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Controlled Evaporation

Research into the evaporation of solutions is not only aimed at a better
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understanding the physics of evaporation, but increasingly at capital-

izing on the extremely simple method it offers to assemble diverse
nonvolatile solutes into complex ordered structures on the submicron
and longer length scales. This Review highlights recent advances in
evaporative assembly of confined solutions, focusing especially on

recently developed approaches that provide structures with unprece-

dented regularity composed of polymers, nanoparticles, and bioma-
terials, by controlled evaporation-driven, flow-aided self-assembly. A
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broad range of variables that can control the deposition are explored
and the future directions of this rich field are presented.

1. Introduction

Drying a drop of solution containing nonvolatile solutes
(e.g., polymers, proteins, viruses, bacteria, DNA, micro-
spheres, nanoparticles, graphenes) on a solid surface has
been widely recognized as a simple, emergent technique to
yield self-assembled, dissipative 1D or 2D structures with
controlled dimensions (a few hundred submicrons and more),
function, and topology.l"! These structures are kinetically
trapped in non-equilibrium states, meaning that they depend
sensitively on the evaporative route taken. Experimentally,
the types of deposit are correlated with the mode of liquid
evaporation. The most familiar deposits are the “coffee ring”
patterns. When a spilled drop of coffee dries on a solid
surface, it leaves a dense, ring-like deposit along the
perimeter, i.e., forming “coffee ring” on the surface. Ringlike
stains are not particular to coffee and are commonly seen in
the drops containing dispersed solutes.'" In the absence of
natural convection and Marangoni flow driven by surface
tension gradient, when the contact line of a drying droplet is
pinned, the liquid evaporating from the edge is replenished by
the liquid from the interior, so the outward flow carries
entrained solutes to the drop periphery (upper panel in
Figure 1a), yielding a dense, ringlike deposit (lower panel in
Figure 1a). Notably, the deposition-caused pinning and
depinning processes (i.e., “stick—slip” motion) alternate as
solvent evaporates, thereby forming concentric rings after
complete evaporation of the solution.”) However, the con-
centric rings are often stochastically distributed. Conversely,
if the liquid inside the droplet flows away from the contact
line, a uniform solute deposit on the substrate may result.”! It
is noteworthy that, based on the continuity and Navier—
Stokes equations within a lubrication approximation, the
majority of current theoretical studies have focused on
modeling a single “coffee-ring” deposit using either analy-
tical™4 or numerical methods.** In contrast, only a few
elegant theoretical studies have centered, either analytical-
1y or numerically,® on elucidating the formation of periodic
concentric rings for a sessile droplet drying on a substrate. The
surface-tension driven convective instability of a drying
droplet heated from below and cooled from above is referred
to as the Marangoni-Benard convection (top and center
panels in Figure 1b), which leads to the formation of irregular
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cellular structures (i.e., Benard cells;

bottom panel in Figure 1b)."1 The
fingering instability of thin spreading films is caused by the
Marangoni effect, in which a temperature gradient induces a
surface-tension gradient that drives the spreading process at
the liquid front (Figure 1c).”) Additionally, a fingering
instability can also be induced by unfavorable interfacial
interactions between the solute and the substrate.'"”) How-
ever, primarily because of the spatially varied evaporative
flux and possible convections, these dissipative structures
(e.g., “coffee rings”,'¥ polygonal network structures,™
fingering instabilities,'!l cracks, chevron patterns, etc.) are
generally irregular and randomly assembled. Yet for many
applications in optics, microelectronics, optoelectronics, mag-
netic devices, biotechnology, and nanotechnology, it is highly
desirable to achieve surface patterns with well-controlled
spatial arrangements.

Clearly, to exploit the full potentials of this nonlitho-
graphic and external-field-free technique to construct highly
ordered, complex structures rapidly and cheaply over large
areas, the evaporation process and associated flow velocity
field should be precisely harnessed. Recently, a few impres-
sive studies have demonstrated the feasibility of delicately
manipulating the drying process to drive the assembly of
inorganic nanoparticles, polymers, and biological entities into
intriguing, well-structured patterns. These drying techniques
include controlled anisotropic wetting/dewetting processes,'?!
controlled dewetting by dip-coating,['*! convective assembly
in evaporating menisci,'¥ evaporation-induced assembly in
restricted geometries,™” and evaporative lithography using a
mask.[!

In this Review, we aim to highlight the current state-of-
the-art in controlled evaporative self-assembly (CESA) of
constrained solutions, a process that enables the organization
of materials of interest (polymers, nanoparticles, and bioma-
terials, among others) into complex structures of high fidelity
and regularity with engineered optical, electronic, optoelec-
tronic, magnetic properties. Five facile yet robust preparation
approaches that yield highly ordered structures based on
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CESA of droplets in confined geometries are highlighted. The
drying of unconstrained solutions that leads to ordered
structures is not discussed herein. For details on this subject
the reader is referred to some relevant Reviews.!'"”) We suggest
a large number of important variables that can be tailored to
control deposition. Finally, we indicate the significance of
these approaches and offer a perspective for future work that
is certainly exciting yet scientifically and technologically
challenging in this extraordinarily rich field.

2. Controlled Evaporative Self-Assembly (CESA) in
Confined Geometries

In stark contrast to structures formed from a freely
evaporating droplet on a substrate (that is, unconstrained
solution), which are often stochastic and lack regularity, the
judicious use of confined geometries (e.g., two parallel plates,
“curve-on-flat” geometries) imparts exquisite control over
the drying dynamics and associated flows, which in turn,
allows for crafting complex deposit patterns with unprece-
dented regularity. By subjecting drying droplets to such a
restricted geometry, the evaporation rate of the solution is
controlled and the temperature gradient is minimized or
eliminated. As a result, the possible natural convection and
Marangoni flow are suppressed, and the instabilities (e.g.,
fingering instability) can be readily controlled.

2.1. Geometry Utilized

The rational design and implementation of confined
geometry offers the opportunity for achieving well-structured
assemblies, and thereby providing a new assembly route to
create complex yet ordered functional micro- to nanoscale
structures that can potentially be used in various technolog-
ical applications. To date, five viable geometries have been
designed and successfully exploited for the CESA of con-
strained solutions. These are a) two-plate configuration in
which the upper plate is positioned either at a certain angle
against!"1® or parallel to!"**"! the lower horizontal plate and
one plate slides over the other at a fixed angle and distance
(Figure 2 and Figure 3); b) cylindrical tubes (Figure 5);/1%%1
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c) two crossed cylinders placed at right angle (Figure 7);*?

d) mask-above-drying-film configuration (i.e., evaporative
lithographic patterning!'®?]; Figure 8); and e) “curve-on-
flat” geometries (Figure 9-12).110-15¢-21]

2.2. Flow-Based Processing in Two-Plate Geometry

Self-assembly of nanoscale materials into desired struc-
tures with spatially defined structure and functionality
promises new opportunities for their use in miniaturized
electronics, photonics, catalysts, nanotechnology, and bio-
technology. Recently, controlled patterns of quantum dots
(QDs) stripes have been produced by a simple flow-coating
technique, in which the motion of the lower plate was
regulated while the upper blade, placed at a certain angle, was
stationary, thereby providing a confined geometry for QD
deposition (Figure 2 a).'® QDs are highly emissive, spherical,
inorganic nanoparticles a few nanometers in diameter. They
offer a functional platform for a new class of materials for use
in light emitting diodes (LEDs), photovoltaic cells, and
biosensors.”? For QDs, such as CdSe, the variation of particle
size provides continuous and predictable changes in fluores-
cence emission as a result of their quantum-confined
nature.”™ The combination of confined geometry and con-
trolled nanoparticle deposition which is enabled by program-
ming the rate and direction of lower plate on the linear
translational stage, provided distinct advantages in the
assembly of nanomaterials (Figure 2b), yielding both parallel
and orthogonal multicomponent CdSe stripe patterns with
controllable spacing between them. For example, green-
emitting vinylbenzene-functionalized CdSe QDs (diameter,
D =3 nm) were first assembled into stripes by flow coating
(vertical green stripes in Figure 2¢), which were then
subjected to UV irradiation to crosslink the vinylbenzene
ligands of the CdSe QDs. The second (i.e., vertical red-
emitting QD stripes, D =6 nm) and third (i.e., horizontal
green-emitting QD stripes) stripe patterns were then depos-
ited parallel and perpendicular to the first green stripes,
respectively (Figure 2¢).'®! The QD stripes were nanometers
high, submicron to micron wide and centimeters long. In
addition to CdSe QDs, the flow-coating technique allows the
structuring of materials of different types and sizes (e.g., Au
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2 mm

Figure 1. Characteristic patterns yielded from evaporative assembly of
drying droplets. a) “Coffee ring” deposits. Top: the mechanism of
outward flow during evaporation to keep the contact line fixed.
Reproduced with permission from Ref. [1a]. Bottom: a “coffee ring”
with a radius of approximately 5 cm. Reproduced with permission
from Ref. [8] b) Top: Marangoni vortex flow field in a drying octane
droplet. Middle: the simulation result. Reproduced with permission
from Ref. [7f]. Bottom: cellular structure of microspheres. Reproduced
with permission from Ref. [8c]. c) The fingering instability at the liquid
front. Reproduced with permission from Ref. [9].

nanoparticles, PMMA, and PDMS) at different spatial
locations."®"!

Similarly, controlled deposition of latex colloidal crystal
suspensions and Au nanoparticles confined in a meniscus was
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Figure 2. a) Schematic diagram of two-plate configuration in which a
QD solution is confined. The upper plate (blade) is placed at a certain
angle over the lower movable substrate on a translation stage (i.e., a
flow-coating apparatus). b) The velocity profile of a translation stage
for controlling the “stick—slip” motion of the contact line. Schematic
illustrations of QD deposited i) at intermittent stopping time and

i) upon the move the translating stage. c) A fluorescent micrograph of
grid patterns formed by a three-step flow-coating process. Scale
bar=200 pum. Reproduced with permission from Ref. [18b].

performed by dragging the upper blade (i.e., deposition plate)
at a constant velocity, while fixing the lower plate, forming a
thin particle film.'** The number of particle layers and
structures were determined by the deposition speed and the
particle volume fraction." In comparison to conventional
dip-coating, this convective assembly approach offered re-
duced material consumption and shorter coating time.['¥
When a polymer solution was placed between two
precisely manipulated parallel plates with a stationary lower
substrate and a sliding upper surface, a variety of polymer
patterns were produced at the receding meniscus on the lower
substrate (Figure 3).** Three mechanisms, namely, dewet-
ting, “stick-slip” motion, and fingering instabilities, were
proposed to account for the formation of dots, lines, and
ladder-like structures, respectively (Figure 4). The concen-
tration of polymer solution governed the self-organization of
mesoscale polymer patterns from the evaporating solution
edge.™ Moreover, faster sliding of the upper surface
increased the surface area of the meniscus region where the
evaporation occurred, thus resulting in an increase in
deposition frequency, and correspondingly, a decrease in the
spacing of patterns.'* In addition to polystyrene (PS) and
poly(3-hexylthiophene) (P3HT) utilized in the study, this
preparation method is applicable to pattern other polymer
materials. Recently, hierarchical assembly has been achieved
using a lamellar-forming diblock copolymer, polystyrene-b-
poly(methyl  methacrylate)  (PS-b-PMMA; M, ps=
52 kgmol ™! and M,,pyu =52 kgmol ') as nonvolatile solu-
tes.'”>?7 The microstripes were formed from the receding
contact line of PS-b-PMMA solution confined in a two-
parallel-plate geometry. Subsequent thermal annealing at
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Figure 3. Schematic illustrations of the two-parallel-plate geometry in
which the upper plate slides over the lower stationary plate at a fixed

speed. a) 3D view and b) side view, where a polymer solution is

confined between the two parallel plates. Reproduced with permission

from Ref. [15a].

high temperature led to the alignment of lamellae along the

thickness gradient of the patterned film.

2.3. Producing Bands of Particles in Cylindrical Tube

The ability to pattern curved surfaces that are topologi-
cally complex (e.g., in a capillary tube) opens new avenue for

0.1g/l
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making microfluidic devices for sensing and catalysis, as well
as for utilizing colloidal-coated capillaries to probe the
influence of varied film thickness on optical properties.!”
The confinement imposed by a capillary tube created a fluidic
column, from which bands of particle aggregates were
produced along the tube, either vertically (Figure 5a)/ or
horizontally (Figure Sb and 6)!*Y, Recently, colloidal crys-
tallization and banding in a vertically arranged 400 um
diameter cylindrical tubes were studied.™ The contact line
of PS beads (D =500 nm) in an ethanol solution was pinned
by the deposition of particles. The length of deposits increased
until the capillary force can no longer counterbalance the
gravitational force, after which the contact line dropped to a
new position where the solution was in contact with the tube
surface."! The capillary force was determined by the radius
of curvature of the tube which was much smaller than the
capillary length. The distance traveled by the contact line was
given by Ah=h—h%" = (y/pga)(cosfsg—cossp) ~ 1 mm,
which was in good agreement with the experimental obser-
vation, where y is the surface tension of ethanol, y
~20mNm!, Os5=5° and 6, = 60° are solvent/glass contact
angle and solvent/PS contact angle, respectively.' As the
meniscus fell, the evaporation rate in the capillary tube
decreased. In other words, the vapor diffusion length
increased as the distance to the open end of the capillary
increased, which in turn led to the deposition of fewer PS
particles, thereby yielding narrower bands of PS as the time
progressed (i.e., forming gradient bands). Importantly, the
use of a capillary tube effectively regulated the evaporation
rate of the fluidic column, which in turn influenced the
kinetics of colloidal crystallization giving a banded structure
(Figure 5c). The band width and the spacing between the
neighboring bands (i.e., the distance traveled by the contact
line) increased with an increase of colloidal concentration or

sliding direction

Figure 4. Optical micrographs (top panels) and AFM images (bottom panels) of PS patterns produced from different solution concentrations at a
constant sliding speed of 50 ums™". Reproduced with permission from Ref. [15a].
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Figure 5. Schematic illustrations of a cylindrical capillary placed a) ver-
tically and b) horizontally, that yields bands of particle aggregates (i.e.,
PS particles in (a) and tobacco mosaic virus (TMV) particles in (b)).
In (b), Top: a capillary tube containing the TMV solution; Bottom: a
thin meniscus formed at the contact line. Reproduced with permission
from Ref. [15k]. c) SEM images of a band structure in the capillary.

i) One band with the drying direction indicated. Two close-ups of
smooth structure at the beginning (ii) and the end (iii) of the band,
respectively. iv) Schematic illustration of a typical succession of
hexagonal close-packed regions. Reproduced with permission from
Ref. [15].

V-aVa

with a decrease in time at a given initial concentration of PS
solution.['™

Likewise, banded structures composed of rodlike bio-
nanoparticles (tobacco mosaic virus (TMV)) have been
produced by CESA in a horizontally placed glass capillary
tube (length, L=2.2cm and D =0.15 cm; Figure 6)."" At
the fixed salt concentration, bands made of a monolayer of
TMYV particles were formed at low TMV concentration
(Figure 6), while multilayers of TMV in each band were
yielded as the TMV concentration increased. Further increase
in concentration led to a disappearance of bands, and the tube
was fully covered with TMV particles. At very high concen-
tration, zigzag patterns resulted. It is worth noting that the
TMYV particles were oriented parallel to the contact line (i.e.,
perpendicular to the long axis of the tube). In addition to
concentration, the salt and surface properties of the capillary-
tube interior exerted a significant effect on the pattern
formation. For example, in the absence of salt, at high TMV
concentration, a continuous TMV thin film was produced
with TMV aligned normal to the contact line (i.e., along the
long axis of the tube) as a result of strong dipole-dipole
repulsion between TMV nanorods. The TMV-patterned
capillary tube can be utilized as a template to direct the
orientation of smooth muscle cells (SMCs) cultured in the
tube for developing enhanced vascular grafts."
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Figure 6. Self-assembly of rod-like TMV nanoparticles in a glass
capillary tube. a) Glass capillary tube. b) and c) Optical micrographs of
stripe patterns formed at position 1 and position 2 marked in (a),
respectively. d) 3D AFM image of stripe patterns shown in (b). e) A
close-up of the white-boxed region labeled in (d). Scale bar=>50 um

in (b) and (c); and scale bar=200 nm in (e). Reproduced with permis-
sion from Ref. [15k].

2.4. Assembling in Two-Crossed Cylinders

Recently, the use of a restricted geometry comprising two
cylindrical quartz mounts placed at right angles to one
another, glued with freshly cleaved single crystals of mica,
constrained the evaporation occurring at the droplet edges
(Figure 7) and organized surface patterns of remarkably high

Figure 7. a) Schematic illustrations of two crossed cylinders of freshly
cleaved single crystals of mica. b) The crossed cylinders are brought
together, leading to the formation of a constrained solution with an
evaporation rate that is highest at the extremity. Reproduced with
permission from Ref. [15¢].

fidelity and regularity.’>! The nonvolatile component was a
drop of linear conjugated polymer, poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV; My =
50-300 kgmol ™), in toluene solution. Conjugated polymers
have been widely recognized as promising materials for use in
biosensors, thin film transistors, light-emitting diodes, and
solar energy conversion.™*! In the latter context, conju-
gated polymer-based photovoltaic devices capitalize on the

www.angewandte.org
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advantages peculiar to conjugated polymers, such as light
weight, flexibility, processability, roll-to-roll production, low
cost, and large area.” The repetitive pinning—depinning of
the contact line, which moved toward the mica/mica contact
center as time elapsed, producing hundreds of concentric
MEH-PPV rings over large areas.™! Each ring was approx-
imately nanometers high and micrometers wide. The spacing
between adjacent rings, 4, and the height of ring, 4 decreased
as a function of the distance from the mica/mica contact
center (i.e., A~ (Ax)*™ and h~(Ax)*", where Ax denotes
the change in distance). The observed micrometer-size rings
were governed by the imposed geometry, the solution
concentration, and the solvent properties.['*

2.5. Patterning Colloid Films by Evaporative Lithography

It is interesting to note that a novel approach termed
evaporative lithography has recently emerged as a simple
route to assemble unary (e.g., silica microsphere, R=
0.59 um) and binary (e.g., silica microsphere, R=0.59 um
and PS nanoparticles, R=10nm) colloidal films without
substrate modification."*? A drying colloidal suspension was
allowed to evaporate beneath a mask containing a hexagonal
array of micro-sized holes, which induced periodic variations
between regions of hindered and free evaporation (Fig-
ure 8a).'%% When silica microspheres were used, at the low
volume fraction, ¢g0, =0.005, discrete patterned features
formed ((i) in Figure 8c). As ¢g,0, exceeded a critical initial
volume fraction, ¢;oz’ a transition from hexagonally arranged
patterns to continuous patterned films occurred ((ii) in
Figure 8c). At high ¢g0, (i.e., ¢so, >¢;OZ), thicker films
with patterned surface were formed ((iii) in Figure 8c).l'*"
The finite-element modeling (FEM) analysis revealed that

Figure 8. Schematic illustration of evaporative lithography. a) Top view
and b) side view of the mask design, where P is the pitch and d, is the
hole diameter. b) Top: a discrete pattern prepared from a dilute
suspension; Middle and Bottom: a continuous patterned film pro-
duced from a concentrated suspension. c) Optical micrographs of
films from the drying of colloidal suspensions at i) ¢, =0.005,

ii) ¢sio, =0.1, and iii) ¢s0, =0.3. Reproduced with permission from
Ref. [16a].
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the maximum evaporative flux, J,,,, was reached under the
unmasked regions of the drying film (i.e., open regions), while
the minimum evaporative flux, J,;, occurred under the
masked regions."®! As a result, the microspheres migrated
toward the unmasked regions and were arrested there,
forming patterned deposits. The deposition profiles can also
be controlled by tuning the separation distance between the
mask and underlying film and mask design.'®! Clearly, either
small h, (the initial gap height between the mask and
underlying film; Figure 8b) or large P (the pitch; Figure 8a)
hindered evaporation under the masked regions. The sup-
pression of evaporation diminished as 4, was increased or P
was decreased.

Quite intriguingly, the evaporative lithography technique
was capable of directing the distribution of multicomponent
systems simultaneously during drying. By drying a film of
binary suspension (0.59 um silica microsphere and 10 nm PS
nanoparticles, @, = 0.3 and ¢ps = 0.001) under the mask, the
silica microspheres formed a continuous patterned film,
whereas the PS nanoparticles segregated to the open regions,
decorating the surface of the microspheres.'® At the early
stage of the drying process, the silica microspheres and PS
nanoparticles were transported to the open regions by particle
convection. The higher initial volume fraction of micro-
spheres (¢s;0, =0.3) made them rapidly coalesce into a closely
packed network with many interstitial pores. The nano-
particles (¢ps=0.001) were then transported through the
porous microsphere network and further driven by a pressure
gradient resulting from the receding liquid meniscus, to
segregate in the unmasked regions of the binary film.'* The
evaporative lithography opens up a promising new avenue for
organizing a wide range of soft materials, including polymers,
biomolecules, and colloids.!'®

2.6. Controlled Evaporative Assembly (CESA) in “Curve-on-Flat”
Geometry

If a drop of solution to evaporate is constrained in a
“curve-on-flat” geometry composed of a curved upper surface
situated on a flat substrate (i.e., forming a capillary-held
solution), a multitude of strikingly regular structures can be
created.'*134421%4 The rationally designed “curve-on-flat”
geometry provides a unique environment for remarkable
control over the flow within the evaporating droplet, and thus
regulating intriguing structure formations. The conceptually
simplest configuration is the “sphere-on-flat” geometry which
is constructed by placing an axially symmetric spherical lens
(e.g., a silica sphere) on a flat substrate (e.g., silicon, ITO
glass, or mica). Recently, highly regular concentric rings of
MEH-PPV were formed spontaneously, simply by allowing a
drop of MEH-PPV toluene solution to dry in a consecutive
“stick-slip” motion in the “sphere-on-Si” geometry (Fig-
ure 9).°1 Because of the imposed geometrical restriction, the
evaporation could only occur at the capillary edge where, at
its extremity, the evaporation rate was highest. As the toluene
evaporated, the contact line at the capillary edge was pinned
by transporting MEH-PPV from the center of the solution
(“stick”), thus forming the outermost “coffee ring” of MEH-
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Figure 9. a) Left: Schematic cross section of a capillary-held solution
containing a nonvolatile solute placed in a “sphere-on-flat” geometry.
X;, X, and X, are the radii of outermost, intermediate, and innermost
rings from the sphere/flat contact center, respectively. Right: close-up
of the capillary edge marked in the left panel. b) Left: Digital image of
entire gradient concentric rings formed by the deposition of MEH-PPV
in the geometry shown in (a). Right: A small zone of the fluorescent
image of MEH-PPV rings in red is shown. Scale bar =200 pm. As the
solution front moves inward, the rings become smaller and the height
decreases as illustrated in lower left schematic. Reproduced with
permission from Ref. [15f].

PPV. During this process, the initial contact angle of the
meniscus, 6; gradually decreased owing to the evaporative loss
of toluene, to a critical angle, 6. (Figure 9a), at which the
capillary force (the depinning force) became larger than the
pinning force. This change led the contact line to jerk toward
the sphere/Si contact center (“slip”) and be arrested at a new
position, and thus a new “coffee ring” of MEH-PPV was
deposited.> The repeated pinning and depinning cycles of
the contact line produced gradient concentric rings with
controlled spacing as a direct consequence of the competition
between the linear pinning force (F;, ~ 27X, where X is the
absolute position of the ring from the sphere/Si contact center
(Figure 9a)) and nonlinear capillary force (F.=
16wy, Xarctan(4a R/X?), where y,, is the surface tension of
solvent, and a and R are the height of meniscus and the radius
of curvature of sphere, respectively) because of the curvature
effect of upper spherical lens.® As clearly shown in Fig-
ure 9b, the center-to-center distance between adjacent rings,
Ac.c, and the height of ring, &, decreased with increasing
proximity to the sphere/Si contact center. Theoretical calcu-
lations based on the mass conservation of confined solution
and the Navier-Stokes equation within a lubrication approx-
imation after considering the evaporation process were
successfully performed to gain insight into the formation of
gradient patterns in Acc and hy, respectively, which agreed
well with experimental observations.* In addition to con-
centric rings of polymers, nanoparticles,**!" carbon nano-
tubes,*'Y graphenes,””! other ordered yet complicated struc-
tures were also produced in the “sphere-on-flat” geometry,
including spokes, ! fingers,'*?'l “snake-skin”,”'¢! serpenti-
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nes,'”! by carefully manipulating the size of nanocrystals
used"™® and the interfacial interaction between the solute and
substrate.['19:21¢]

Instead of using a spherical lens, by logically designing the
upper surface to accommodate different shapes (i.e., crafting
a “curve-on-flat” geometry), “coffee rings” of different forms
and sizes can be specifically “synthesized”. A simple route to
concentric square stripes has been recently demonstrated by
confining the MEH-PPV toluene solution in the “square-
pyramid-on-flat” geometry (Figure 10a,b). The pyramid (i.e.,

a)

b)

Figure 10. a) Schematic illustration of the construction of a “square-
pyramid-on-Si” geometry. b) Stepwise representation of the formation
of gradient concentric square stripes, propagating from the capillary
edge towards the pyramid/Si contact center during solvent evapora-
tion. c) Representative fluorescence micrographs corresponding to
locations defined in the bottom left schematic (dashed blue boxes)
showing the bent stripes (top left and bottom right micrographs) and
parallel straight stripes of MEH-PPV (top right micrographs) formed
on the Si substrate. Scale bars are 600 um in the top left and 300 um
in the top and bottom right images. Reproduced with permission from
Ref. [15h].

the upper surface) directed the “stick—slip” motions of the
drying MEH-PPV microfluid, thereby guiding MEH-PPV to
deposit in a manner that conformed to the square-shaped
sides of the pyramid (Figure 10b and c). Consequently,
repeated “stick-slip” cycles of the contact line resulted in
the formation of hundreds of concentric squares of MEH-
PPV (Figure 10c).*" A 90° bending of concentric squares on
the border (corner) formed by two facets of the square
pyramid is clearly evident (upper left panel, Figure 10c),
while parallel stripes were observed under the facets of the
pyramid (upper right panel, Figure 10c). A transition from
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bent to parallel stripes is shown in the lower right panel of
Figure 10c.™™ By replacing the square pyramid with a
triangular-slice sphere as the upper surface, a set of concentric
triangular contour lines of MEH-PPV can be readily pro-
duced as shown in representative fluorescence micrographs
(Figure 11c¢). The construction of a “triangular-slice-sphere-

a)

Figure 11. a) Schematic illustration of the construction of “triangular-
slice-sphere-on-Si” geometry. b) Stepwise representation of the forma-
tion of gradient concentric triangular contour lines in the “triangular-
slice-sphere-on-Si” geometry. c) Representative fluorescence micro-
graphs at different locations defined in the bottom left schematic
(dashed blue boxes) showing the highly curved lines. Scale bars are
600 um in the top left and 300 pum in the top and bottom right
images. Reproduced with permission from Ref. [15h].

on-flat” geometry is illustrated in Figure 11a. The ability to
guide a variety of intricate structural formations by CESA
allows for the scale-up of surface patterning over large areas
at low cost, and displaces the need for lithography and
external fields.™"

Controlling the spatial arrangement of components,
namely, forming hierarchically ordered structures, has
attracted considerable attention as they hold great promise
for numerous applications. To date, many studies have
centered on creating hierarchically ordered structures using
destructive lithographic techniques that involve maintenance
costs and require iterative, multi-step procedures, thereby
making the structure formation process more complex and
less reliable.™! In contrast, the ability to engineer hierarchi-
cally organized structures from the self-assembly of nano-
materials, that is, generating microscopic structures from
materials with a self-assembling nature at the nanometer
scale, dispenses with the need for lithography and external
fields and opens new opportunities for the materials to be
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used in optical, electronic, optoelectronic, and magnetic
materials and devices.'"™ Recently, a simple yet robust
method to create hierarchically ordered structures consisting
of diblock copolymers using two consecutive self-assembly
processes at different length scales was demonstrated.!'>2
Diblock copolymers composed of two chemically distinct
chains covalently linked at one end are thermodynamically
driven to self-assemble into a broad range of well-ordered
nanodomains (e.g., spheres, cylinders, and lamellae) depend-
ing on the volume fraction of the components.” The domain
size is governed by the molecular weight and is typically on
the scale of 10 to 100 nm, which gives a density of 10%
nanostructures per square inch (1inch=2.5cm). As such,
diblock copolymers are widely recognized as appealing
building blocks for the bottom-up nanofabrication for numer-
ous applications, such as photonic devices, nanoelectronics,
magnetic data storage, biosensor arrays, and nanotechnology.

The CESA of a diblock copolymer solution, for example,
a toluene solution of cylinder-forming PS-b-PMMA (PS block
forming nanocylinders in the PMMA matrix), together with
controlled fingering instabilities arising from unfavorable
interfacial interactions between the PS block and the Si
substrate in the “sphere-on-Si” geometry, yielded large
concentric serpentines of PS-b-PMMA at the microscopic
scale (first panel in Figure 12a and top left panel in Fig-
ure 12b). Subsequently, upon selective solvent-vapor anneal-
ing (that is the selective swelling of the PMMA block by
acetone vapor), the serpentines self-organized into a macro-
scopic web (last panel in Figure 12a and top right panel in
Figure 12b), and simultaneously, the PS block self-assembled
into nanocylinders that were oriented vertically to the web

Figure 12. a) Schematic illustration of spatial-temporal evolution of
concentric PS-b-PMMA serpentines into web-like macrostructures after
lengthy solvent-vapor annealing. b) Evolution of regular PS-b-PMMA
serpentines into hierarchically woven mesh arrays by acetone-vapor
annealing. Top: AFM height images; scan size=80x80 um’. Bottom:
AFM phase images; scan size =2 x2 um?. The originally featureless
surface topology (bottom left) transforms into well-ordered PS nano-
cylinders (bottom right). Reproduced with permission from Ref. [151].
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surface (bottom right panel in Figure 12b). The resulting
remarkably ordered structures exhibited two distinctive
dimensions: global web-like macrostructures with local
regular microporous mesh arrays by a top-down mechanism;
and, by a bottom-up approach, vertically oriented PS nano-
domains that spanned the entire web (i.e., forming hierarchi-
cally ordered structures over two different length scales).l*

Recently, by allowing a toluene solution of an asymmetric
comb block copolymer (CBCP) to dry in a “wedge-on-Si”
geometry composed of a wedge lens situated on a Si substrate,
concentric straight and jagged stripes arranged in a rectan-
gular shape were formed by controlled pinning and depinning
cycles of the contact line. Quite interestingly, the formation of
straight or jagged stripes strongly depended on the height of
the wedge, which influenced the movement speed of the
meniscus at the capillary edge.’>*! Subsequent solvent-vapor
annealing led to the creation of hierarchically organized
structures of CBCP as a result of the synergy between solvent-
vapor-assisted unfavorable interfacial-interaction-driven
destabilization of the CBCP film from the Si substrate at
the microscopic scale and the solvent-vapor-promoted recon-
struction of CBCP nanodomains at the nanometer scale.
Within the microscopic stripes, the CBCP nanocylinders were
aligned either vertically or horizontally to the substrate,
depending on the duration of the solvent-vapor treatment.['*]
We note that when a newly synthesized polylactide (PLA)
containing bottlebrush block copolymer (PS-PLA BBCP)
with a lamellar morphology was used as a nonvolatile solute,
hierarchical architectures with nanochannels can be produced
by enzymatic degradation of the PLA block in the hierarchi-
cally structured BBCP formed by combining the top-down
CESA of a toluene solution of PS-PLA BBCP in a “cylinder-
on-flat” geometry with the bottom-up spontaneous self-
assembly of PS-PLA.*)

3. Control over Variables

The key to tuning the CESA process to yield a myriad of
scalable, complex, and self-organized structures is to precisely
control the evaporation process. A number of intrinsic and
extrinsic variables should be finely tailored to provide
detailed insight into the ordered structure formation from
the pinned drying droplets in confined geometries. All of
these will modulate the tradeoff between the stable and
unstable contact line pinning on which these structures
appear to depend.

3.1. Intrinsic Variables

Concentration: Of all the preparation variables, the
solution concentration remains one of the most important
and intensely studied. In confined geometries, for example,
the “curve-on-flat” geometry and the cylindrical tube, the low
initial concentration causes less deposition of solutes (i.e.,
lower height), corresponding to a larger critical contact angle.
The pinning time of the contact line is therefore shorter,
which in turn leads to a smaller amount of volume loss of
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solvent during pinning. Thus, a smaller pull of the contact line
to next position results (i.e., smaller distance between the
neighboring deposits).!'>"! Different concentrations may also
give rise to different and intriguing ordered structures, for
example, dots, stripes, and ladders governed by different
mechanisms, such as, dewetting, “stick-slip” motion, and
fingering instability, respectively.!™!

Solvent: The choice of solvent is also of key importance in
regulating the structure formation. Fast solvent evaporation
enhances the convective force through evaporative cooling,
thereby forming fingering instabilities, convection -cells,
fractal branches, and so forth. In contrast, slow solvent
evaporation suppresses instabilities, thus yielding highly
ordered patterns. It is worth noting that the use of mixed
solvents may trigger heterogeneous evaporation of solutions,
which promotes the formation of intriguing complex struc-
tures in confined geometries.”” Notably, to facilitate the
removal of solvent, a steady flow of gas can be introduced to
the confined geometry, thus increasing the evaporation
rate.’!

Composition: A wide spectrum of soft materials with
different chemical structures (e.g., amorphous, rubbery, and
semicrystalline polymers, as well as conjugated organic
molecules and polymers) and inorganic nanomaterials of
different types, sizes, and shapes (e.g., nanoparticle, nanorods,
tetrapods, disk-like particles, and spherocylinders) can be
utilized to self-assemble into a variety of regular isotropic or
anisotropic microstructures or nanostructures (e.g., nano-
wires and nanofibers) influenced by the nature of materials
(e.g., strong intermolecular m—m interactions®V) upon con-
fined evaporation. The ability to process two or more
components sequentially™®! or simultaneously!'®'®! to form
desirable multicomponent structures has been demonstrated
on some occasions. When a drying droplet contains a binary
mixture of block copolymer/nanoparticle (i.e., polymer A-b-
polymer B/polymer A (or B)-modified nanoparticles) or a
ternary mixture of polymer blend/nanoparticle (i.e., poly-
mer A/polymer B/polymer A (or B)-modified nanoparticles),
the synergy of phase separation of polymer blends, co-
assembly of surface-functionalized nanoparticles and block
copolymers that imparts preferential segregation of nano-
particles within a target block, and the destabilization of
polymer mediated by the unfavorable interfacial interaction
between the polymer and the substrate during evaporation in
confined geometries, may result in appealing complex struc-
tures.*!

Molecular Weight: The variation in molecular weight
(My) of polymers can lead to a pronounced change in the
structure formation. At low molecular weight, the viscosity of
the solution front is low and dewetting occurs. Consequently,
no contact line is pinned and a liquid-like thin film ruptures,
yielding irregular structures.'!

3.2. Extrinsic Variables
Surface chemistry: The surface hydrophobicity of confined
geometries, which is related to the interfacial interaction

between the solute and the substrate, will govern the structure
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formation in a predictable way.’” By capitalizing on the
unfavorable interfacial interaction between the solute and the
substrate (i.e., possessing a positive Hamaker constant, A),
compelling regular structures may be produced through the
synergy of CESA of the nonvolatile solute and its destabili-
zation which is effectively mediated by the unfavorable
solute/substrate interaction.'”! In addition, the quality of the
patterns depends heavily on the nature of the underlying
substrate. When the substrate is deliberately chemically
modified (e.g., deposited with a functional silane agent),
electrostatic interactions or hydrogen bonding between the
solute (e.g., positively charged) and the substrate (e.g.,
negatively charged) can occur during the evaporation process,
which may facilitate the adhesion of solutes to the substrate,
and thus alters the solute deposition.*

Patterned surface: It is not surprising that by patterning
the substrate in confined geometries with conventional
lithography techniques, for example, creating microscopic or
nanoscopic pillars of different shapes, parallel trenches, and
so forth on the lower flat substrate, the outward flow that
carries the solute to the capillary edge would be markedly
modified. The polymer chains, such as DNA and conjugated
polymer nanowires, may stretch, align, and immobilize in or
around the patterns to form striking self-assembled structures.
The combination of topographically patterned surfaces in
confined geometries (physical heterogeneity) with chemical
modification (chemical heterogeneity) may yield even more
unexpected structures.”)

Geometry: The confined geometry can be tailor-made to
craft a rich family of surface patterns with controllable and
predictable assembly by CESA. The variation in size, shape,
symmetry, and curvature of confined geometries as well as in
the separation distance between two surfaces within a
confined geometry will inevitably influence the evaporation
process and the associated flow field, leading to interesting
patterns with different morphologies. These specialized geo-
metries can be further chemically and/or physically modified
to afford an even broader range of complex assembled
structures.

Temperature: Heating the lower substrate while keeping
the upper surface cool would promote the solvent evapora-
tion and impose a temperature gradient, which induces a
Marangoni recirculation in the solution.”! Drying liquid
droplets on the heating substrate has been performed to
investigate the dynamics generated by the outgoing matter
flow. The Marangoni recirculatory flow driven by the surface-
tension gradient could reverse the “coffee ring” phenomenon
and produce different deposition patterns.” Notably, the use
of patterned heating of the substrate may allow rigorous
control over temperature profiles, and thus the manipulation
of both the flow and the structure formation.

External field: The application of an additional external
field (e.g., magnetic,™ electric,”®! and mechanical shear) in
conjunction with the solvent evaporative field may be an
effective strategy to promote the CESA of polymers and
colloids. The external electric or magnetic field could make
the deposition process more rapid,"® and thus reducing the
number of defects in the formed structures, altering the
spacing between them (for example, an increase in A¢.c on one
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side and a decrease of it on the other side when a magnetic
field is applied next to the “curve-on-flat” geometry), and
potentially achieving improved ordering and orientation of
micro- and nanostructures, especially the long-range ordering
of nanodomains when block copolymers or block copolymer/
nanoparticle mixtures are utilized as nonvolatile solutes.”” In
addition to flow coating as noted in Section 2.2, mechanical
perturbations (e.g., vertically pumping or laterally oscillatory
shearing the upper surface in confined geometries) can be
introduced during the CESA processes to impart or perturb
the deposition patterns by modifying the flow symmetrically
(i.e., pumping) or unidirectionally (i.e., oscillatory shearing)
at the proper frequency and amplitude. Moreover, when
DNA is used, air blowing may be applied in the confined
geometry to expedite the evaporation process and align DNA
to give 1D DNA nanofibers that may exceed several hundred
micrometers in length (i.e., molecular combing of DNAP),

4. Summary and Outlook

This Review highlights simple, cheap yet controllable and
robust preparative strategies based on the CESA of confined
solutions to assemble various soft and hard materials, includ-
ing polymers, biomolecules, nanoparticles, into spatially
ordered structures with engineered properties and function-
ality over large surface areas. The confined geometry imparts
a unique environment for exquisite control over the flow
within the drying droplet, which in turn promotes the
formation of highly regular complex structures. The scope
of potential applications for such structures is vast, encom-
passing combinatorial chemistry, inkjet printing, electronics,
optical coatings with selective or enhanced transmittance,
optical materials, photonics, optoelectronics, energy conver-
sion and storage, microfluidic devices, magnetic materials,
information processing and data storage devices, multifunc-
tional materials and devices, nanotechnology, sensors, DNA/
RNA microarrays, gene mapping of DNA, high-throughput
drug discovery, and biotechnology.’” Future work in this
extraordinarily rich field will likely include the following
directions: theory and simulations on deposition patterns,
three dimensional assemblies, hierarchically ordered struc-
tures, and in-situ visualization of structural anisotropy and
assembly/crystallization process.

The ability to predict the length scales of periodicity,
height, and width as a function of the wealth of variables
noted in Section 3, and then compare them with experimental
observations, is the key to understanding the mechanisms of
structure formation by CESA in confined geometries.™"
Clearly, the rich deposition patterns resulting from controlled
evaporation require detailed theoretical studies and com-
puter simulations to provide a basis for fully understanding
the assembly process and identifying assembly pathways to
produce controllable and consistent depositions in confined
geometries. This remains challenging as the determination of
the evaporation profile with these nonconventional boundary
geometries, rather than a simple geometry (i.e., spherical cap
in a sessile droplet) is one of the primary obstacles for
rigorously solving the deposition problem.
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It is noteworthy that 1D and 2D ordered structures can be
readily achieved by current state-of-art CESA approaches. In
contrast, effective methods to prepare 3D structures are
rather few and limited in scope. In principle, it is highly
desirable to create 3D structures for many potential applica-
tions, such as photonic crystals, electronics, micro-electro-
mechanical systems (MEMS). Innovative approaches based
on extremely simple evaporative assembly to rationally craft
3D structured materials and devices should be developed.
One route that may lead to 3D assembly and ordering is to
exploit patterned substrates of suitable dimensions and aspect
ratios,” that are either simply physically or both chemically
and physically patterned, to guide the transport of solutes to
fill the patterns or deposit in the vicinity of the patterns.*"]
Furthermore, 3D structures may also be realized by perform-
ing staged or sequential assembly processes in the confined
geometry.

Hierarchical structures are common in both nature and
technology. The combination of CESA in confined geo-
metries with smaller-scale molecular self-assembly (e.g.,
block copolymers) leads to hierarchically ordered structures
with specific synergetic properties that would offer new
opportunities for many applications in the areas of electron-
ics, optics, and energy storage. We note the formation of the
block-copolymer-based hierarchical ordered structures often
requires subsequent thermal annealing!™™?*! or selective
solvent-vapor annealing!"™*! to achieve the ordering and
orientation of nanodomains within the microstructure
formed by CESA. In this context, it is of great interest to
explore powerful and efficient methods to develop hierarchi-
cally ordered functional structures with precisely controlled
dimension, function, and topology in one-step, eliminating the
annealing treatments. This advance is of particular impor-
tance when block copolymer/nanoparticle mixtures are
used™ as tremendous challenges remain in the simultaneous
controllable incorporation of nanoparticles within the target
block and the ordering and orientation of block copolymers
within the CESA-induced microscopic structures, to provide
functions and forms at multiple scales and locations. It is
worth noting that ordered hierarchical assemblies composed
of nanocrystals (e.g., quantum dots, QDs) as building blocks
have been prepared,!® however the QDs within submicron-
to-micron wide patterns are often randomly arranged or
aggregated. Recent advances in the synthesis of nanocrystals
have allowed the growth of a variety of nanocrystals of
different sizes, shapes, and functionality. A possible route to
assembling nanocrystals into ordered arrays (i.e., superlat-
ticeP”!) within structured patterns by CESA (i.e., forming
hierarchically assembled nanocrystals over multiple length
scales) will be to expedite the controlled evaporation process
(i.e., faster solvent evaporation rate) by tailoring the variables
discussed in Section 3. Future development of hierarchically
ordered structures by CESA to give greater functionality and
complexity will probably involve the concurrent multicom-
ponent self-assembly by exploiting the shape of solutes,
intermolecular interactions, induced conformation changes of
solutes, tailored solute/substrate interactions, phase segrega-
tion, external fields, and so forth.
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The liquid evaporates from the droplet edge in confined
geometries should largely affect the flow of fluid inside the
droplet. Thus, the determination of flow profiles in the
droplet will help understand the solute transport and/or
redistribution under different experimental conditions,””! such
flow profiles could be determined by monitoring fluorescent
solutes using particle image velocimetry. To map the flow
profiles inside an evaporating droplet containing polymer
chains that may crystallize or self-assemble into nanostruc-
tures during the course of solvent evaporation, it is vital to
utilize or develop novel optical characterization techniques
that can offer reliable and appropriate measurement.”” For
example, fluorescence dynamics images the trajectory of
polymer chains, in-situ angular dependent polarized Raman
spectroscopy monitors the Raman shift as a function of time
to provide information on evolution of the chain alignment,!
and rapid scan time-resolved infrared spectroscopy studies
the in-situ crystallization induced by evaporation.*” More-
over, it would be invaluable to exploit state-of-art spectro-
scopic techniques to probe the simultaneous occurrence of
phase segregation, assembly, and crystallization in the prox-
imity of the moving three-phase contact lines in real time,
which may remain as an active area of exploration.
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