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S
elf-assembly of nanoscale materials to
form hierarchically ordered structures
has received considerable attention1�6

as it enables high-density integration of
controlled and tunable functionalities of
nanoscopic building blocks into optical,
electronic, optoelectronic, and magnetic
materials and devices.7�9 In this regard,
block copolymers permit versatile access
to a variety of nanostructures (spheres, cy-
linders, double gyroids, and lamellae) de-
pending on the volume fraction of the
components.10�12 The size of nanostruc-
tures is governed by the molecular weight
of the polymer, typically in a range of 10
to 100 nm. This imparts a density of 1013

nanostructures per square inch, represent-
ing an attractive alternative to fabricating
nanometer-scale structures.13 Intriguingly,
among various types of block copolymers,
amphiphilic block copolymers composed of
a hydrophobic domain and a hydrophilic
domain are thermodynamically driven to
self-assemble into a broad range of aggre-
gated structures such as spherical micelles,
wormlike micelles, and polymersomes when
placed in selective solvents, depending on
the ratio of the hydrophilic to hydrophobic
blocks. Owing to their size uniformity and

good kinetic stability, amphiphilic block
copolymer micelles can be exploited as
nanoreactors to produce functional nano-
particles14�16 and as compartments for
nanoparticle loading17 with applications in
light harvesting,18 laser printing,19 etc.

through simple assembly into closely packed
structures.20 The ability to position and pat-
tern amphiphilic block copolymers micelles
at desired positions underpins the realization
of these applications and enables the con-
struction of hierarchical device structures.21

To date, little work has focused on creating
hierarchically assembledmicelles using litho-
graphically prepared templates.22 However,
the use of lithographic methods often
requires costly, complex, and multistep pro-
cedures. Clearly, a low-cost strategy for
achieving hierarchically structured micelles
over large scales is highly desirable.
Evaporative self-assembly of nonvolatile

solutes (e.g., polymers, nanoparticles, and
biomaterials, among others) from a sessile
drop is widely recognized as an extremely
simple and nonlithographic route to creating
intriguing one- or two-dimensional struc-
tures.23�27 However, the instabilities such
as fingering instability and Marangoni flow
arising from the evaporation process often
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ABSTRACT Hierarchically assembled amphiphilic diblock copolymer micelles were exquisitely

crafted over large areas by capitalizing on two concurrent self-assembling processes at different length

scales, namely, the periodic threads composed of a monolayer or a bilayer of diblock copolymer micelles

precisely positioned by flow-enabled self-assembly (FESA) on the microscopic scale and the self-

assembly of amphiphilic diblock copolymer micelles into ordered arrays within an individual thread on

the nanometer scale. A minimum spacing between two adjacent threads λmin was observed. A model

was proposed to rationalize the relationship between the thread width and λmin. Such FESA of diblock

copolymer micelles is remarkably controllable and easy to implement. It opens up possibilities for

lithography-free positioning and patterning of diblock copolymer micelles for various applications in

template fabrication of periodic inorganic nanostructures, nanoelectronics, optoelectronics, magnetic devices, and biotechnology.

KEYWORDS: flow-enabled self-assembly . amphiphilic diblock copolymer micelles . minimum spacing . hierarchical structures
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lead to the formation of irregular and dissipative
structures. To this end, recently, controlled evaporative
self-assembly in restricted geometries (e.g., curve-on-
flat geometry composed of a curved upper surface
situated on a lower flat substrate) was developed to
impart control over the drying dynamics and asso-
ciated flows, thus allowing for the creation of ordered
yet complex patterns.13,28,29 Subjecting drying dro-
plets to the curve-on-flat geometry renders the mini-
mization or elimination of temperature gradient and
the control of the evaporation rate of solution. Gradi-
ent rings composed ofmicelles are successfully formed
using the curve-on-flat geometry.11 We note that the
self-assembled structures created in such geometry
are not dimensionally periodic. Instead, they possess
gradient features.30 On many occasions, it is highly
desirable to produce self-assembled structures in a
controllable manner for various applications.
Here, we report on a simple route to crafting hier-

archical assemblies of amphiphilic diblock copolymer
(i.e., polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP))
micelles by exploiting two concurrent self-assembly pro-
cesses occurring at different length scales. The periodic
threads comprising amonolayer or a bilayer of PS-b-P4VP
micelles were precisely positioned and patterned by
flow-enabled self-assembly (FESA) on the microscopic
scale over large areas. At the same time, the PS-b-P4VP
micelles were self-assembled into ordered arrays with-
in an individual thread on the nanometer scale. In the
FESA process, a drop of PS-b-P4VP micelle toluene
solution was allowed to evaporate in a confined geo-
metry consisting of two nearly parallel plates. The
upper plate was fixed, and the lower plate was
mounted on a computer-controlled translational stage
that moved against the upper plate at a fixed distance.
The width of the threads can be easily tailored by
simply varying the stop time of the translational stage.
Intriguingly, a minimum spacing between two adja-
cent threads λmin was observed. A model was pro-
posed to rationalize the relationship between the
thread width and λmin. Such FESA strategy is simple,
remarkably controllable, and easy to implement. It
can rapidly and inexpensively produce microscopic
threads containing diblock copolymer micelles self-
assembled on the nanoscale (i.e., forming hierarchical
assemblies) at high yield. By extension, it should be
possible to position and pattern nanomaterials other
than diblock copolymer micelles to yield advanced
hierarchical systems for use in nanoelectronics, opto-
electronics, magnetic devices, bionanotechnology,
among other areas.

RESULTS AND DISCUSSION

The PS-b-P4VP diblock copolymer was first dissolved
in toluene, forming polymericmicelles (see Experimen-
tal Section) as toluene is a good solvent for PS block yet
a poor solvent for P4VP block (Figure 1a). Subsequently,

by subjecting a drop of PS-b-P4VP micelle toluene
solution to dry in a two-nearly parallel-plate geometry
in which the lower Si substrate placed on a motorized
linear translational stage programmably moved against
the upper stationary plate, the parallel threads com-
posed of PS-b-P4VP micelles with high regularity and
fidelity can be crafted (Figure 1b) in a “stop-and-move”
mode. First, the lower movable Si substrate was sta-
tionary for a period of time t (i.e., “stop”). During this
process, the evaporative loss of toluene triggered the
PS-b-P4VP micelles to migrate to the contact line,23

forming a thread comprising PS-b-P4VP micelles. Sub-
sequently, the lower Si substrate translated laterally by a
distance λ in the direction marked in Figure 1b (i.e.,
“move”). Due to the movement of Si substrate, the
meniscus was stretched and the initial contact angle at
the edge of the meniscus decreased to a critical value,
at which the depinning force became larger than the
pinning force.31 As a result, the contact line jumped
inward to the new position and recovered the initial
contact angle, leaving behind a new PS-b-P4VP thread.
The repetitive computer-controlled stop-and-move
cycles yielded periodic parallel threads.
It is noteworthy that the control of the moving

distance λ and the stop time of the lower Si substrate
t allowed the crafting of uniformly distributed, centi-
meter-scale (and larger) microscopic PS-b-P4VP
threads over the entire surface of the Si substrate
(Figure 2a). Close examination by AFM revealed that
each individual thread comprised spontaneously self-
assembled nanoscopic PS-b-P4VP micelles. Clearly,
hierarchically assembled PS-b-P4VP micelles were ob-
tained; that is, periodic threads formed by FESA on the
microscopic scale with the PS-b-P4VP micelles self-
assembled on the nanoscopic scalewithin amicrosized

Figure 1. (a) Chemical structure of amphiphilic diblock
copolymer PS-b-P4VP and scheme of the formation of
PS-b-P4VP micelles in toluene. (b) Schematic illustration of
the formation of periodic threads composed of PS-b-P4VP
micelles (represented as red chains and red bars).
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thread. We note that the threadwidth can be controlled
from 800 nm to 1.8 μm by simply changing the stop
time t (i.e., pinning time) from 0.5 to 3 s, respectively, as
evidencedby theAFMmeasurements (Figure 2b�g). The
transition from a monolayer to a coexisting monolayer/
bilayer of PS-b-P4VP micelles occurred at the stop time
t between 1.5 s and 2 s (Figure 2d,e). Remarkably, the
formation of PS-b-P4VP threads was highly reproducible.
To further demonstrate the high level of control over

the fabrication of well-ordered PS-b-P4VP threads by
FESA, alternating threads of a monolayer and a coex-
isting monolayer/bilayer of self-assembled PS-b-P4VP
micelles were constructed. First, the Si substrate was
moved unidirectionally by a constant distance (i.e.,
20 μm in Figure 3a) and stopped for 0.3 s. The substrate
was then shifted by another 20 μm and stopped for 5s.

As discussed above (Figure 2), a monolayer of PS-b-
P4VP micelles was found to form with the stop time

Figure 2. (a) Optical micrograph of parallel threads com-
posed of PS-b-P4VP micelles with the spacing between two
adjacent threads of 50 μm (i.e., λ50 = 50 μm). The scale bar =
200 μm. (b�g) AFM height images of a thread containing a
monolayer and a coexisting monolayer/bilayer PS-b-P4VP
micelle obtainedat the stop timesof (b) 0.5 s, (c) 1.0 s, (d) 1.5 s,
(e) 2 s, (f) 2.5 s, and (g) 3 s.

Figure 3. (a) Programed movement of the Si substrate
mounted on the translational stage, in which the velocity
is plotted as function of time. The shaded areas represent
each moving distance of 20 μm after the alternative stop of
the Si substrate for 0.3 and 5 s. (b) Optical micrographs of
periodic threads of PS-b-P4VP micelles formed on the Si
substrate by flow-enabled self-assembly (FESA), in which
the Si substrate moved 20 μm, followed by an alternative
stop for 0.3 and 5 s to yield monolayer- and monolayer/
bilayer-thick threads, respectively. The scale bar = 500 μm.
(c�e) Representative AFM images of (c) 4 threads (i.e., 2
monolayers and 2 coexisting monolayers/bilayers), (d) sin-
gle thread containing a monolayer of PS-b-P4VP micelles,
and (e) single thread containing a coexisting monolayer/
bilayer of PS-b-P4VP micelles (i.e., monolayers at both edges
with and bilayer in the center). (f,g) Corresponding height
profiles of (f) the monolayer-thick thread in (d) and of (g) the
monolayer/bilayer-thick thread in (e). (h) Encoded thread
pattern on the substrate represented the first sentence of the
traditional Chinese song Jasmine. The image sizes are 80 μm�
80 μm in (c), 800 nm� 800 nm in (d), and 3 μm� 3 μm in (e).
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less than 1.5 s (i.e., t = 0.3 s in Figure 3a), while a
coexisting monolayer/bilayer of PS-b-P4VP micelles
was yielded with the stop time longer than 1.5 s
(i.e., t = 5 s in Figure 3a). Consequently, alternating
monolayer-thick and monolayer/bilayer-thick threads
with a fixed spacing can be produced by programming
the motion of the lower Si substrate (Figure 3b,c). It is
worth noting that any combination of monolayer and
monolayer/bilayers of micelles with varied spacing
between the adjacent threads can be readily fabricated
by programmable FESA. Figure 3b shows the optical
micrographs of alternating thread that constituted
monolayer andmonolayer/bilayer of PS-b-P4VPmicelles
over a centimeter scale (only a small zone of the entire
centimeter-scale assembly is displayed in Figure 3b).
Further scrutiny of the surface morphologies of two
representative adjacent threads by AFM showed that
these individual threads, either monolayer- or mono-
layer/bilayer-thick, were made of arrays of nanometer-
sized PS-b-P4VP micelles (Figure 3d,e).
Quite intriguingly, the threads crafted by FESA can

be exploited to encode music. In what follows, we
demonstrate the use of threads to encode a famous
traditional Chinese song Jasmine on the Si substrate
(Figure 3h and Supporting Information Figure S1) with
the design rules set as follows: (1) themusical scale was
defined by the separation distance between two ad-
jacent threads based on the thread on the left (e.g.,
Do (λ10) = 10 μm, Re (λ20) = 20 μm,Mi (λ30) = 30 μm, Fa
(λ40) = 40 μm, So (λ50) = 50 μm, La (λ60) = 60 μm,
Ti (λ70) = 70 μm, high Do (λ80) = 80 μm); and (2) as
tempo of Jasmine was four fourths, a crotchet and a
quaver were determined by a monolayer and a mono-
layer/bilayer of PS-b-P4VP micelles, respectively. As
illustrated in Figure 3h, the first sentence of numerical
notation ofmusical scale of Jasmine is 3 35 61 16 5 56 5.
Thus, the corresponding thread pattern is λ30M,
λ30MB, λ50MB, λ60MB, λ80MB, λ80MB, λ60MB, λ50M,
λ50MB, λ60MB, λ50M, where M and MB represent the
monolayer and the coexisting monolayer/bilayer of
micelles, respectively. In comparison to the previous
work, in which only gradient rings of micelles were
formed,11 a programmed array of PS-b-P4VP threads
composed of a monolayer or a monolayer/bilayer of
micelles can be readily encoded by FESA.
Interestingly, a minimum spacing between adjacent

parallel threads, λmin, was noted in the FESA of PS-b-
P4VP micelles. It was found that when the moving
distance of the Si substrate λwas smaller than λmin (i.e.,
λ < λmin), a relatively irregular pattern (Figure 4a) was
formed, while a highly ordered pattern resulted in
λ > λmin (Figure 4b). This observation can be rationa-
lized as follows. A criticalmoving distancewas required
in order to stretch the meniscus and decrease the
contact angle of the meniscus to a critical value, at
which the slip of the meniscus pinned at the contact
line can be triggered, thereby leading to the formation

of a thread of PS-b-P4VP micelles. It is not surprising
that longer stop time of the Si substrate yielded a larger
thread width and thus a larger λmin due to the larger
pinning force exerted at the contact line31 (Figure 4c)
as discussed below.
A model was proposed to elucidate the relationship

between the thread width and λmin. It is known that
the meniscus of a drying droplet depins and jumps to
the next position if the pinning force is smaller than
the capillary force (i.e., depinning force).31 The balance
between the pinning force and the capillary force can
be considered as the equality of the adhesion energy
Ead between the deposit and solvent and the increase
in surface energy ΔEcap (i.e., the increase in surface
energy due to the stretched meniscus).

Ead∼AthreadPad (1)

ΔEcap∼(l � ΔLliq)γ (2)

ΔEcap ¼ Ead (3)

where Athread is the surface area of the thread, Pad is
adhesion energy per unit area between the deposit
and solvent, l is the length of the contact line, ΔLliq is
the length increase in the stretched meniscus, and γ is
the surface tension of solvent. The area increase for the
stretched meniscus is l� ΔLliq. By combining eqs 1�3,
we have

ΔLliq ¼ AthreadPad
lγ

(4)

The surface area can be calculated based on eq 5

Athread ¼ k(l � Lthread) (5)

where Lthread is the thread profile and k is the rough-
ness factor (k = 1.6046; see Supporting Information).
Since the height of thread (monolayer- or bilayer-
micelle thick) is much smaller than the width of thread
Wthread (greater than or equal to 1 μm), it follows that
Lthread = Wthread. As the surface roughness originating
from the shape of micelles increases the wettability
between the deposit and solvent, the threads com-
posed of PS-b-P4VPmicelles possess a higher adhesion
energy as compared to the smooth threads of the same
width. Since the meniscus was stretched due to the
movement of the Si substrate during the pinning
process (Figure S2), we have

ΔLliq ¼ λmincosθi (6)

where θi is the initial contact angle of the meniscus.
Thus, λmin can be determined by combining eqs 4, 5,
and 6

λmin∼
kWthreadPad
cosθiγ

(7)

Clearly, λmin of the threads exhibits a linear relationship
with the width of threads (i.e., λmin ∼Wthread), which is
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in good agreement with the experimental results
(Figure 4d). We note that in the present study the
effect of the height of threads can be neglected due to
the much smaller thread height than the thread width.
Amphiphilic PS-b-P4VP diblock copolymer can self-

assemble into nanoscopic spherical micelles with a
hydrophilic P4VP core and hydrophobic PS corona
when dissolved in toluene. Such diblock copolymers
can be utilized as nanoreactors for the synthesis of
various nanoparticles.16 In this context, we have suc-
cessfully converted the periodic threads composed
of the array of PS-b-P4VP micelles encapsulated with
Au precursors (i.e., forming hierarchically assembled
PS-b-P4VP/HAuCl4 micelles; Figure 5a) into the threads
of inorganic nanoparticles (i.e., Au nanoparticles)
(Figure 5b). Specifically, Au precursors (i.e., tetrachlor-
oauric acid (HAuCl4 3 3H2O)) was mixed with PS-b-P4VP
toluene solution at differentmolar ratios, yielding PS-b-
P4VP micelles with Au precursors encapsulated within
the P4VP cores (Figure S3). Similar to the threads of
plain PS-b-P4VP micelles discussed above, highly or-
dered, parallel threads constituting the PS-b-P4VP/
HAuCl4 micelles were crafted by FESA. Subsequently,
the sample was exposed to the oxygen plasma to
remove the PS-b-P4VP templates, leaving behind ar-
rays of Au nanoparticles within the threads (Figure 5b
and Figure S4).
It is interesting to note that the diameter of Au

nanoparticles after the oxygen plasma exposure was
dictated by the molar ratio of Au3þ to P4VP chain
length during the preparation of PS-b-P4VP/HAuCl4
micelles. At the relatively low molar ratio of Au3þ/
P4VP (i.e., Au3þ/P4VP = 10:1), the Au3þ ions preferen-
tially bind to the outer part of the P4VP core via

the attachment to the pyridine groups of P4VP by
protonating the pyridine units through ionic�polar

interaction32�34 (Figures S3b and S5). In contrast, when
the Au3þ/P4VP ratio is high enough, the Au3þ ions can
interact with the entire P4VP core (Figures S3d and S6).

Figure 4. Opticalmicrographs of (a) relatively irregular and (b) highly regular parallel threads of PS-b-P4VPmicelles. The scale
bar = 100 μm in both (a) and (b). (c) Relationship between λmin (blue symbols) and the threadwidthWthread (red symbols) and
the stop time of the Si substrate. (d) Relationship between λmin and Wthread.

Figure 5. (a) Representative TEM image of a monolayer-
thick thread composed of an array of PS-b-P4VP/HAuCl4
micelles (Au3þ/P4VP = 110:1) before exposure to oxygen
plasma, and (b) corresponding AFM height image after
exposure to oxygen plasma. (c) Schematic illustration of
the formation of PS-b-P4VPmicelles surroundedby a ring of
PS-capped CdSe nanoparticles. AFM height images of a
thread composed of (d) plain PS-b-P4VP micelles and (e)
hybrid micelles comprising PS-b-P4VP micelles decorated
with an outer ring of CdSe nanoparticles. A close-up of an
individual hybrid micelle is shown as an inset in (e). The
image sizes are 600 nm� 600 nm in (b), 1.2 μm� 1.2 μm in
(d), and 1.2 μm � 1.2 μm in (e).
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In the present study, the maximum ratio of Au3þ/P4VP
was found to be 110:1 as higher ratios (>110:1) would
cause Au precursors to precipitate from the micelle
toluene solution. We note that the number of 4VP units
in one P4VP chain is 220 as the molecular weight of
P4VP is 24 kg/mol. This indicates that only half of the
4VP units in a P4VP chain interacted with Au3þ ions at
the ratio of Au3þ/P4VP = 110:1. Intriguingly, the ex-
posure of PS-b-P4VP/HAuCl4 micelles with a low Au3þ/
P4VP ratio (10:1) to the oxygen plasma led to the
formation of irregular Au nanodots with approximately
3 nm in height (Figure S4b,c). The Au3þ ions were
reduced to elemental Au,35 which then merged with
one another to form Au nanodots owing to a very
small amount of Au3þ ions present within one micelle,
while the large Au3þ/P4VP ratio (110:1) of PS-b-P4VP/
HAuCl4 micelles yielded spherical Au nanoparticles
with a diameter of 16 nm (Figure S4e,f) after the oxygen
plasma treatment. Compared to the 30 nm plain PS-b-
P4VP micelle, the diameter of Au nanoparticles pro-
duced from the micelle template was smaller (i.e.,
16 nm). This is mostly likely due to the condensation
of the P4VP core during the oxygen plasma exposure.
In addition to threads composed of Au nanoparti-

cles, threads of PS-b-P4VP micelles surrounded by
CdSe nanoparticles were also constructed. Monodis-
perse CdSe nanoparticles with a diameter of 6 nm
intimately and permanently capped with PS were first
synthesized by utilizing a new class of amphiphilic star-
like diblock copolymer, poly(acrylic acid)-block-poly-
styrene (PAA-b-PS) as a nanoreactor, prepared by se-
quential atom transfer radical polymerization (ATRP)
of tert-butyl acrylate (tBA) and styrene (St) based on
β-cyclodextrin (β-CD) (i.e., forming poly(tert-butyl
acrylate)-block-polystyrene (PtBA-b-PS)), followed by
the hydrolysis of PtBA into PAA.16 Upon mixing
PS-capped CdSe nanoparticles with the amphiphilic
PS-b-P4VP toluene solution, CdSe nanoparticles were

selectively incorporated to the PS corona (Figure 5c).
Hierarchically structured assemblies were obtained
by FESA of the PS-b-P4VP/CdSe nanoparticle toluene
solution, namely, highly ordered sub-micrometer-wide
threads containing monolayer-thick, self-assembled
nanoscopic PS-b-P4VP micelles surrounded by a ring
of self-organizing CdSe nanoparticles (2 � 6 nm CdSe
nanoparticles þ 30 nm PS-b-P4VP micelles = 42 nm
as shown in the inset; Figure 5e). Interestingly, the
height of the hybrid micelles of PS-b-P4VP/CdSe was
almost the same as that of plain PS-b-P4VP micelles
(Figure S7c,d), suggesting that the PS-b-P4VPmicelles
were decorated by a ring of CdSe nanoparticles
(Figure S7e).36,37

CONCLUSION

In summary, strictly periodic threads of amphiphilic
diblock copolymers and inorganic nanoparticles were
exquisitely crafted over large areas by flow-enabled
self-assembly in a two-nearly parallel-plate geometry
where the lower substrate was moved against the
upper stationary plate in a controlled manner. They
can be precisely positioned and patterned at desired
locations on the substrate, dispensing with the need
for lithography techniques and external fields. These
microscopic threads exhibited one-step hierarchical
self-organization, that is, parallel threads comprising
amphiphilic diblock copolymer micelles and nanopar-
ticles with controllable width on the micrometer scale
in conjunction with self-assemblies of PS-b-P4VP mi-
celles and inorganic nanoparticles on the nanometer
scale. A model was proposed to understand the rela-
tionship between the thread width and the minimum
spacing between two adjacent threads λmin. The ability
to craft hierarchical assemblies rapidly at low cost
opens up ways to fabricate novel advanced func-
tional systems and devices for use in nanoelectronics,
optoelectronics, and bionanotechnology.

EXPERIMENTAL SECTION

Preparation of PS-b-P4VP Micelles. Poly(styrene)-block-poly(4-
vinylpyridine) (PS-b-P4VP; number average molecular weight
of PS = 41.0 kg/mol and P4VP = 24.0 kg/mol; polydispersity
index, PDI = 1.09; Polymer Source Inc.) was dissolved in toluene
at a concentration of 2 mg/mL. The PS-b-P4VP toluene solu-
tion was heated to 70 �C and stirred for 12 h. The solution was
then cooled slowly. Finally, the PS-b-P4VP micelle solution was
diluted to 0.2 mg/mL and purified with a 200 nm poly(tetra-
fluoroethylene) (PTFE) filter.

Flow-Enabled Self-Assembly (FESA) of PS-b-P4VP Micelles. Parallel
threads of PS-b-P4VPmicelles were formedby subjecting a drop
of PS-b-P4VP toluene solution to evaporate in a two-nearly
parallel-plate geometry constructed by placing a fixed upper
plate slightly angled with respective to the lower movable Si
substrate that can be precisely controlled by a motorized linear
translational stage (Parker Hannifin Corp, mode: MX80LVixBL2b).
The resolution of the translational stage is 100 nm. The transla-
tional stage moved at a constant speed of 1 mm/s but with
different stop times varying from 0.1 to 5 s.

Preparation of Gold Nanoparticles Using PS-b-P4VP Micelles as Nano-
reactors. Tetrachloroauric acid (HAuCl4 3 3H2O) was purchased
from Sigma-Aldrich andmixed with PS-b-P4VP toluene solution
at different molar ratios of Au3þ/P4VP. The resulting solution
was stirred for 3 days. The periodic threads of PS-b-P4VP/HAuCl4
micelles were created by FESA. To yield arrays of Au nano-
particles within the threads, oxygen plasma (Harrick Plasma;
PDC-001) operated at 30 W and 300 mTorr was applied for 1 h.
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