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Ordered nanoparticle (NP) assembly is of great interest in
miniaturized devices, sensors, and high-density data storage.1

One main challenge is to assemble NPs in desired locations
exhibiting ordered patterns via a simple process. A number of
approaches have been developed,2 and evaporation-induced self-
assembly has emerged as an elegant “bottom up” method and
receives much attention.2e–k In the previous studies, ordered
stripelike patterns (1-D) have been self-assembled2g,h but not
the 2-D NP patterns.3

In this study, we report the spontaneous formation of ordered
NP patterns by the Marangoni flow of ethanol into water, or
the “tears of wine” phenomenon. In particular, hexagonal
(2-D) and stripe like (1-D) polystyrene NP (100 nm) patterns
(Figure 1) are formed on two types of SiOx substrates, one with
a water contact angle of ∼32° (A) and the other of ∼0° (B).

The formation of these patterns is the result of ethanol
evaporation, water condensation, Marangoni flow, and subse-
quent drying and/or dewetting of the condensed water. When a
small quantity (∼1 µL) of NPs/ethanol suspension is spread
into a thin layer on the substrate and exposed to a stream of
wet N2, volatile ethanol evaporates most near the air/ethanol/
substrate contact line, which induces a maximum temperature
decrease. As a result, water condenses near the contact line from
the wet N2 simultaneously (Figure 2a). This leads to a lower
concentration of ethanol near the contact line compared with
the bulk, and hence, a concentration gradient forms between
the bulk and contact line (Figures 2b). Combined with the large
difference between the surface tensions of water (72 mN/m)
and ethanol (22 mN/m), a surface tension gradient is created,
which induces a Marangoni flow of ethanol, carrying NPs,
toward the contact line and into the water phase.4 Due to its
higher volatility, ethanol depletes faster than water, leaving the
condensed water, containing NPs, at the edge of the contact
line (Figure 2b). As the condensed water dries, the ordered NP
patterns form on the substrate.

Depending on the wettabilities of the substrates, the con-
densed water consisting of NPs self-assembles into different
patterns near the contact line. On the nonwettable substrate (i.e.,
substrate A), the formation of a hexagonal pattern is initiated
by the fingering instability of the condensed water.2g,5 Water
fingers form at the air/ethanol/substrate contact line, grow, and
detach to form droplets as the contact line recedes (Figure S1).
The detached water droplets show a hexagonal distribution,
which results from a phase shift of half of the wavelength of
emerged fingers from one row to another (Figure S2). The water
droplet, initially elongated, quickly relaxes into a spherical cap
to minimize its surface energy. As the droplet relaxes, the inward
capillary force drives the NPs to flow with the receding contact
line of the water droplet.2f Thus, all NPs are confined in the

spherical capped droplet and assembled into a circular ring after
drying (Figure 1a inset and Figure S5). The ring formation is
caused by the outward capillary flow induced by contact line
pinning, which is known as the “coffee ring” phenomenon.2j,6

On the wettable substrate (i.e., substrate B), as the NPs/ethanol
suspension recedes, the condensed water near the contact line
wets the substrate completely and produces a very thin water
film (Figure S4). Due to the large surface tension gradient
between the water film and the receding ethanol suspension and
the fingering instability at the receding contact line, the NPs in
the ethanol suspension quickly move toward and into the fingers
and facilitate the growth of fingers into stripes. As water in and
surrounding the stripes evaporates rapidly, the NPs in the stripes
result in ordered dotted stripes.

It should be noted that the simultaneous evaporation of ethanol
and condensation of water are necessary for the self-assembly of
NPs into the hexagonal pattern. On substrate A, evaporating NP
suspension in ethanol or water under dry N2 (without water
condensation) results in a random deposition of NPs (Figure S6).
The regularity of hexagonal patterns depends on the orderliness
of the instability fingerings at the contact line. The inter-ring spacing
(λ) corresponds to the characteristic wavelength of the Marangoni

Figure 1. Fluorescent microscopic images of carboxylated PS NP self-
assembly patterns. (a) Ordered hexagonal ring pattern formed on the SiOx

substrate A (water contact angle ∼ 32°). Inset: magnified image of the NP
ring structure. (b) Dotted stripelike pattern formed on the SiOx substrate B
(water contact angle ∼ 0°). Humidity of N2 stream ) ∼40%.

Figure 2. Schematic illustration of the self-assembly of NPs: (a) exposing
a NP/ethanol suspension to a wet N2 stream induces the evaporation of
ethanol and the condensation of water near the three-phase contact line,
which leads to a concentration gradient near the contact line; (b) the
concentration gradient and the difference between the surface tensions of
ethanol (γEtOH ) 22 mN/m) and water (γH2O ) 72 mN/m) create a surface
tension gradient, driving the NPs/water toward the receding contact line.
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instability by λ ) 2πh/R, where h is the film thickness of the
condensed water layer, and R is the dimensionless periodicity of
the convection.7 A reduction of water content (i.e., humidity) in
the N2 stream results in a decrease of condensed water near the
contact line and hence its layer thickness (h). Figure 3 summarizes
the inter-ring spacing, which is comparable to the calculated value
(see Supporting Information), and ring size as a function of the
humidity of the N2 stream. The NP ring size depends not only on
the size of the initiated water finger but also on the substrate
property. On substrate A, the contact line of the water droplet does
not self-pin, hence the droplet shrinks initially due to evaporation
of water. As more NPs accumulate near the contact line due to the
shrinkage, they deposit on the contact line and pin the contact line.8

This perpetuated pinning leads to the formation of the coffee ring
and thus determines the final size of the NP ring, which is much
smaller than that of the initially formed water droplet (Figure S1).
Nevertheless, the final ring size still decreases linearly with the
humidity (Figure 3). Furthermore, the width of ring also decreases
linearly with the humidity (Figure S3).

The coffee rings in hexagonal arrays have potential applica-
tions in the fabrication of a nanowire, patterning, and optical
and electronic devices.6c,9 However, the ring structure is
undesired in other cases, for example, protein microarray.10

Since the contact line pinning and water evaporation are two
necessary conditions for the formation of the coffee ring,
eliminating either of these two conditions will allow a uniform
distribution of NPs throughout the entire circular base of the
droplet.2j,8b Releasing pinning stress and preferable evaporation
on the top of the droplet have both been attempted.8b However,
releasing pinning normally results in a deviation of the circular
shape, and preferable evaporation is difficult for a large amount
of droplets.8b In this study, we attempt to obtain a uniform
distribution by slowing the evaporation of water droplets. In
particular, a 0.1 vol % of ethylene glycol is added into the
ethanol suspension to reduce the evaporation rate of water.11

Immediately after droplets form, the sample is kept under high
humidity to further decrease the evaporation rate. The NPs
within the droplets deposit onto the substrate slowly (∼20 min),
which leads to uniform distributions of NPs within the circular
bases of the droplets (Figure 4).

The pattern formed on substrate B also depends on the water
content in the N2 stream (Figure S7). Evaporation of NPs/ethanol
suspension under a N2 stream with a low humidity (RH < 30%)
results in a thick NP film. The use of an intermediate humidity
(40-70%) leads to dotted stripes, while the use of a high RH

(∼85%) produces a spokelike pattern. A possible reason could be
that a thicker film of water condenses at a higher humidity and
replaces the ethanol in the suspension after ethanol completely
evaporates. Therefore, the pattern formed at a RH of ∼85% is
similar to that formed by drying the NPs/water suspension.2e,g More
quantitative study is being carried out.

In summary, both hexagonal and stripelike patterns can be
self-assembled on substrates with different wettability. This
simple approach utilizing the combined evaporation of ethanol
and condensation of water followed with Marangoni flow opens
a new avenue for fabricating ordered NP patterns in a control-
lable and cost-effective manner. The patterns can be ideal
templates for studying protein immobilization, cell/bacterial
adhesion, and biosensor and medical assays.

Supporting Information Available: Additional experimental
details and figures are included. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Figure 3. Inter-ring spacing or wavelength (λ, b) (solid) and diameter of
the ring (D, O) can be readily controlled by relative humidity (RH, %) of
the N2 stream. The dashed lines are linear fittings. The fluorescent images
illustrate two typical hexagonal ring patterns formed at a humidity of 30%
(λ ∼ 30 µm, D ∼ 10 µm, scale bar ) 50 µm) and 65% (λ ∼ 190 µm, D
∼ 60 µm, scale bar ) 200 µm).

Figure 4. (a) Fluorescent microscopic image of a hexagonal NP pattern
with a uniform distribution of the NPs within each circular patch. (b) SEM
image of a uniform patch. RH of N2 stream: 33%.
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