structures are not observed.

Well-ordered gradient concentric rings of PS-b-PMMA formed at the early stage of
the solvent evaporation were seen to transform into concentric rings with fingering
instabilities at their front at the final stage. The latter reflected a delicate balance of
competition of unfavorable interfacial interaction between PS block and Si and favorable
interfacial interaction between PMMA block and Si. The observations of PS-b-PMMA
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fingers at the final stage contrast significantly with those in homopolymer PMMA in which
only minimal undulations were detected (Fig. 3-2). On the other hand, as compared to the
case of homopolymer PS (Fig. 3-3), the punch-hole-like structures are, however, not
observed in PS-b-PMMA. This can be attributed to favorable interaction between PMMA
block and Si substrate. Depending on the affinity of respective block for the substrate
surfaces and the film thickness, the mircodomain of a block copolymer can be oriented
normal to the surface of a film over large area.33 A systematic study of microphase separation
in the PS-b-PMMA rings is currently underway.

Conclusion
We have developed a simple route to produce well-ordered patterns in an easily
controllable and cost-effective manner by allowing a drop to evaporate in a sphere-on-Si
geometry. The interfacial interaction between the solute and the substrate effectively mediate
the pattern formation. The rings and punch-hole-like structures organized in a concentric
mode may offer possibilities for many applications, including annular Bragg resonators for
advanced optical communications systems34 and as tissue engineering scaffold.35,

36

The

present studies provide valuable insights into the rationale of harnessing the flow and the
evaporation process in confined geometries and creating unprecedented regular patterns.

Experimental
Sample preparation: 0.25 mg/ml polystyrene (PS) (the number average molecular
weight, Mn = 420 kg/mol, the polydispersity, PDI = 1.15), 0.25 mg/ml poly(methyl
methacrylate) (PMMA) (Mn = 534 kg/mol, PDI = 1.57), and 0.25 mg/ml lamellar-forming
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diblock copolymer of polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) (Mn_PS =
130 kg/mol, Mn_PMMA = 133 kg/mol, PDI = 1.10) toluene solutions were prepared. All
solutions were filtered with 200-nm filter. The spherical lenses and silicon (Si) substrates
were cleaned by the mixture of sulfuric acid and NochromixTM. Subsequently, they were
rinsed with DI water extensively and blow-dried with N2.
Confined geometry: To construct a confined geometry, a spherical lens made from
fused silica with a radius of curvature ~ 2 cm and a Si wafer were used. The sphere and Si
were firmly fixed at the top and the bottom of sample holders, respectively. To implement a
confined geometry, an inchworm motor with a step motion of a few micrometers was used to
place the upper sphere into contact with the lower stationary Si surface. Before they
contacted (i.e., separated by approximately a few hundred micrometers apart), a drop of ~ 20
μL polymer toluene solutions were loaded and trapped within the gap between the sphere and
Si due to the capillary force. The sphere was finally brought into contact with Si substrate by
the inchworm motor such that a capillary-held polymer solution (i.e., capillary bridge) forms
with evaporation rate highest at the extremity (Fig. 3-1).
Characterizations: An Olympus BX51 optical microscope (OM) in the reflection
mode was used to monitor the patterns formation in real time. Atomic force microscopy
(AFM) images on patterns formed on Si surface were performed using a Dimension 3100
scanning force microscope in the tapping mode (Digital Instruments). BS-tap300 tips
(Budget Sensors) with spring constants ranging from 20 to 75N/m were used as scanning
probes.
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Abstract
Gradient

concentric

rings

ethylhexyloxy)-1,4-phenylenevinylene]

of

polymers,

(MEH-PPV)

including
and

(poly[2-methoxy-5-(2-

poly(methyl

methacrylate)

(PMMA), with unprecedented regularity were formed by repeated “stick-slip” motion of the
contact line in a sphere-on-flat geometry. Subsequently, polymer rings served as templates to
direct the formation of concentric Au rings. Three methods were described. The first two
methods made use of either UV (i.e., on MEH-PPV) or thermal treatment (i.e., on PMMA)
on Au-sputtered polymer rings, followed by ultrasonication. The last method, however, was
much more simple and robust, involving selective removal of Au and polymer (i.e., PMMA)
consecutively.
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Introduction
Two-dimensional (2D) periodic structures are attractive for a wide range of
applications in optics,1, 2 optoelectronics,3, 4 photonics,5 electronics,6 magnetic materials7 and
biotechnology.8 A variety of self-assembled systems have been utilized as templates to
produce well-ordered 2D structures with no need of lithography, including microphaseseparated block copolymers,7, 9 hexagonally ordered arrays (i.e., breath figures) made by the
condensation of micron size water droplets on the surface of a polymer solution,10 selfassembly of colloidal crystals,11 and self-organized mesoporous silica.12
Dynamic self-assembly of dispersions through irreversible solvent evaporation of a
drop from a solid substrate is widely recognized as a non-lithography route for one-step
creation of complex, large-scale structures.13-15 The flow instabilities within the evaporating
droplet, however, often result in non-equilibrium and irregular dissipative structures,16 e.g.,
convection patterns, fingering instabilities, and so on. Therefore, to fully utilize evaporation
as a simple tool for achieving well-ordered 2D structures, it requires delicate control over
flow instabilities and evaporation process. Recently, self-organized gradient concentric ring
patterns have been produced by constraining a drop of polymer solution in a restricted
geometry composed of either two cylindrical mica surfaces placed at a right angle to one
another or a sphere on a flat surface (i.e., two surfaces).17-19 The unprecedented regularity
makes these polymer rings intriguing templates for producing concentric metal rings. Here,
we report on fabrications of gradient concentric gold (Au) rings with nanometers in height
and microns in width, replicated from templates of polymer rings. The gradient concentric
polymer rings17-19 were formed on Si or Au-coated ITO substrate via drying mediated self-
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assembly from a capillary-held polymer solution in the sphere-on-flat geometry (Figure 41a).

Figure 4-1. Schematic illustrations of (a) a drop of polymer solution placed in a sphere-onflat geometry, (b) gradient concentric polymer rings produced by solvent evaporation in the
geometry shown in (a), and (c) side view of polymer rings formed in (b), exhibiting a
gradient in the center-to-center distance between adjacent rings, C-C and the height of the
ring, hpolymer from leftmost across the “Contact Center” to rightmost. The sphere/Si (or ITO)
contact area is marked as “Contact Center”.

81
Two polymers were employed as nonvolatile solutes: (poly[2-methoxy-5-(2ethylhexyloxy)-1,4-phenylenevinylene]

(MEH-PPV)

and

poly(methyl

methacrylate)

(PMMA). Subsequently, polymer rings served as templates for making Au rings by several
methods as schematically illustrated in Figure 4-2.

Experimental
Evaporation induced self-assembly of polymer rings in a sphere-on-flat geometry
Si substrates and spherical lenses made from fused silica (radius of curvature ~1 cm) were
cleaned with a mixture of sulfuric acid and Nochromix™. The indium tin oxide (ITO) glasses
were cleaned with acetone, DI water and filtered ethanol, and then blow- dried with N2. A
sphere-on-flat geometry inside a chamber was constructed and implemented as follows. Both
spherical lens and Si (or ITO) were firmly fixed at the top and the bottom of sample holders
in the chamber, respectively. An inchworm motor was used to bring the upper sphere into
contact with the lower stationary Si (or ITO) substrate. Before they contacted (i.e., separated
by a few hundred micrometers), 25 μl polymer toluene solution was loaded and trapped
between the sphere and Si (or ITO) due to the capillary force. The sphere was finally brought
into contact with Si (or ITO) substrate by the inchworm motor such that a capillary-held
polymer solution forms with evaporation rate highest at the extremity as schematically
illustrated in Figure 5.3.1a. This leads to controlled, repetitive “stick-slip” motion of the
three-phase contact line, which moves toward the center of the sphere/Si contact (i.e.,
Contact Center in Figure 5.3.1b) during the course of solvent evaporation. As a result,
gradient concentric polymer rings were formed. Two polymers were used as nonvolatile
solute to produce gradient concentric rings: a linear conjugated polymer, poly[2-methoxy-5-
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(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) (molecular weight, MW = 50-300
kg/mole) and poly(methyl methacrylate) (PMMA) (number average MW, Mn = 534 kg/mole
and polydispersity, PDI = 1.57). The concentration of MEH-PPV toluene solution is 0.05
mg/ml. For PMMA, the concentrations of the solutions are 0.5 mg/ml and 0.125 mg/ml, used
in Method b and c, respectively. Only the ring patterns on Si or ITO substrates were utilized
as templates.
Template assisted formation of concentric Au rings
Method a: use of MEH-PPV rings on Si as templates. A 16-nm thick gold (Au) was
sputtered on MEH-PPV rings on Si substrate (Figure 4-2a). The sample was then exposed to
UV radiation (Mineralight Lamp; Model: UVGL-25; λ=254 nm) for 15 hr to degrade
MEH-PPV buried underneath Au. Afterward, the sample was ultrasonicated in toluene for 10
min to remove degraded MEH-PPV. Au replica was thus obtained (Figure 4-3). Finally, the
Au replica was cleaned up with sulfuric acid.
Method b: use of PMMA rings on Si as templates. Similar to Method a, a 36-nm thick
Au was sputtered on PMMA rings on Si substrate (Figure 4-2b). To achieve Au rings, the
sample was then placed in a furnace at 400 C for 2 hr to thermally decompose buried
PMMA, followed by extensive ultrasonication in toluene for 15 min.
Method c: use of PMMA rings on Au-coated ITO glass as templates. In this method,
a 36-nm thick Au was firstly thermally deposited on ITO glass. To ensure good adhesion
between Au and ITO, a 2-nm thick TiO2 was evaporated on ITO glass. PMMA rings were
then formed on Au-coated ITO substrate. Afterward, Au between PMMA rings were
selectively removed with a mixture of potassium iodide/iodide DI water solution (KI : I2 : DI
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water = 5g: 1.25g : 50ml) for Au for 1 min. Finally, PMMA rings were completely rinsed off
with acetone, thereby exposing Au underneath.

Figure 4-2. Schematic stepwise representation of formation of gradient concentric Au rings.
(a) Evaporation induced self-assembly of MEH-PPV rings on Si substrate from MEH-PPV
toluene solution, showing a decrease in C-C and h from outermost ring (left) toward the
“Contact Center” (right). Then a layer of Au was thermally evaporated, followed by UV
degradation of MEH-PPV and final removal by ultrasonication. (b) Gradient concentric
PMMA rings formed in the same way as illustrated in (a). Subsequently, a layer of Au was
deposited, followed by pyrolysis of PMMA and final removal by ultrasonication. (c) A layer
of Au was deposited on ITO substrate. Then PMMA rings were formed. Afterward, Au
between PMMA rings was selectively removed with the KI/I2 DI water solution. Finally,
concentric Au rings were achieved by washing off PMMA on their top with acetone.
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Results and Discussion
A drop of MEH-PPV or PMMA toluene solution bridged the gap between a spherical
lens and a Si (or ITO) substrate, forming a capillary-held solution (Figure 4-1a).17-19 The
evaporation is restricted at the capillary edges.17-19 Evaporative loss of toluene at the capillary
edges caused the pinning of the contact line (i.e., “stick”), thereby forming outmost polymer
ring. As solvent evaporated, the initial contact angle of the capillary edge decreased
gradually to a critical angle at which the capillary force (depinning force) became larger than
the pinning force,19 leading the contact line to hop to a new position (i.e., “slip”) so that a
new ring deposited. Repetition of the “stick-slip” motion of the contact line resulted in the
formation of concentric rings of the polymer toward the center of sphere/Si (or ITO) contact
(i.e., Contact Center in Figure 4-1b). The patterns chronicled the moments of arrested contact
line motion in the capillary bridge. The center to center distance, C-C between polymer rings
and height of the ring, h were found to decrease with increasing proximity to the Contact
Center (Figure 4-1c) as a result of the competition of linear pinning force and nonlinear
capillary force.19 It is noteworthy that the restricted geometry (i.e., sphere-on-flat) carries the
advantage over cases in which a droplet is allowed to evaporate on a single surface,13-15
namely, providing a unique environment for controlling the flow within an evaporating
droplet, which, in turn, regulates the structure formation with excellent reproducibility.
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Figure 4-3. (a) Optical micrograph of gradient concentric MEH-PPV rings formed via
controlled, repetitive “stick-slip” motion of the contact line in the sphere-on-flat geometry
(Figure 1a). The scale bar is 200 µm. Two representative 2D AFM height images are shown
as insets, demonstrating a decrease in C-C and h with increasing proximity to the center of
sphere/Si contact (i.e., from location (i) to (ii)). The AFM image size is 60 x 60 µm2. The z
scale is 50 nm. (b) Optical micrograph of Au rings after ultrasonicating off degraded MEHPPV, in which MEH-PPV was not completely removed. A close-up is shown in the upper
left. The dark and yellow stripes are Si rings and Au rings, respectively. The scale bar is 70
µm. (c) SEM image of Au rings. The dark and grey stripes correspond to Si rings and Au
rings, respectively.
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Subsequently, the polymer ring patterns served as templates for producing Au rings
using three methods as depicted in Figure 4-2. Method a utilized MEH-PPV rings formed by
evaporation-induced self-assembly from MEH-PPV toluene solution confined in the sphereon-flat geometry (Figure 4-2a). Gradient concentric rings are clearly evident (Figure 4-3a).
The C-C and h were observed to decrease as the evaporation front moved toward the
sphere/Si contact center (i.e., from upper right to lower left). The section analysis of two
representative 2D AFM height images (insets in the optical micrograph) yields that C-C = 9.6
µm, and h = 7.6 nm at location (i) and C-C = 4.3 µm, and h = 1.3 nm at location (ii). It is of
interest to note that the width of MEH-PPV rings is much smaller than the space between the
rings. After sputtering a layer of 16-nm Au on the surface of MEH-PPV rings, the sample
was subjected to UV irradiation (see Experimental). Finally, MEH-PPV rings together with
Au covering on their top were removed by ultrasonication, leaving behind Au rings that were
originally deposited between MEH-PPV rings.
Incomplete removal of buried MEH-PPV was observed as shown in Figure 4-3b,
which was most likely due to very low power of UV source used so that MEH-PPV was not
readily photodegraded completely. Locally, Au rings appeared as the stripes (SEM image in
Figure 4-3c). The width of Au stripes is much wider than that of Si stripes (a close-up view
of optical micrograph in Figure 4-3b and Figure 4-3c), which correlates well with the optical
microscopy observation before the deposition of Au (Figure 4-3a). The energy dispersive Xray analysis (EDX) on the Au replica revealed that no Au signal were detected in the region
between original MEH-PPV rings, indicating that MEH-PPV rings together with Au on the
top were completely detached from Si substrate. In Method b (Figure 4-2b), gradient
concentric PMMA rings produced by controlled, repetitive “stick-slip” motion in the
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restricted geometry consisting of a spherical lens and a Si substrate were utilized as
templates. A 36-nm Au was sputtered. Instead of applying UV radiation to degrade PMMA
due to rather low UV power, PMMA rings buried under Au were thermally decomposed at
400 C. The Au-ring replica was obtained eventually after ultrasonication in toluene (optical
micrograph; Figure 4-4a). The order of Au rings was reminiscent of the arrangement of
PMMA rings and was not affected by the thermal treatment and subsequent ultrasonication.
A typical 3D AFM height image of Au replica is shown in Figure 4-5e. The λC-C and h are 30
µm and 36 nm, respectively. It should be noted that complete removal of pyrolyzed PMMA
was achieved by sonication as compared to the case in MEH-PPV (Figure 4-3b), however,
prolonged sonication was found to cause Au rings to delaminate from Si substrate.

Figure 4-4. (a) Optical micrograph of gradient concentric Au rings on Si substrate fabricated
using Method b (i.e., schematic b in Figure 5.3.2b). The scale is 100 µm. (b) A representative
3D AFM height image of Au rings. The image size is 100 x 100 µm2. The z scale is 150 nm
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Rather than performing the sputtering of Au on polymer ring patterns to achieve Au
rings as demonstrated in Method a and b (Figure 4-3 and 4-4), a much simpler method
(Method c) was to firstly thermally evaporate a thick layer of Au on ITO, followed by the
formation of concentric polymer rings and successive removal of Au (between the polymer
rings) and polymer on the top of buried Au.20 As depicted in Figure 4-2c, PMMA rings were
formed at the surface of Au-coated ITO. The sample was then treated with the KI/I2 DI water
solution to selectively dissolve Au between PMMA rings. Finally, the sample was rinsed
with acetone thoroughly to remove PMMA, thereby exposing underlying Au as shown in
Figure 4-5a. The 3D AFM height images corresponding to the steps illustrated in Figure 4-2c
are shown in Figure 5b-d. The PMMA rings were humplike with the height, h, the width, w,
and the center-to-center distance between PMMA rings, λC-C are 114 nm, 14 µm, and 31 µm,
respectively as determined by the AFM (Figure 4-5b). After the treatment with the KI/I2
aqueous solution, h increased to 150 nm, while w and λC-C were unchanged (Figure 4-5c).
The height of Au underneath PMMA rings was, thus, found to be 36 nm, which agreed well
with the value obtained after removal of PMMA (Figure 4-5d). Rather than humplike rings
(Figure 4-5b and 4-5c), stepwise rings were obtained as are evidenced in Figure 4-5d and 45e. Slightly lower values of w (13.5 µm) and λC-C (30 µm) were obtained due to the fact that
the AFM image was taken at the location that was slightly closer to the center of sphere/ITO
contact. Compared to the Method a and b in which extensive UV degradation (Method a),
high-temperature treatment (Method b), and ultrasonication were applied (Method a and b),
this method is much simple, fast and robust.
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Figure 4-5. (a) Optical micrograph of concentric Au rings on ITO surface. The scale bar is
50 µm. (b)-(d) Representative 3D AFM height images (80 x 80 µm2), corresponding to the
stages illustrated in Figure 4-2c. The z scale is 400 nm. (b) PMMA rings on Au-coated ITO
substrate. (c) PMMA rings after removal of Au between the rings with the KI/I2 DI water
solution. (d) Au rings obtained after rinsing with acetone to eliminate PMMA. (e) Typical
cross-section of Au rings in (d).
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The gradient concentric Au sample was then reacted with 25 µl 6-FAM-Q-labeled
(green emitting fluorescent dye) thiolated oligonucleotides (purchased from Operon
Biotechnologies, Inc) DI water solution. A cover glass was placed on the top of Au sample
sealed with PDMS gasket to prevent water evaporation. Subsequently, the sample was put in
a humidified chamber for 24 hr. The absorption and emission maxima of green-emitting dye,
6-FAM-Q, are 494 nm and 520 nm, respectively (6-FAM-Q: 1-Dimethoxytrityloxy-3-[O-(Ncarboxy-(di-O-pivaloyl-fluorescein)-3-aminopropyl)]-propyl-2-O-succinoyl-long

chain

alkylamino-CPG)). As a result, Au rings were modified with oligonucleotides through the
formation of Au-S bond (Figure 4-6), emitting green fluorescence. The oligonucleotidedeposited Au surface was rinsed with DI water to wash away unbonded oligonucleotide. The
thickness of oligonucleotide adsorbed on Au rings was 7 nm, determined by AFM. The
oligonucleotides adsorbed physically on Si surfaces (between Au rings) also caused
fluorescence, but were much weaker. In the future, extensive rinse with phosphate-buffered
solution will be conducted and the pH of the solution and the rinsing time will be optimized
to achieve clear fluorescence image exclusively on Au rings.

Figure 4-6. Fluorescence image of 6-FAM-Q-labeled thiolated oligonucleotide patterns
formed on Au rings. The scale bar is 100 µm.
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To demonstrate that a wide variety of metal or metal oxide can be used to make rings
in gradient concentric mode, Al and TiO2 (semiconductor) coated Si substrates were
employed. TiO2 possesses the highest known dielectric constant of the oxide materials that
renders a variety of applications in electronics, optics, and solar cells. Figure 4-7 shows
optical micrographs of Al rings and TiO2 rings created in a way similar to the process of
preparing Au rings. Al and TiO2 between PMMA rings were selectively removed with 20
wt% potassium hydroxide (KOH) DI water solution for 2 min and 5 v% hydrofluoric acid
(HF) DI water solution for less than 1 min, respectively. Finally, PMMA rings were
completely rinsed off with acetone, thereby exposing Al and TiO2 underneath. The height of
Al and TiO2 rings are 410 nm and 140 nm in Figure 4-7a and 4-7b, respectively.
Representative 3D AFM height images are shown in Figure 4-7a and b as insets,
respectively. The λC-C of the metal and semiconductor rings can be easily tuned by varying
the concentration of PMMA toluene solution. A larger λC-C is clearly evident due to the use
of PMMA toluene solution with a higher concentration (c = 1 mg/ml) (Figure 4-7) as
compared to 0.25 mg/ml solution used for preparing Au rings. The height of rings is mainly
dictated by the thickness of metal and semiconductor sputtered on Si substrates prior to
drying-mediated self-assembly of PMMA rings as seen in Au and TiO2 rings, possessing a
smooth ring surface. However, in the first step of preparation of Al rings, due to fast reaction
of Al and KOH, Al between PMMA rings was removed very quickly. In the meantime,
partial dissolution of intact Al underneath PMMA rings occurred, thereby reducing the width
and the height of intact Al. Consequently, humplike Al rings were obtained (inset in Figure
4-7a).
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(a)

(b)

Figure 4-7. Optical micrographs of gradient concentric rings of (a) Al and (b) TiO2. The
scale bar is 20 µm in (a) and 50 µm in (b), respectively. Representative 3D AFM images (80
x 80 µm2) are given as insets. The z scale is 1 µm in (a) and 400 nm in (b). The concentration
of PMMA toluene solution used to produce PMMA rings is c = 1 mg/ml.

Conclusion
Gradient concentric rings of polymers with unprecedented regularity were formed by
repeated “stick-slip” motion of the contact line in a sphere-on-flat geometry. There is no
restriction on polymer materials that can be used for forming highly ordered concentric rings
and on substrates where polymer rings deposited. Subsequently, polymer rings served as
templates to direct the formation of concentric Au rings. Three methods were described. The
first two methods made use of either UV (i.e., on MEH-PPV) or thermal treatment (i.e., on
PMMA) on Au-sputtered polymer rings, followed by ultrasonication. The last method,
however, was much simple and robust, involving selective removal of Au and polymer
consecutively. The resulting metal rings organized in a concentric mode may offer
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possibilities for many applications, including annular Bragg resonators for advanced optical
communications systems. It has been demonstrated that λC-C and h decrease nonlinearly with
increasing polymer concentration.19 Studies in order to dynamically tune the formation of
gradient concentric rings of polymers by proper choice of the solvent, the interaction between
the polymer and the substrate, and the curvature of the sphere, which, in turn, regulate the
dimension of Au rings, are currently underway. The methods described should readily extend
to the fabrication of gradient concentric rings of other metals21 and metal oxides (e.g., zinc
oxide) for biomedical applications with little toxicity.22 We envision that metal and/or metal
oxide microstructures other than concentric rings, for example, spoke patterns, can be easily
obtained from corresponding polymer templates produced in the sphere-on-flat geometry.
Gradient concentric metal and/or metal oxide rings can serve as etching barriers for
transferring patterns into Si substrate by reaction ion etching with SF6 gas. A detailed study
using organized metal and/or metal oxide rings as well as the abovementioned patterntransferred Si as channels for microfluidic devices is currently underway.
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CHAPTER 5: MESOSCALE PATTERN FORMATION OF A POLYMER
SOLUTION IN THE PROXIMITY OF A SPHERE ON A SMOOTH
SUBSTRATE: MOLECULAR WEIGHT AND CURVATURE EFFECT
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Abstract
A drop of polymer solution was constrained in a sphere-on-flat geometry, resulting in
a liquid capillary bridge. As solvent evaporated, intriguing surface patterns of polymer
formed, which were strongly dependent on the molecular weight (MW) of polymer. Dotted
arrays were formed at low MW; concentric rings were produced at intermediate MW;
concentric rings, rings with fingers, and punch-hole-like structures, however, were yielded at
high MW. Rings with fingers as well as punch-hole-like structures were manifestations of
simultaneous occurrence of the “stick-slip” motion of the contact line and the fingering
instabilities of rings. In addition, the curvature of the sphere in the sphere-on-flat geometry
was found to affect the pattern formation. A decrease in the curvature of the sphere led to an
earlier onset of the formation of punch-hole-like structures when high MW polymer was
employed as the nonvolatile solute.
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Introduction
Dissipative structures, such as convection patterns1-4 and fingering instabilities,5-7 are
formed when a droplet containing nonvolatile solutes (e.g., polymers, nanoparticles, colloids,
or DNA) is allowed to evaporate on a solid surface.8,

9

However, these self-organized

structures are, in general, irregular. The evaporation is, in principle, a non-equilibrium
process.9 Therefore, to fully exploit the dynamic self-assembly via irreversible solvent
evaporation as a simple, lithography- and external field-free route to achieve well-ordered
mesoscale structures that may have potential technological applications, it requires delicate
control over the evaporation process and the associated capillary flow. To this end, several
elegant methods have emerged.8, 10, 11 Recently, regular polymer pattern have been produced
continuously from a receding meniscus, formed between two parallel plates, by controlling
the speed of the upper sliding plate at a constant velocity while keeping the lower plate
stationary.8 In our previous work, we reported that concentric rings of electrically conducting
polymer and organometallic polymer of high regularity were formed naturally and
spontaneously via controlled, repetitive “stick-slip” motion of the three-phase contact line
when a drop of polymer solution was confined either between two crossed cylindrical mounts
covered with the single crystals of mica sheets10 or between a spherical lens made of silica
and a Si substrate (sphere-on-flat geometry), resulting in a capillary-held polymer solution
(i.e., capillary bridge).11-17 The evaporation in this geometry was restricted to the edge of the
droplet, the “stick-slip” cycles resulted in hundreds of concentric rings with regular spacing,
very much resembling a miniature archery target. Each ring was nanometers high and several
microns wide.10-12 By tuning the interfacial interaction between the polymer and the substrate
that governed the stability of the thin films, the intriguing, ordered dissipative structures can
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be produced as a result of synergy of controlled self-assemblies of the polymer and its
destabilization mediated by the interfacial interaction.15
We have reported that the use of solutions with different concentration and different
solvents effectively mediated the pattern formation in an evaporating droplet containing
nonvolatile solutes.11 In this paper, we extend our previous work to investigate the molecular
weight (MW) effect on the mesoscale polymer patterns formed by drying a drop of polymer
solution in a sphere-on-flat geometry (i.e., a spherical lens (or a push-pin) on a Si substrate)
as depicted in Figure 1. The patterns, ranging from dotted arrays at low MW to concentric
rings at intermediate MW to concentric rings and punch-hole-like structures at high MW,
were observed. A qualitative explanation was given to understand the pattern formation.
Moreover, the curvature effect of the sphere was also studied by replacing the spherical lens
(radius of curvature, R ~ 2.0 cm) with the push-pin (R ~ 2.5 cm). As the curvature decreased
(i.e., from 1/R ~ 1/2.0 cm-1 to 1/2.5 cm-1), represented as a decrease in the distance between
the sphere and Si, an earlier onset of fingering instabilities of polymer were observed owing
to a reduction in the velocity of the displacement of the meniscus (i.e., the liquid-vapor
interface) in the capillary bridge.

Experimental
Materials: four polystyrene homopolymers (PS) (Polymer Source, Inc) with different
molecular weight were used in the studies. The number average MW, Mn (and weight
average MW, Mw) of PS were 60 K (62.5 K), 112 K (118 K), 420 K (483 K), and 876 K
(1050 K). These four PS denoted PS-60K, PS-112K, PS-420K, and PS-876K, respectively.
All PS were dissolved in toluene to prepare the PS toluene solutions at the concentration of
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0.25 mg/ml. Subsequently, the solutions were purified with 0.2 µm hydrophobic membrane
filter. The spherical lens made from fused silica with a radius of curvature, R ~ 2.0 cm, the
push-pin made from stainless steel with R ~ 2.5 cm, and silicon wafers were cleaned by the
mixture of sulfuric acid and NochromixTM. Subsequently, they were rinsed with DI water
extensively and blow-dried with N2.
Sample Preparation: to construct a confined geometry, a spherical lens (or a push-pin)
and a Si wafer were used. The sphere (i.e., the spherical lens or the push-pin) and Si were
firmly fixed at the top and bottom of sample holders inside a sealed chamber, respectively.
To implement a confined geometry, an inchworm motor with a step motion of a few
micrometers was used to place the upper sphere into contact with the lower stationary Si
surface. Before they contacted (i.e., separated by approximately a few hundred micrometers
apart), a drop of ~ 23 μL PS toluene solutions were loaded and trapped within the gap
between the sphere and Si due to the capillary force. The sphere was finally brought into
contact with Si substrate by the inchworm motor such that a capillary-held PS solution
formed with evaporation rate highest at the extremity (Figure 5-1). It is noteworthy that the
use of a sealed chamber ensured a stable solvent evaporation against the possible external
influences such as the air convection and the humidity in an open space.
The evaporation took about half an hour to complete. Afterward, the sphere and Si
were separated. The intriguing structures were produced on both the sphere and Si surfaces.
Due to the curving effect of the sphere, only the patterns formed on Si were evaluated by the
optical microscope (OM; Olympus BX51 in the reflection mode) and the atomic force
microscopy (AFM; Dimension 3100 scanning force microscope in the tapping mode (Digital
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Instruments)). BS-tap300 tips (Budget Sensors) with spring constants ranging from 20 to
75N/m were used as scanning probes.

Figure 5-1. Schematic illustration of a drop of polymer solution placed between sphere and
Si substrate (i.e., sphere-on-flat geometry), forming a capillary-held liquid bridge. The radius
of curvature of upper sphere is R. The absolute position of the ring away from the sphere/Si
contact center is X.

Results and Discussion
Molecular Weight Effect
The structures shown in Figures 5-2 to 5-4 were obtained by drying the four PS
toluene solutions placed between the spherical lens (R ~ 2 cm) and Si substrate. The
evaporation took place under controlled conditions (i.e., the constant temperature (room
temperature) and the same initial polymer concentration, c = 0.25 mg/ml). For the PS with
the MW of 60K, irregular dotted arrays were formed exclusively on the Si substrate by
drying the PS-60K toluene solution in the sphere-on-Si geometry (Figure 5-1).
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Figure 5-2. (a) Optical micrograph of randomly dispersed PS-60K aggregates on Si substrate
after the evaporation of toluene in the sphere-on-flat geometry. The initial concentration of
the PS-60K toluene solution, c is 0.25 mg/ml. Scale bar = 25 m. (b) AFM image of PS-60K
aggregates, showing the details of dewetted patterns. The image size is 80 m x 80 m.

A typical optical micrograph of randomly distributed PS-60K aggregates is shown in
Figure 5-2a. The average height of PS-60K aggregates was 204 nm and 126 nm for bigger
and smaller PS dots, respectively (Figure 5-2b). It is important to note that similar patterns
were observed for other PS-60K samples at different concentrations (from 0.125 mg/ml to 5
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mg/ml), suggesting that (a) the formation of isolated, randomly dispersed PS-60K aggregates
was governed by the dewetting;8 (b) the force exerted by the deposition of PS-60K was not
strong enough to pin the three-phase contact line (i.e., form a “coffee ring”).18-20 Thus, the
thin liquid film ruptured on the surfaces into randomly distributed PS dots to minimize the
surface energy.5, 8

Figure 5-3. (a) Optical micrograph of concentric ring patterns of PS-112K on Si substrate
after the evaporation of toluene in the sphere-on-flat geometry. The initial concentration of
the PS-112K toluene solution, c is 0.25 mg/ml. Scale bar = 50 m. The arrow on the upper
left marks the direction of the movement of the solution front. (b) A typical 2D AFM height
image of PS-112K rings. The image size is 80 m x 80 m.
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Figure 5-4. (a) Optical micrograph of surface patterns of PS-420K formed by the drying
mediated self-assembly in the sphere-on-flat geometry. The rings, rings with fingers, and
punch-hole-like structures (colorful patterns on light gray Si substrate) were obtained. The
initial concentration of the PS-420K toluene solution, c is 0.25 mg/ml. Scale bar = 70 m.
The arrow on the upper right marks the direction of the movement of the solution front. (b-d)
2D AFM height images of surface patterns, roughly corresponding to the locations in the
upper left, middle, and lower right of the optical micrograph in (a). The rings and rings with
fingering instabilities were seen in (b) at larger X. The fingers appeared on both sides of a
ring in (c) at intermediate X. The punch-hole-like structures were formed when the solution
front was closer to the center of sphere/Si contact (i.e., at small X) as shown in (d). (e) A
corresponding 3D AFM height image of (d). The image size is 100 x 100 m2.
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When a higher MW PS was used (i.e., PS-112K), microscopic concentric rings of PS112K were obtained as shown in Figure 3a. The formation of concentric rings was a direct
consequence of repetitive “stick-slip” motion of the contact line (i.e., the competition
between the pinning force (“stick”) and the depinning force (“slip”)) toward the center of
sphere/Si contact with elapsed time as discussed in our previous work.10-12, 15 The solution
front was arrested at the capillary edge as toluene evaporated (Figure 5-1). The local
viscosity of the contact line was then increased with time. This led to the vitrification of a
PS-112K ring before the solution front jumped to the next position where it was arrested
again.21 The average jumping distance (i.e., the center-to-center distance between adjacent
rings), C-C and the average height of the ring, h are 30.2 m and 228 nm, respectively, as
determined by AFM (Figure 5-3b). Locally, the rings appeared as parallel stripes; and the
shape of each ring was, however, non-uniform. No PS-112K was deposited between the rings
(Figure 5-3b).
A set of intriguing surface patterns emerged when the PS with the MW of 420K (i.e.,
PS-420K) was employed. Figure 5-4a shows an optical micrograph of the pattern of PS-420K
produced at different stages of “stick-slip” motion of the contact line as toluene evaporated
from the capillary edge. The 2D AFM height images of surface patterns, roughly
corresponding to the locations in the upper left, middle, and lower right of the optical
micrograph in Figure 5-4a, are shown in Figures 5-4b-d. The concentric rings and rings with
fingering instabilities5-7 were formed at distances far away from the center of sphere/Si
contact (i.e., at larger X) (upper left of optical micrograph in Figure 5-4a and Figure 5-4b).
The fingering instabilities represented as the surface perturbation with a well-defined
wavelength at edges of a ring. The fingers appeared on both sides of a ring at intermediate X
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(Figure 5-4c). When the solution front was closer to the center of sphere/Si contact (i.e., at
small X), the punch-hole-like structures were produced by interconnecting the fingers from
adjacent rings (Figures 4d-e). The characteristic distance between adjacent PS-420K fingers
on a ring, F and the height of the ring, h were 25.35 m and 379 nm at X = 3190 m (Figure
4b), 25.26 m and 335 nm at X = 3090 m (Figure 5-4c), and 24.90 m and 327 nm at X =
2950 m (Figure 5-4d). The average width and height of fingers at the center connecting two
adjacent rings were 3.74 m and 195 nm (Figures 5-4d-e).
The emergence of PS-420K surface patterns from rings to rings having fingering
instabilities to punch-hole-like structures has been qualitatively understood based on the fact
that the velocity of the displacement of the meniscus at the capillary edge, v was inversely
proportional to the distance from the capillary entrance to the meniscus.15,

22

A faster v

stabilized the front, while a slower v led to the development of fingering instabilities at a
propagating front.23 As the solution front progressed toward the center of the sphere/Si
contact, v decreased owing to a decrease in the evaporation rate of toluene. As a result, fewer
PS-420K were available to transport and pin the contact line. This caused the formation of
fingering instabilities. The center-to-center distance between two adjacent rings, C-C
decreased gradually as the solution front approached the center of sphere/Si contact. This
facilitated the fingers from adjacent rings to connect each other. As a result, the sequence of
microscopic holes was produced with increasing proximity to the center of sphere/Si contact
(low right of the optical micrograph in Figure 5-4a and Figures 5-4d-e). Similar surface
patterns were observed from the drying of 0.25 mg/ml PS-876K toluene solution, i.e.,
forming rings, rings with fingers, and a periodic array of punch-holes progressively with a
decrease in X (Figure 5-1).
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We now turn our attention to further address qualitatively the molecular weight effect
on the structure formation based on the overlap concentration argument. de Gennes et al
presented three concentration regimes for polymer random coils in solution; they are dilute,
semidilute, and concentrated solutions, corresponding to separated chains, overlapping
chains, and entangled chains, respectively.24, 25 The overlap concentration, C* from dilute to
semidilute solution is defined as the concentration at which the polymer coils touch each
other.24, 26
C* 

3M

(1)

4R g N A
3

where M, Rg, and NA are the molecular weight of polymer, radius of gyration, and
Avogadro’s number, respectively. Rg =1.107×10-2M

0.605

for PS in toluene.26 The overlap

concentration from semidilute to concentrated solution, C** is, however, independent of
molecular weight and can be estimated from the equation24
C ** 

0.77
 * *

(2)

where   **  2.5 N AVe / M ** , Ve  (4 / 3) R g , , R g , is the unperturbed root-mean-square
3

end-to-end distance of a polymer chain having a molecular weight of M**. For PS, the
entanglement MW, M** is ~ 20,000,27 and R g , is ~ 3 nm.24 As toluene evaporated from the
capillary edge in the sphere-on-flat geometry, the concentration of the solution front at the
contact line gradually increased with time, undergoing from dilute to semidilute to
concentrated solution; and eventually forming a glassy polymer ring. From eq. (1) and (2),
the C* for PS with different molecular weights can be calculated, yielding C* = 36 mg/ml for
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PS-60K, 21 mg/ml for PS-112K, 6.8 mg/ml for PS-420K, and 3.6 mg/ml for PS-876K. The
C** for all PS solutions is 90 mg/ml.
Based on the values of C* obtained above, we argue that, for PS-60K, the polymer
coils cannot overlap because the solution cannot reach such a high C* (i.e., 36 mg/ml) during
the course of the solvent evaporation. Accordingly, the viscosity (related to the pinning
force) of the solution front was so low that no contact line was pinned to reduce the speed of
the displacement of the meniscus at the capillary edge (Figure 5-1). A steady movement of
the solution front was resulted in. A thin layer of polymer solution was, thus, left behind.
Eventually, isolated polymer dots (Figure 5-2) were formed due to the rupture of the liquid
thin film driven by unfavorable interfacial interaction between liquid-like PS film and the
substrate (i.e., possessing a positive Hamaker constant, A for PS, thereby causing thin film
unstable and dewetting).
For PS-112K, the C* is relatively low (i.e., 21 mg/ml). The polymer coils may
overlap, leading to an increase in the viscosity of the solution front (the intrinsic viscosity,
[] is proportional to the square root of MW, i.e.,    K M  3 , where K is Mark-Houwink
constant, and  is chain expansion factor). Thus, the speed of the displacement of the
meniscus at the capillary edge decreased during the solvent evaporation and the pinning of
the contact line occurred. As a consequence, more polymers were transported by the capillary
flow to the capillary edge, thereby forming a ring. The contact angle of the meniscus
decreased due to the evaporative loss of the solvent. When the contact angle was smaller than
the critical contact angle, at which the capillary force became larger than the pinning force,
the solution front jumped inward to a new position.11 Repetitive deposition and recession
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cycles of the contact line in the sphere-on-Si geometry resulted in the formation of concentric
rings of PS-112K as shown in Figure 5-3.11
It is easy to understand that the speed of the solution front decreased more significant
when the higher MW PS was used (i.e., PS-420K and PS-876K). The formation of concentric
rings is clearly evident (Figure 5-4). The polymer coils of PS-420K and PS-876K overlapped
significantly since C* was only 6.8 mg/ml and 3.6 mg/ml, respectively. The viscosity
increased dramatically during the solvent evaporation as compared to that of PS-112K. The
higher the molecular weight of the polymer, the faster is the rate of increase in viscosity due
to the increase in concentration as a result of the solvent evaporation.28 This caused a
reduction in the speed of solution front, v,29 thereby leading to the development of fingering
instabilities at a propagating front.23 Rings with fingers as well as punch-hole-like structures
were manifestations of simultaneous occurrence of the “stick-slip” motion of the contact line
and the fingering instabilities of rings.

Curvature Effect
The mesoscale surface patterns formed by drying the PS toluene solution in a sphereon-Si geometry can be dynamically tuned by proper choice of the curvature of the sphere.
The optical micrograph of the surface pattern produced by drying the 0.25 mg/ml PS-420K
toluene solution is shown in Figure 5a. In this study, the spherical lens with curvature of 1/2
cm-1 was replaced with a push-pin with curvature of 1/2.5 cm-1. Compared to the patterns in
Figure 5-4, an important piece of information was readily gained from Figure 5-5: more
fingers and punch-holes were obtained under the same range of X (i.e., the same image size
in Figure 5-4 and 5-5) as the curvature of the sphere decreased. This is simply because the
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evaporation rate of toluene in the sphere-on-Si geometry slowed down with a large R of the
upper sphere. As a result, the displacement of the meniscus at the capillary edge, v reduced.
A slower v triggered the earlier onset of fingering instabilities, and thus the punch-hole-like
structures subsequently (e.g., the punch-hole-like structures formed at X = 3250 m (Figure
5d-e) as compared to those at X = 2950 m (Figure 4d-e)). The uniform zone of the punchhole-like structure increased. This suggested the possibility of obtaining well-ordered punchholes structures over larger surface area by manipulating the curvature of the sphere.
The 2D AFM height images, representing the patterns formed at the different stages
of the dying process (i.e., progressed from fingering instabilities on the rings to punch-holelike structures), are shown in Figure 5-5b-e. The characteristic distance between adjacent PS
fingers on a ring, F and the height of the ring, h were 24.36 m, 339 nm at X = 4100 m
(Figure 5-5b), 20.60 m, 303 nm at X = 3450 m (Figure 5-5c), and 18.99 m, 289 nm at X
= 3250 m (Figure 5-5d-e). Further scrutiny of the rings having fingers at their edges in
Figure 5-5b-c revealed the formation of isolated dots, residing (Figure 5b-c) or connecting
(Figure 5-5c) between two adjacent fingers, driven by the Rayleigh instability. As the
solution front neared the center of the push-pin/Si contact, the mass transportation was
facilitated owing to a closer distance between two adjacent rings. This led to the formation of
more punch-hole-like structures. The average width and height of fingers at the center
connecting two adjacent rings is 5.9 m and 228 nm as measured by AFM (Figures 5d-e).
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Figure 5-5. Curvature effect (a) Optical micrograph of surface patterns of PS-420K produced
by the evaporation induced self-assembly of the PS-420K toluene solution confined between
the push-pin and Si substrate. The radius of curvature of the push-pin is 2.5 cm. The fingers
and the punch-hole-like structures (colourful patterns on light gray Si substrate) are clearly
evident. The initial concentration, c is 0.25 mg/ml. Scale bar = 70 m. The arrow on the
upper right denotes the direction of the motion of the solution front. (b-d) 2D AFM height
images of surface patterns, roughly corresponding to the locations in the upper left, middle,
and lower right of the optical micrograph in (a). (e) A corresponding 3D AFM height image
of (d). The image size is 100 x 100 m2.
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Conclusion
Mesoscale polymer patterns were formed by evaporation of a polymer solution in the
capillary formed by a sphere resting on a plate (i.e., sphere-on-flat geometry). The change in
the polymer molecular weight (MW) led to very pronounced morphological change in the
resulting structures. At low MW, the dewetting process occurred, leaving behind randomly
distributed dots at the surface. At intermediate MW, the self-assembled concentric rings were
formed by repetition of the deposition and recession cycle of the contact lines. At high MW,
concentric rings, rings with fingers, and punch-hole-like structures were produced.
Furthermore, the change in the radius of curvature of the upper sphere was found to
affect the pattern formation. A smaller curvature caused an earlier onset of the formation of
fingers and punch-hole-like structures when the high MW PS was utilized as a nonvolatile
solute. The present studies provide valuable insights into the rationale of creating intriguing
polymer patterns by varying the molecular weight and tuning the radius of curvature of the
sphere in the sphere-on-flat geometry, which in turn render the control over the solvent
evaporation and associated flow.
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Abstract
Hundreds of gradient concentric rings of linear conjugated polymer, (poly[2methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene], i.e., MEH-PPV) with remarkable
regularity over large areas were produced by controlled “stick-slip” motions of the contact
line in a confined geometry consisting of a sphere on a flat substrate (i.e., sphere-on-flat
geometry). Subsequently, MEH-PPV rings were exploited as a template to direct the
formation of gradient concentric rings of multiwalled carbon nanotubes (MWNTs) with
controlled density. This method is simple, cost effective, and robust, combining two
consecutive self-assembly processes, namely, evaporation-induced self-assembly of
polymers in a sphere-on-flat geometry, followed by subsequent directed self-assembly of
MWNTs on the polymer-templated surfaces.
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Introduction
Spontaneous self-assembly of nanoscale materials to form well ordered, often
intriguing complex structures via irreversible solvent evaporation from a solution containing
nonvolatile solutes (e.g., nanoparticles, colloids, and DNA) provides a simple route to
functional materials.1-11 When compared with other conventional techniques (e.g.,
photolithography, e-beam lithography, soft-lithography, and nanoimprint lithography), the
surface patterning by controlled solvent evaporation is simple and cost-effective. It offers a
lithography- and external field-free means of organizing nanoscopic materials into ordered
microscopic structures over large surface areas in a facile routine.
Carbon nanotubes (CNTs) have been widely recognized as a potential material for use
as semiconducting or conducting elements in nanoelectronics, sensors, and nanoscale
transistors due to their outstanding electrical, optical, mechanical, and structural properties.1223

The physicochemical properties of CNT-based materials strongly depend on the order and

orientation of CNTs.14,

15, 24-28

To this end, impressive recent studies have centered on

developing techniques for patterning and depositing CNTs on the surface by arranging them
into well-ordered arrays with controlled coverage, including electric-field-assisted growth,29,
30

the use of controlled flocculation in laminar microfluidic networks,14 selective laser

ablation,24 guided chemical vapor deposition growth on single-crystal quartz substrates using
patterned stripes of iron catalyst,31 and blown bubble film process32 to fabricate nanotubebased devices, e.g., high density sensor arrays and thin film transistors.31-34 Successful
implementation of CNTs also requires strategies to deposit and pattern CNTs over large
areas, which still remains challenging especially if gradient variation of patterning (e.g.,
spacing) is desirable.
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Recently, self-organized gradient concentric ring patterns have been produced by
confining a drop of polymer solution in a restricted geometry composed of either two
cylindrical mica surfaces placed perpendicular to each other or a sphere on a flat surface.35-44
Rather than allowing the solvent to evaporate over the entire droplet area as in copious past
work, in which droplets evaporated from a single surface,45-47 the evaporation was restricted
at the droplet edges.35-37 Concentric rings were formed by controlled, repetitive pinning and
depinning of the contact line (i.e., “stick-slip” motion).35-37 However, to the best of our
knowledge, gradient concentric rings composed of CNTs with unprecedented regularity have
not been reported to date. CNTs organized in a gradient concentric ring mode may offer
possibilities for mass production of CNT-based electronic devices to explore the channel
length effect on the mobility of CNTs in one step.
Herein, we present a simple and straightforward method to create gradient concentric
rings of CNTs over very large surface areas by combining two consecutive self-assembly
processes. Hundreds of gradient concentric polymer rings with remarkable regularity were
spontaneously formed on Si substrate via evaporation-induced self-assembly of polymer in a
confined geometry consisting of a sphere on a flat Si substrate (Figure 6-1). The concentric
polymer rings on the Si were then exploited as a chemically patterned surface to guide the
formation of multiwalled carbon nanotube (MWNT) rings (i.e., directed self-assembly).
Specifically,

a

drop

of

water-dispersed

MWNTs

mixed

with

poly

(diallyl

dimethylammonium) chloride (PDDA) was cast on the surface of the template polymer rings.
The periodically alternating hydrophobic polymer rings and hydrophilic Si substrate (i.e., Si
rings) provided different wettabilities for the MWNT/PDDA solution. As water evaporated,
the MWNT solution dewetted the polymer rings while forming MWNT rings on the Si rings.
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The combination of spontaneous evaporation-induced self-assembly and subsequent directed
self-assembly offers a new means of patterning microscopic CNT rings over large areas. This
method is fast and cost-effective, eliminating the need for multistage lithography and
externally applied forces.

Experimental
Evaporation-Induced Self-Assembly of MEH-PPV Rings in a Sphere-on-Flat Geometry.
Linear conjugated polymer, poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV; molecular weight = 50-300 kg/mol; American Dye Sources) was selected as the
nonvolatile solute to prepare a 0.075 mg/ml MEH-PPV toluene solution. Si wafers and
spherical lenses made from fused silica (the radius of curvature, R = 1.65 cm, and the
diameter, D = 1 cm (Figure 6-1a)) were cleaned with a mixture of sulfuric acid and
Nochromix. They were rinsed extensively with DI water and then blown dry with N2. A
sphere-on-flat geometry was constructed and implemented as follows. Both the spherical lens
and Si substrate were firmly fixed at the top and bottom of sample holders, respectively. An
inchworm motor was used to bring the upper sphere into near contact with lower stationary
Si substrate. Before contact, with just a few hundred micrometers between the surfaces, 20
µL of MEH-PPV toluene solution was loaded and trapped between the sphere and Si due to
capillary forces. The sphere was finally moved into contact with the Si substrate. Thus, a
capillary-held MEH-PPV toluene solution was formed with evaporation rate highest at the
extremity, as schematically illustrated in Figure 6-1a. This geometry led to a controlled,
repetitive “stick-slip” motion of the three phase contact line, which moved toward the
sphere/Si contact center (Figure 6-1a) during the course of toluene evaporation. As a result,
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gradient concentric MEH-PPV rings were formed on both the spherical lens and the Si
substrate. Only the ring patterns formed on the Si substrate were utilized as templates in this
study (Figure 6-1b).

Figure 6-1. (a) Schematic illustration of a drop of polymer solution trapped between a sphere
and a Si substrate (i.e., a sphere-on-flat geometry), forming a capillary-held polymer
solution. During the course of solvent evaporation, concentric rings composed of polymer
were formed by controlled, repetitive “stick-slip” motion of the contact line. X1, X2, and X3
are the distances of ring away from the sphere/Si contact center at outermost region (X1),
intermediate region (X2), and innermost region (X3), respectively. (b) Optical micrograph of
gradient concentric MEH-PPV rings formed in the sphere-on-flat geometry (Figure 6-1a). A
decrease in center-to-center distance between the rings, C-C with increasing proximity to the
center of sphere/Si contact (i.e., from location X1 to X2 to X3 (Figure 6-1a)) is clearly evident.
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Directed Self-Assembly of Gradient Concentric MWNT Rings. To prepare oxidized
MWNTs (i.e., MWNTs with surface and end carboxyl groups), as-supplied MWNTs (20 mg,
O.D. × I.D., 15-20 nm × 5-10 nm; Sigma-Aldrich) were added to nitric acid (60 %, 30 ml),
and sonicated for 10 min for initial dispersion, followed by a 12 h reflux at 130 ºC. The
dispersion was cooled to room temperature and filtered using a 1µm-pore PTFE membrane
filter. The purified MWNTs were rinsed extensively with DI water. The reflux with nitric
acid produced carboxyl, hydroxyl, and carbonyl groups at the defect sites of the MWNTs.
Subsequently, purified MWNTs were dispersed in DI water again and further oxidized with
potassium permanganate perchloric acid solution.48-50 Finally, the dispersion was filtered and
rinsed with HCl solution. As a result, carboxylic acid functionalized MWNTs were obtained
(i.e., MWNT-COOH; 14 mg)51 and dried at 70 ºC under vacuum for 24 h. A 0.05 mg/ml
MWNT-COOH DI water solution was prepared after ultrasonication for 1 h. To improve the
processibility and facilitate electrostatic compatibility, 25 L of 20% aqueous positively
charged polyelectrolyte, poly(diallyl dimethylammonium) chloride (PDDA, molecular
weight = 200-350 kg/mol; Aldrich) was added into the above mentioned 0.25 mg MWNT in
5 ml DI water. The MWNT/PDDA water solution was cast on the MEH-PPV ring-patterned
Si substrate by two different methods: overspreading the entire MEH-PPV ring patterned
surface (Method a) and partially covering the MEH-PPV rings (Method b) as depicted in
Figure 6-2a and 6-2b, respectively. In Method a, a 50 µl drop of the MWNT/PDDA water
solution was cast at the center of the MEH-PPV rings. The solution spread freely and
exceeded the outermost MEH-PPV ring (Figure 6-2a). In Method b, only a 10 µl drop of
solution was applied on the top of MEH-PPV rings locally and was trapped between the
inner- and outer-most rings (Figure 6-2b). The experiments were performed inside a sealed
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chamber. It took about 4 h and 8 h to allow the water to completely evaporate in Method a
and Method b, respectively. After drying, the samples were immersed in toluene for 40 min
to selectively dissolve the MEH-PPV rings. Finally, the samples were rinsed extensively with
ethanol, sonicated for 1 min, and blow-dried with N2.

Characterizations. An Olympus BX51 optical microscope (OM) in the reflection
mode was used to investigate the ring patterns deposited on the Si substrate. Atomic force
microscopy (AFM) images of the rings were obtained using a Digital instruments Dimension
3100 scanning force microscope in the tapping mode. BS-tap300 tips from Budget Sensors
with spring constants ranging from 20 to 75 N/m were used as scanning probes. Raman
measurements were performed (confocal Raman microscope alpha300R (WiTec); exited
with a 514 nm Ar+ laser at 4 mW) to confirm the formation of periodic MWNT rings. A
Raman mapping of MWNT rings was acquired by using 100x objective and integration time
of 0.2-1 s for each 360x360 nm pixel in Raman image.

Results and Discussion
In the evaporation-induced self assembly (where MEH-PPV toluene solution was
loaded between a spherical lens and a Si substrate (Figure 6-1a)) evaporative loss of toluene
at the capillary edge triggered the pinning of the contact line (i.e., “stick”). The outermost
MEH-PPV ring was thus formed. During the deposition of MEH-PPV, the initial contact
angle of the capillary edge decreased gradually due to evaporation of toluene to a critical
angle, at which the capillary force (depinning force) becomes larger than the pinning force.37
This caused the contact line to jump to a new position (i.e., “slip”), and a new ring was
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developed.36,

37, 45

Repeated pinning and depinning cycles of the contact line led to the

formation of gradient concentric rings of MEH-PPV (Figure 6-1b). Notably, the center to
center distance between adjacent rings, C-C decreased with increased proximity to the
sphere/Si contact center (i.e., from X1 to X3), which can be attributed to the competition
between linear pinning force and nonlinear capillary force.37 At the outermost region, X1,
both λC-C and MEH-PPV ring height, hMEH-PPV decreased progressively from λC-C = 20.6 µm,
hMEH-PPV = 14.8 nm (X1 in Figure 6-1b) to 11.2 µm and 7.6 nm at the intermediate region (X2
in Figure 1b) to 4.3 µm and 1.5 nm at the innermost region (X3 in Figure 6-1c), as measured
by atomic force microscope (AFM). Only a small zone of the entire gradient concentric ring
pattern is shown in Figure 6-1b. The entire ring pattern was formed over

 (

D' 2
)    (8/ 2) 2  50.24 mm 2 surface areas, where D’ is the diameter of the outermost
2

ring in the present study (D’ = 8 mm), dictated by the volume of the MEH-PPV solution and
the diameter of the spherical lens used, D (D = 1 cm in Figure 6-1a). The axially symmetric
sphere-on-flat geometry provides a unique environment (i.e., a bound solution) for
controlling the flow within an evaporating droplet, which in turn regulates the structure
formation.36-42 Thus, in sharp contrast to the irregular concentric rings formed due to
stochastic “stick-slip” cycles of the contact line when a droplet evaporates from a single
surface (i.e., an unbound solution),45,

46, 52, 53

highly ordered, gradient concentric rings of

MEH-PPV are produced using the sphere-on-flat geometry.
Gradient concentric MEH-PPV rings are intriguing templates to guide self-assembly
of nanoscale materials, i.e., MWNTs, as schematically illustrated in Figure 6-2. The pristine
MWNTs showed poor dispersibility in water. To improve the water solubility, the MWNT

121
surface was functionalized with carboxylic acid groups (-COOH) via repeated oxidation and
ultrasonication treatment (see Experimental Methods). The 0.5 wt% positively charged poly
(diallyl dimethylammonium) chloride (PDDA) was added to the MWNT solution to further
improve the water dispersibility and enhance the adhesion of MWNTs to the Si substrate54
before drop-casting the solution onto the MEH-PPV ring-patterned Si substrate using Method
a and Method b. In Method a, the droplet was free to spread on Si outside the MEH-PPV
rings, during which the contact angle decreased without the pinning of the contact line while
the droplet maintained the circular shape. As a result, the solution film thickness reduced to a
thickness comparable to the height of MEH-PPV rings during water spreading and
evaporation. The periodically alternating hydrophobic MEH-PPV ring and hydrophilic Si
substrate between the MEH-PPV rings (i.e., Si rings) provided different wettabilities for the
MWNT/PDDA solution. The interaction between hydrophilic MWNT/PDDA and
hydrophilic Si facilitated the deposition of MWNTs onto Si rings, while MWNT/PDDA
dewetted hydrophobic MEH-PPV rings. As water evaporated, the water meniscus receded
from the MEH-PPV rings (red arrow in Figure 6-2c), driven by the capillary force. The
MWNTs were pushed to Si rings in a direction perpendicular to the receding water front as a
result of evaporation-induced capillary flow. Furthermore, the electrostatic interaction
between positively charged PDDA and negatively charged MWNT promoted both CNTCNT electrostatic repulsion and CNT hydrophilicity.54 The electrostatic interaction between
SiO groups and the positively charged PDDA enhanced MWNT adhesion to the Si substrate
to form a uniform ring.54-56 The synergy of capillary force and electrostatic interaction
effectively directed the self-assembly of the MWNTs onto the Si rings over the entire MEHPPV template.
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Figure 6-2. (a) and (b) Methods used to cast the MWNT/PDDA water solution (c = 0.05
mg/ml). (a) Solution overspread the entire surface of ring patterns (Method a). (b) Solution
covered only a small part of ring pattern (Method b). (c) Optical micrograph during the
formation of MWNT rings by Method a. The water meniscus retreated along the MEH-PPV
ring surface (i.e., dewetting on hydrophobic MEH-PPV ring), as indicated by a red arrow in a
blue dashed box, thereby forming two MWNT rings adjacent to each other. Scale bar = 30
µm. (d) Optical micrograph during the formation of MWNT rings by Method b. The solution
was confined within the MEH-PPV rings. As water evaporated (direction indicated by a red
arrow), a periodic family of MWNT rings were left behind on the Si substrate. Scale bar = 70
µm.
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In Method b, where a drop of MWNT/PDDA solution covered only a small part of
MEH-PPV ring pattern, the droplet maintained its circular shape and was confined within
hydrophobic concentric rings, resulting in a larger, fixed contact angle than in Method a
(Figure 6-2b). During water evaporation the water meniscus retreated along concentric MEHPPV rings driven by the capillary force, leaving behind rake-like MWNTs deposited on the
Si rings as shown in the left portion of Figure 6-2d. The MWNTs were tethered to Si rings
through the electrostatic interaction facilitated by positively charged PDDA (i.e., forming a
MWNTs/PDDA/Si layer).54-56
The dimension of the microscopic concentric MWNT rings was significantly affected
by the geometric constraints imposed by the MEH-PPV rings. Due to the gradient nature of
the template of MEH-PPV rings, gradient concentric MWNT rings were achieved after
selective removal of MEH-PPV with toluene, as schematically illustrated in Figure 6-3a.
Figure 6-3b-d shows optical micrographs of gradient concentric MWNT rings obtained (via
Method a), corresponding to the location of original MEH-PPV rings at the outermost (X1),
intermediate (X2), and innermost (X3) regions, respectively, from Figure 6-1b. The size and
shape of the MWNT rings was highly complementary to those of original MEH-PPV rings
and were not disrupted during the successive dissolving of MEH-PPV with toluene.
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Figure 6-3. (a) Schematic stepwise representation of formation of gradient concentric
MWNT rings. Evaporation-induced self-assembly of MEH-PPV rings on Si substrate from
MEH-PPV toluene solution in sphere-on-flat geometry. Then a drop of MWNT/PDDA water
solution was drop-cast onto the MEH-PPV ring-patterned Si substrate. Upon completion of
water evaporation, MWNT rings were formed in between MEH-PPV rings (second panel).
After selective removal of MEH-PPV with toluene, gradient concentric MWNT rings can be
revealed (last panel). (b-d) Optical micrographs of highly ordered, gradient MWNT rings on
Si substrate over large areas produced by template-assisted self-assembly as described in (a)
(Method a). The locations of MWNT rings corresponding to original MEH-PPV templates
are (a) at X1, (b) at X2, and (c) at X3 (Figure 1b), respectively. Scale bars = 45 µm.
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Figure 6-4. AFM height images corresponding to optical micrographs shown in Figure 6-3b3d. (a) at outermost region, X1, (b) at intermediate region, X2, and (c) at innermost region X3.
Close-ups of individual ring are shown in the right panel, in which MWNTs formed random
network and were densely packed. The image size is 80 x 80 µm2 for the left panels, 20 x 20
µm2 for the right panel of (a), 10 x 10 µm2 for the right panel of (b) and (c). The z scale is 50
nm for all images.
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To quantify the dimension of adsorbed MWNT rings in Figure 6-3b-d, AFM
measurements were performed. Figure 4 shows AFM height images corresponding to optical
micrographs in Figure 6-3b-d. Locally, the rings appear as parallel stripes. The number of
stripes in the 80 x 80 µm2 scanning area increases from 5 (left panel in Figure 6-4a) to 9
(Figure 6-4b) to 16 (Figure 6-4c). Section analysis of these AFM images revealed that the
width of rings, w decreased from w = 15.1 µm at X1, to w = 8.2 µm at X2, to w = 2.5 µm at X3
(see Supporting Information). This correlated well with the values obtained from the
template of MEH-PPV rings. The thickness of MWNTs, hMWNT was rather constant in all
locations (i.e., hMWNT = ~ 19 nm in X1, X2, and X3), suggesting the formation of a monolayer
of MWNT on the Si substrate given that the thickness of a MWNT was approximately 20
nm, as determined by TEM (Figure 6-5).

Figure 6-5. TEM image of a MWNT with a thickness of 20 nm.
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(b)

(c)

Figure 6-6. (a) Optical micrograph of highly ordered MWNT rings at the region in between
X1 and X2 produced by Method b. Locally, they appeared as parallel stripes. Scale bar = 20
µm. (b) Corresponding AFM height image. (c-d) The close-up AFM images marked in (b),
where (c) and (d) are phase and height images, respectively. Densely packed MWNTs
bundles are clearly evident in (d). The image size is 50 x 50 µm2 in (b), and 5.8 x 5.8 µm2 in
(c) and (d). The z scale is 50 nm for all images.
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Further scrutiny of each individual MWNT ring obtained by Method a revealed a
random network of densely packed MWNTs (right panels in Figure 6-4). The formation of a
random network of MWNTs can be rationalized as follows. Complete water evaporation
from MEH-PPV ring-patterned Si substrate was over a course of 4 h, rather than 30 min as in
the case of MEH-PPV in which toluene was used. Thus, the evaporation-induced capillary
flow was slow and could not orient the MWNT along the flow direction during the drying
process. Consequently, the MWNTs were randomly dispersed within a ring.
Figure 6-6 shows the optical micrograph and AFM images of MWNT rings formed at
the region in between X1 and X2 prepared by Method b. In comparison to monolayer of
MWNT rings produced by Method a (Figure 6-4), densely packed MWNT bundles were
observed (Figure 6b-d), manifested in a larger value of thickness, hMWNT = ~ 42 nm (see
Supporting Information). This is attributed to the larger initial contact angle formed by using
Method b as depicted in Figure 6-2b. A larger contact angle due to unfavorable interfacial
interaction between hydrophobic MEH-PPV rings and hydrophilic MWNT/PDDA allowed
more MWNTs to deposit on Si rings, thereby yielding thicker, densely packed MWNTs. The
width of the rings was 4.0 µm, smaller than 8.2~15.1 µm (corresponding to the width in X1
and X2 regions) values obtained using Method a. This may be explained by the fact that, due
to larger initial contact angle, the MWNTs deposited on Si rings right after the solution front
receded from the MEH-PPV rings while the deposition was still liquid-like. The residual
amount of water in the liquid-like MWNT rings further evaporated and retracted in a
direction perpendicular to the ring from both edges, thereby leading to rings with a smaller
width. This perpendicular flow may partially contribute to the larger thickness of the
MWNTs obtained (Figure 6c-d and Supporting Information). This process also promoted the
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ordering of MWNTs inside the microscopic ring. The orientation of MWNTs within the ring
was improved (i.e., aligned along the ring in Figure 6-6d) as compared with rings obtained by
Method a in which MWNTs formed a random network (Figure 6-4).

(a)

(b)

(c)

Figure 6-7. Raman images of MWNT rings on Si substrate produced by Method a, acquired
by integration of Raman intensity at G mode (1586 cm–1). (a) at outermost region, X1, (b) at
intermediate region, X2, and (c) at innermost region X3. The scale bars are 6 µm, 5 µm, and 5
µm in (a), (b), and (c), respectively. The Raman intensity varied from dark (low) to bright
(high) color.

To verify the formation of periodic MWNT rings, Raman mapping was conducted.
For the MWNT rings produced by Method a, the high-resolution Raman mapping obtained
with typical Raman G mode of MWNT (1586 cm–1) at three different locations (i.e., X1, X2,
and X3 in Figure 6-1a) confirmed the formation of gradient concentric MWNT rings with
decreased periodicity as clearly evidenced in Figure 6-7. The contrast of Raman image
reflects the monolayer coverage of MWNTs produced by Method a. On the other hand, the
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densely-packed MWNT rings formed by Method b exhibited much higher contrast in optical
microscope image (Figure 6-8a) and corresponding Raman mapping (Figure 6-8b). The welldefined MWNT rings visible in the Raman G mode provided enhanced contrast in Raman
intensity variation across eight MWNT rings (Figure 6-8b) as compared to that of monolayer
MWNT rings in Figure 6-7. The presence of intense Raman peaks on the MWNT rings while
zero counts in between the MWNT rings (i.e., on the Si rings) validated that there were no
MWNTs on the Si rings which were formed after the removal of MEH-PPV rings (Figure 68c). This was consistent with optical microscopy observation (Figure 6-8a).

Figure 6-8. (a) Optical micrograph of MWNT rings produced by Method b. (b)
Corresponding Raman image acquired by integration of Raman intensity at G mode (1586
cm–1). The Raman intensity varies from dark (low) to bright (high) color. (c) The Raman
intensity variation at G mode across the MWNT rings on Si substrate. The measurements
were performed in a direction perpendicular to the ring pattern as indicated by a white dotted
line in Raman image (b). The scale bars are 10 µm and 20 µm in (a) and (b), respectively.
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Conclusion
We have demonstrated that the use of sphere-on-flat geometry provides remarkable
control over the evaporative flux, thereby leading to evaporation-induced self-assembly of
gradient concentric rings of polymers with unprecedented regularity by repeated “stick-slip”
cycles of the contact line. Subsequently, the polymeric rings were exploited as templates to
direct self assembly of MWNTs from the water solution (i.e., deposition on hydrophilic Si
substrate and dewetting on hydrophobic polymer rings). After water evaporation followed by
selective removal of the template of polymer rings, gradient concentric MWNT rings over
very large areas were achieved (i.e., 50 mm2 in the present study, which was dictated by the
initial volume of polymer solution loaded and the diameter of spherical lens used, D. By
increasing D and placing loading a larger amount of polymer solution, MWNT rings with
even larger areas can ultimately be achieved). The spacing, width, and height of MWNT
rings can be finely tailored by using different casting methods. This facile technique opens
up a new avenue for high throughput, lithography- and external field-free patterning of
microscopic CNT rings over large areas. We envisage that, by replacing MWNTs with
single-walled carbon nanotubes (SWNTs), the formation of gradient concentric SWNT rings
from solution-based SWNTs may be suitable for applications in electrics, optics, and sensors,
for example, mass production of SWNT-based electronic devices to explore the channel
length effect on the mobility of SWNTs in one step.
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Supporting Information

(a)

(b)

(c)

(d)

Figure 6-S1. (a)-(c) Section analysis of an individual MWNT ring in the right panel of
Figure 6-4 (a)-(c), respectively. (d) Section analysis of a MWNT ring in Figure 6-6 (c).

133
References
1

J. Huang, F. Kim, A. R. Tao, S. Connor, and P. D. Yang, Nature Mater 4, 896 (2005).

2

J. Huang, R. Fan, S. Connor, and P. D. Yang, Angew. Chem. Int. Ed. 46, 2414 (2007).

3

J. Huang, A. R. Tao, S. Connor, R. He, and P. D. Yang, Nano Lett. 6, 524 (2006).

4

M. Gleiche, L. F. Chi, and H. Fuchs, Nature 403, 173 (2000).

5

T. P. Bigioni, X. M. Lin, T. T. Nguyen, E. I. Corwin, T. A. Witten, and H. M. Jaeger,
Nature Mater. 5, 265 (2006).

6

E. Rabani, D. R. Reichman, P. L. Geissler, and L. E. Brus, Nature 426, 271 (2003).

7

B. P. Khanal and E. R. Zubarev, Angew. Chem. Int. Ed. 46, 2195 (2007).

8

J. Guan and L. J. Lee, Proc. Nati. Acad. Sci. U.S.A. 102, 18321 (2005).

9

V. V. Tsukruk, H. Ko, and S. Peleshanko, Phys. Rev. Lett. 92, 065502 (2004).

10

C. P. Martin, M. O. Blunt, E. Pauliac-Vaujour, A. Stannard, and P. Moriarty, Phys.
Rev. Lett. 99, 116103 (2007).

11

H. Ko, S. Peleshanko, and V. V. Tsukruk, J. Phys. Chem. 108, 4385 (2004).

12

S. Iijima, Nature 354, 56 (1991).

13

P. M. Ajiyan, Chem. Rev. 99, 1787 (1999).

14

J.-U. Park, M. A. Meitl, S.-H. Hur, M. L. Usrey, M. S. Strano, P. J. A. Keins, and J.
A. Rogers, Angew. Chem. Int. Ed. 45, 581 (2006).

15

S. G. Rao, L. Huang, W. Setyawan, and S. Hong, Nature 425, 36 (2003).

16

R. H. Baughman, A. A. Zakhidov, and W. A. de Heer, Science 297, 787 (2002).

17

A. A. Mamedov, N. A. Kotov, M. Prato, D. M. Guldi, J. P. Wicksted, and A. Hirsch,
Nature Mater. 1, 190 (2002).

18

P. M. Ajayan, Chem. Rev. 99, 1787 (1999).

19

D. Mann, et al., Nature Nanotech. 2, 33 (2007).

20

C. Y. Li, L. Y. Li, W. W. Cai, S. L. Kodjie, and K. K. Tenneti, Adv. Mater. 17, 1198
(2005).

21

W. Song, I. A. Kinloch, and A. H. Windle, Science 302, 1363 (2003).

22

S. J. Oh, Y. Cheng, J. Zhang, H. Shimoda, and O. Zhou, Appl. Phys. Lett. 82, 2521
(2003).

134
23

H. Shimoda, S. J. Oh, H. Z. Geng, R. J. Walker, X. B. Zhang, L. E. McNeil, and O.
Zhou, Adv. Mater. 14, 899 (2002).

24

C. Kocabas, M. A. Meitl, A. Gaur, M. Shim, and J. A. Rogers, Nano Lett. 4, 2421
(2004).

25

R. Sharma, C. Y. Lee, J. H. Choi, K. Chen, and M. S. Strano, Nano Lett. 7, 2693
(2007).

26

C. Kocabas, N. Pimparkar, O. Yesilyurt, S. J. Kang, M. A. Alam, and J. A. Rogers,
Nano Lett. 7, 1195 (2007).

27

H. Ko and V. V. Tsukruk, Nano Lett. 6, 1443 (2006).

28

Y. Wang, D. Maspoch, S. Zou, G. C. Schatz, R. E. Smalley, and C. A. Mirkin, Proc.
Natl. Acad. Sci. USA. 103, 2026 (2006).

29

Y. Zhang, et al., Appl. Phys. Lett. 79, 3155 (2001).

30

E. Joselevich and C. M. Lieber, Nano Lett. 2, 1137 (2002).

31

S. J. Kang, C. Kocabas, T. Ozel, M. Shim, N. Pimparkar, M. A. Alam, S. V. Rotkin,
and J. A. Rogers, Nature Nanotech. 2, 230 (2007).

32

G. Yu, A. Cao, and C. M. Lieber, Nature Nanotech. 2, 372 (2007).

33

H. Ko, C. Jiang, H. Shulha, and V. V. Tsukruk, Chem. Mater. 17 2490 (2005).

34

C. Kocabas, S.-H. Hur, A. Gaur, M. A. Meitl, M. Shim, and J. A. Rogers, Small 1,
1110 (2005).

35

Z. Q. Lin and S. Granick, J. Am. Chem. Soc. 127, 2816 (2005).

36

S. W. Hong, J. Xu, J. Xia, Z. Q. Lin, F. Qiu, and Y. L. Yang, Chem. Mater. 17, 6223
(2005).

37

J. Xu, J. Xia, S. W. Hong, Z. Q. Lin, F. Qiu, and Y. L. Yang, Phys. Rev. Lett. 96,
066104 (2006).

38

S. W. Hong, S. Giri, V. S. Y. Lin, and Z. Q. Lin, Chem. Mater. 18, 5164 (2006).

39

S. W. Hong, J. Xu, and Z. Q. Lin, Nano Lett. 6, 2949 (2006).

40

S. W. Hong, J. Xia, M. Byun, Q. Zou, and Z. Q. Lin, Macromolecules 40, 2831
(2007).

41

S. W. Hong, J. Xia, and Z. Q. Lin, Adv. Mater. 19, 1413 (2007).

42

J. Xu, J. Xia, and Z. Q. Lin, Angew. Chem., Int. Ed. 46, 1860 (2007).

135
43

J. Wang, J. Xia, S. W. Hong, F. Qiu, Y. Yang, and Z. Q. Lin, Langmuir 23, 7411
(2007).

44

M. Byun, S. W. Hong, L. Zhu, and Z. Q. Lin, Langmuir in press (2008).

45

E. Adachi, A. S. Dimitrov, and K. Nagayama, Langmuir 11, 1057 (1995).

46

R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, and T. A. Witten,
Nature 389, 827 (1997).

47

O. Karthaus, L. Grasjo, N. Maruyama, and M. Shimomura, Chaos 9, 308 (1999).

48

M. Burghard, V. Krstic, G. S. Duesberg, G. Philipp, J. Juster, and S. Roth, Synthetic
Metals 103, 2540 (1999).

49

T. Sainsbury and D. Fitzmaurice, Chem. Mater. 16, 2174 (2004).

50

K. Kordas, et al., Small 2, 1021 (2006).

51

J. Chen, M. A. Hamon, H. Hu, Y. Chen, A. M. Rao, P. C. Eklund, and R. C. Haddon,
Science 282, 95 (1998).

52

R. D. Deegan, Phys. Rev. E 61, 475 (2000).

53

R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, and T. A. Witten,
Phys. Rev. E 62, 756 (2000).

54

D.-Q. Yang, J.-F. Rochette, and E. Sacher, J. Phys. Chem. B 109, 4481 (2005).

55

J. H. Rouse and P. T. Lillehei, Nano Lett. 3, 59 (2003).

56

B. Kim and W. M. Sigmund, Langmuir 19, 4848 (2003).

136
CHAPTER 7: GENERAL CONCLUSIONS

Dynamic self assembly via irreversible solvent evaporation of a droplet containing
nonvolatile elements (i.e., polymers, nanoparticles, or colloids) represents an extremely
versatile way for one-step creation of complex large-scale or long-range ordered structures.
In our studies the key improvement over past procedures is that droplet evaporation was
guided through the use of a restricted geometry consisting of a spherical lens sitting on a flat
substrate (i.e., sphere-on-flat geometry), rather than allowing solvent evaporation over the
entire droplet area from a drop sitting on a single solid surface, as in copious past work. The
restricted geometries provided a unique environment for controlling the flow within an
evaporating, capillary-held droplet, which, in turn, regulates structure formation.

Highly ordered structures were produced by employing a variety of polymers to
explore the concentration effect, solvent effect, and interfacial interaction effect (i.e.,
substrate effect) on the resulting structure formation. Gradient concentric rings with
unprecedented regularity were produced from the restricted geometry in a simple,
controllable, cost-effective, and reproducible manner. Furthermore, the formations of the ring
with fingers and the punch-hole like structures as a result of fingering instabilities of the
moving meniscus have been investigated both experimentally and theoretically in terms of
the interfacial interaction between polymers and the substrate, the molecular weight of
polymers and the curvature of upper sphere by utilizing the PS, PMMA, and PS-b-PMMA
toluene solutions in the sphere-on-flat geometry.
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The present simple, lithography-free route allowed subsequent preparation of a great
variety of metal, metal oxide, and multiwalled carbon nanotube concentric rings with
controlled spacing, size, and thickness. The utilization of such gradient replica to engineer
biopolymers (e.g., DNA) has been demonstrated using concentric gold rings. By changing
the shape of the upper sphere in the restricted geometry (e.g., using the pyramidal lens,
triangular-sliced sphere, or chisel lens, rather than the sphere) and exploiting the consecutive
“stick-slip” motion of the contact line and the associated capillary flow, a family of complex
ordered mesoscale structures (e.g., concentric squares, triangular contour lines, and
concentric elliptics) were obtained.
These studies demonstrated that dynamic self-assembly of nonvolatile solutes via
irreversible solvent evaporation in a restricted geometry is a simple, one-step method to
create nanostructured materials possessing high regularity in a precisely controllable and
cost-effective manner, dispensing with the need for lithography techniques and external
fields.
The significance of this research lied in its promise to further enhance current
approaches to creating highly regular structures in a simple, controllable, and cost-effective
manner for use in photonics, electronics, optical materials, magnetic materials,
optoelectronics, nanotechnology, and biotechnology. The research may also shed some light
on microfluidic devices, which generally need an external electrical control and power
device, by providing a perspective on the use of capillary force to drive the flow without
relying on the mechanical and electrical driving force. Finally, by eliminating the expensive
and time-consuming electron-beam lithography process, the research may inspire a new
processing approach for fabricating annular Bragg resonators for advanced optical
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communication systems and ring resonator lasers for use as tunable laser systems in
integrated-photonic platforms.
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