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ABSTRACT: We present a simple method for the two-
dimensional self-assembly of CdSe/ZnS quantum dots (QDs)
into well-defined rings at the air/water interface, through the
formation of “2-D Pickering emulsions”. Surfactant molecules
assemble at the air/water interface into islands that are
subsequently surrounded by adsorption of QDs from the
aqueous subphase. The QD rings emanating from this process
range from ∼100 nm to several micrometers in diameter, as
characterized by atomic force microscopy, scanning eectron
microscopy, and fluorescence microscopy. The deposition and
alignment of QD rings onto large areas (cm2) were demonstrated by dip-coating onto a substrate. This simple method produces
rings of QDs without the need for any templating or fabrication steps.
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■ INTRODUCTION
Semiconductor and metal nanoparticles (NPs) are attractive
building blocks for fabricating nano- and microscale structures,
which are important components of photonic, electronic, and
magnetic devices for sensing, optical, and other applications.1−7

In many cases, the ability to assemble NPs into ordered
structures on substrates is critically important. For example,
Keng et al. assembled polymer-coated ferromagnetic cobalt
NPs into one-dimensional (1-D) and two-dimensional (2-D)
structures, enabled by the inherent dipole moment of the NPs.8

Kim et al. employed flow coating to produce well-aligned stripe
and grid patterns of quantum dots (QDs),2 where a QD
solution is loaded and trapped in a confined geometry by
capillary forces, and translation of an underlying substrate
affords QD deposition along the contact line during solvent
evaporation. Numerous approaches have been reported to
fabricate patterns of nano- or microscale particles by template-
based assembly.4,5,9−12 However, self- or directed-assembly
methods that eliminate the need for template fabrication
remain of interest for assembling NPs over large areas in a
simple fashion.
The formation of NP rings has attracted particular attention

because of their suitability as optical and electronic
resonators.13−17 Chen et al. demonstrated the controlled
formation of 2-D periodic arrays of nanorings from CdSe
QDs by introducing an aqueous solution of microspheres and
QDs onto a glass substrate.1 QDs became confined to the
meniscus of the microspheres during evaporation, leading to
QD rings by capillary forces. Boker et al. produced well-ordered
hexagonal patterns of QDs assembled at an oil/water
interface.18 Evaporative cooling of a volatile polymer solution
containing QDs produced micrometer-sized water droplets on
the polymer surface, giving “breath figures” in which the QDs
segregate to the polymer solution/water droplet interface.

Khanal and Zubarev demonstrated the formation of rings of
polystyrene-functionalized gold nanorods using a similar breath
figure technique.19

Here, we present a simple solution-based self-assembly
method that affords 2-D QD ring structures. This began with
the unanticipated formation of QD rings on the surface of
water droplets containing PEGylated CdSe/ZnS core/shell
QDs on borosilicate coverslips. Further investigation revealed
that this behavior arose because of the presence of surface-
active impurities present on the glass surface and led to
experiments showing that such assemblies can be achieved by
introducing a suitable concentration of insoluble surfactant. We
speculate that the surfactant molecules form islands at the air/
water interface [where gas (G) and liquid-expanded (LE)
phases coexist] followed by QD adsorption to the three-phase
interfacial line of the islands, in a process driven by a reduction
in the interfacial energy. The area density of the surfactant
molecules proved critical to the successful formation of QD
rings, and the rings could be transferred to other substrates by
dip coating.

■ EXPERIMENTAL SECTION
Water-Soluble CdSe/ZnS Core/Shell QDs. CdSe/ZnS core/

shell QDs were synthesized according to literature methods.20−22 Two
QD samples were used, having 4 and 9 nm diameter as determined by
UV−vis absorption23 and TEM. Ligand exchange was conducted on
the QDs, converting the surface functionality to poly(ethylene glycol)
(PEG; Mn = 600) with a dihydrolipoic acid (DHLA) binding group
(PEG-DHLA).24 Briefly, 1−2 mg of TOPO or oleic acid-capped QDs,
50−100 mg of excess DHLA-PEG600 ligand, and 0.3−0.4 mL of
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methanol were placed in a 4 mL vial and degassed. This mixture was
stirred overnight at 70 °C until the solution became clear, then cooled
to room temperature, and precipitated by adding hexane and
chloroform. The supernatant was removed, and water was added to
dissolve the QDs. The aqueous QD solution was purified by passing
through a centrifugal filter membrane (MWCO = 100 kDa) in RO
water.
Synthesis of DHLA-PEG600. DHLA-PEG600 ligand was

synthesized by following literature methods.24,25 Thioctic acid (5.0 g,
24 mmol), PEG (MW = 600, 145 g, 242 mmol), a catalytic amount of
4-(dimethylamino)pyridine (890 mg, 7.3 mmol), and CH2Cl2 (240
mL) were combined in a flask and degassed with N2. The mixture was
cooled to 0 °C in an ice bath, and a solution of dicyclohexylcarbo-
diimide (6.5 g, 31 mmol) in CH2Cl2 (20 mL) was added dropwise.

The mixture was stirred overnight at room temperature. The
precipitate was filtered over a plug of Celite, and the residue was
mixed with an aqueous sodium bicarbonate solution and extracted
with ethyl acetate (three times). The combined organic phase was
dried over MgSO4, filtered, and evaporated to give a yellow oil. This oil
was purified by column chromatography on silica gel (95:5
chloroform/methanol), and the product was recovered as a yellow
oil (∼60%). Sodium borohydride (13.8 mmol) in 1:4 ethanol/water
(55 mL) was used to reduce the disulfide, giving PEG-DHLA.

Octadecyltrichlorosilane (OTS) Coating on Coverslips (Bor-
osilicate Microcover Glasses). A coverslip (VWR microcover
glasses, No. 1.5, catalog number 48393-194) was sonicated in toluene
for 20 min and subjected to a UV/ozone treatment for 30 min. The
cleaned coverslip was immersed in 0.1 vol % OTS in toluene, and the

Figure 1. (a and b) Fluorescence microscopy images of QD rings formed at the edge of the droplet (scale bar = 10 μm). (c) QD network formed on
top of the droplet surface (scale bar = 20 μm).

Figure 2. (a) Fluorescence microscopy image of QD rings deposited on borosilicate glass as the contact line recedes. The solid arrow indicates the
contact line and the dotted arrow the receding direction. (b) SEM image of a QD ring (scale bar = 1 μm). (c) AFM phase image. (d) 3-D AFM
height image. The lateral dimension is 5 μm × 5 μm, and the vertical dimension is ±5 nm.
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solution was stirred for 1 h. Then, the OTS-treated coverslip was
washed with toluene and isopropyl alcohol several times. To reduce
the water contact angle (CA) of OTS-treated substrates to ∼35°, it
was exposed to UV/ozone for ∼6 min, resulting in the partial
oxidization of the OTS layer.
QD Ring Formation on Substrates. A droplet of a 0.4 wt %

aqueous solution of acrylamide, containing PEGylated QDs (∼1 nM),
was placed on various substrates, such as a coverslip, silicon wafer,
TEM grid, OTS-treated glass, and soda-lime glass slide (1 mm
thickness). Among all of these substrates, QD rings formed only on
the glass coverslips. The coverslips were used as received with brief
rinsing with water.
QD Ring Deposition and Alignment by Dip Coating. A 0.4 wt

% aqueous solution of acrylamide, containing PEGylated QDs (∼1
nM), was filled in a cylindrical chamber, and a coverslip (22 mm × 50
mm) was immersed in a solution. After ∼15 min, QD rings formed at
the interface were deposited on a coverslip by dip coating with a
continuous withdrawal rate of 1 μm/s using a servo motor (Parker
Daedal, Parker Hannifin Corp., Cleveland, OH). The alignment of the
rings was achieved by dip coating in a controlled manner, with 1 min
stopping time between 2 mm/s withdrawal steps. The movement of
the substrates was controlled at a computer interface with LabView
(National Instruments, Austin, TX) software.

■ RESULTS AND DISCUSSION
The unexpected observation of the 2-D QD assembly into rings
at the air/water interface occurred when a droplet of an
aqueous solution containing ∼0.4 wt % acrylamide and ∼1 nM
QDs was placed onto a borosilicate coverslip substrate. The
fluorescence micrographs of Figure 1a,b represent typical
examples of QD rings formed at the air/water interface near the
contact line of the droplet. In contrast, Figure 1c shows a
network morphology of QDs on the top of a droplet. In Figure
1a,b, QD rings in the center of the images are in focus, while
the rings in the upper and lower regions are out of focus; this is
caused by the curvature of the droplet near the contact line.
The QD rings were observed near the edge of the droplet of
this solution during evaporation rather than on the whole of the
droplet. The observed QD rings covered a range of sizes, from
hundreds of nanometers to ∼10 μm in diameter.
Figure 2a shows a fluorescence microscopy image of QD

rings deposited on the coverslip substrate upon evaporation of
water and recession of the contact line. The solid arrow denotes
the contact line and the dashed arrow the receding direction.
The upper left portion of the image shows QD rings after

deposition; in the lower right of the image, no QD rings are
visible because the rings are out of focus (the substrate is in
focus). After deposition, the QD rings were characterized by
electron microscopy and atomic force microscopy (AFM).
Parts b−d of Figure 2 show scanning electron microscopy
(SEM) and AFM images of the QD rings. The SEM image of
Figure 2b shows an easily recognized ring with a continuous
rim consisting of QDs. The AFM image of Figure 2d shows a
discrete circular pattern, with a height corresponding to the QD
diameter of ∼5 nm, while the phase image in Figure 2c
indicates the presence of material, likely the ring template-
forming material, inside the rings.
Beyond the formation of individual QD rings, we found that

the rings could be aligned over a large area (approximately cm2)
by dip coating onto untreated coverslips (Figure 3). For
example, an aqueous acrylamide solution (∼0.4 wt %)
containing QDs was poured into a chamber with a circular
opening, and a coverslip was immersed at an angle of ∼35−45°.
Figure 3a shows a fluorescence microscopy image of deposited
QD rings after dip coating, with a continuous withdrawal rate of
1 μm/s at an angle of ∼35°. Alignment of the rings was
accomplished by implementing a 1 min stopping time between
0.5 s withdrawal steps at 2 mm/s at an angle of ∼45°. In Figure
3b, the pulling direction of the substrate is indicated by the
arrow, and QD rings were aligned on the substrate at the initial
contact line, with the quick slip motion of the substrate, to give
lines of rings along the contact line (see Figure S1 in the
Supporting Information for more images of successive QD ring
alignment). Interestingly, the aligned rings in Figure 3b are
rather uniform in size compared to those in Figure 3a.
However, we note that in many cases the sizes of the aligned
rings are more broadly distributed. This dip coating
demonstrates a very simple and effective method of QD ring
deposition over a large area (approximately cm2).
Interestingly, attempts to form QD rings on numerous other

substrates (TEM grids, silicon wafers, or other glass substrates)
failed. Indeed, we were able to reproduce QD ring formation
from the droplets only on the glass coverslips used in our initial
experiments. The water CA of these coverslips was higher
(∼35°) than that of the other glass substrates tested (∼10°).
We suspect that this difference in the CA reflects the presence
of organic impurities on the untreated borosilicate coverslip
surfaces, as described by Sumner et al.26 Extensive cleaning

Figure 3. (a) QD rings deposited on a coverslip by dip coating at an angle of ∼35°. (b) Aligned QD rings by a controlled dip-coating method at an
angle of ∼45°. The white arrow shows the pulling direction of the substrate in part b. Scale bars = 10 μm.
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(solvent washing, plasma, or UV/ozone cleaning) of these
coverslips reduced the water CA to <10°, but this treatment
precluded the formation of QD rings. Thus, it seems that
organic impurities are key to QD ring formation, rather than
acrylamide, although we note the possibility for acrylamide to
function as a surfactant as well.27 Indeed, in some cases, the QD
rings formed on the coverslips when acrylamide was excluded
from the experiments. This variability of QD ring formation is
also found in the presence of acrylamide, and this variability
may reflect different amounts of impurities on the coverslips in
each trial.
Thus, a further investigation was undertaken, with the

objective of producing QD rings on substrates other than the
more hydrophobic commercial coverslips. Attempts to form
QD rings on OTS-treated coverslips (CA ∼ 90°) and an
oxidized OTS-treated coverslip (∼35°), where impurities are
excluded, both failed, suggesting that the CA is not the key
determining factor in QD ring formation. We hypothesize that
the impurities from the coverslip are surface-active and leach
from the surface to the air/water interface, followed by the
adsorption of QDs surrounding the impurity islands, which can
be considered “2-D Pickering emulsions”, as depicted in Figure
4.28 Motivated by this hypothesis, we examined the effect of
added surfactant, such as myristic acid (MA), which is known
to form islands at the air/water interface because of the
coexistence of G and LE phases.29−31 Solutions of MA were
first prepared in chloroform at concentrations from 0.1 to 50
μM, and then 10 μL of a QD solution (∼1 nM in water) was
placed on OTS-treated coverslips (exposed with UV/ozone for
partial oxidation) followed by a 0.5 μL drop of a surfactant

stock solution that spread at the air/water interface. Figure 5a
shows fluorescence microscopy images of QD rings formed
from experiments having a 0.5 μM surfactant stock solution.
QD ring formation occurred quickly in these experiments (∼1
min), suggesting fast adsorption kinetics of QDs to the
interface. The MA concentration proved important because no
ring formation was observed at values substantially above or
below ∼0.5 μM. Assuming that MA spread uniformly over the
droplet surface, this corresponds to an area of ∼104 Å2/
molecule, which is far greater than the value of ∼200−400 Å2/
molecule reported for the G−LE transition in MA.31,32 Thus,
while the density is too low for G−LE coexistence in the
absence of QDs, we speculate that adsorption of QDs to the
air/water interface would have the effect of decreasing the area
density per molecule. Once QD rings form on the surface of
the droplets, they change shape as water evaporates because of
the decrease in surface area, while QD rings formed at a flat air/
water interface do not show shape deformation over time
(Figure 5b). As seen in Figure 5, although QD rings formed
with MA were found to appear less organized than those in
Figure 3a, the formation of QD rings in the presence of MA
strongly supports our hypothesis that surface-active impurities
from the coverslip were responsible for the formation of QD
rings. Whether other types of NPs (metallic, magnetic, etc.)
could participate in such ring formation is an open question
and a topic of future investigation.
In summary, we report the 2-D self-assembly of PEG-

functionalized QDs into rings at the air/water interface. This
study emanated from the unanticipated observation of QD
rings formed on the surface of droplets placed on coverslips.

Figure 4. Schematic of “2-D Pickering emulsions” at the air/water interface. (a) Top and (b) side views of “2-D Pickering emulsions”, where green
dots refer to QDs and blue rods surface-active impurities.

Figure 5. Fluorescence microscopy images of QD rings formed in the presence of MA at the air/water interface: (a) QD rings on the top of a
droplet surface (scale bar = 20 μm); (b) QD rings formed on a flat air/water interface (scale bar = 50 μm).
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On clean (impurity-free) coverslips, surfactants were used to
generate the QD rings. We manipulate the concentration of the
surfactant at the air/water interface to produce self-assembled
surfactant islands (G−LE coexistence phase) driving QDs to
adsorb at the three-phase interface (air, water, and surfactant
island) to reduce the interfacial energy, thereby resulting in the
formation of QD rings. The deposition and alignment of QD
rings onto a large area were demonstrated by dip coating. The
method demonstrated here for the fabrication of QD rings is
very simple and allows for a large-area deposition by dip coating
without requiring complex template fabrication steps.
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