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Abstract
We studied the formation of tree-like patterns of polymer aggregates and rings of nanoparticles
during evaporation from a fluid film. We utilize phase separation between two immiscible fluids
to generate a double-layer film which dries up in a sequential manner. Both fluid layers may
contain a solute, polymer aggregates or nanoparticles. During evaporation of the top layer,
instabilities may occur and direct a self-assembly process of the solute which may be further
affected by an instability of the bottom layer at a later stage. We present two cases where, after
evaporation of the top fluid layer, the solute was adsorbed on the surface of the bottom fluid
layer. In comparison to dewetting of a single fluid layer on a solid substrate, the advantage of
our double-layer approach lies in the deposition of the solute on the surface of the bottom fluid
layer. The relatively high mobility of the solute on such a fluid surface favors the formation of
ordered patterns, driven by an instability of the bottom layer.

1. Introduction

Evaporation of the solvent from polymer solution films on a
solid substrate may have a large influence on the resulting film
morphology. The basic behavior of thin liquid films located on
solid substrates is already well understood. Several instability
mechanisms are known that can destabilize an initially flat
liquid film (one-layer system) and were investigated in a large
number of experimental [1–5] and theoretical [6–14] works.
The stability of liquid films with a thickness below 100 nm,
deposited on a substrate, is governed by the effective molecular
interactions at the interface between substrate and surface of
the layer, for instance, by long-range van der Waals and short-
range electrostatic forces [15]. After deposition on partially
wettable solid substrates, these liquid films may become
unstable and often dewet by forming holes. According to
theory, the film instability followed by dewetting occurs when
the second derivative of the excess intermolecular interaction
energy per unit area with respect to the film thickness becomes
negative [11].

When a thin film consisting of two layers of immiscible
liquids is deposited on a solid substrate, a more complicated
situation appears. In such a two-layer system (double layer),
one discloses a richer dynamics compared to that for one-
layer systems, as both liquid–liquid and liquid–gas interfaces

evolve in a coupled way. Instability phenomena will be driven
by the effective molecular interactions acting between each of
the three interfaces which separate the four media: substrate,
bottom layer, top layer and surrounding gas (air). Only a
few theoretical investigations exist on the stability of a bilayer
composed of two superposed thin films of nonvolatile fluids
deposited on a solid substrate [16, 17]. However, instability
phenomena arising in the course of drying of a double-
layer system (solvent evaporation) have practically never been
studied.

Recently we have presented an experimental study of
instability phenomena developing in an evaporating double
layer formed via phase separation in a thin film of mixed
polymer solutions. There, solvent evaporation from two layers
led first to a decomposition of the top solution layer into
micrometer-sized droplets, while the bottom layer did not
become unstable and dried as a continuous film [18, 19]. In
the present work, we show that the evaporation from a similar
double layer may, in addition to a decay of the top layer into
elongated solid aggregates, also be assembled into tree-like
patterns by an instability of the bottom layer. The initial double
layer consists of a poly(isobutyl methacrylate) (BMA) layer on
top of a nitrocellulose (NC) solution layer. During evaporation,
the top BMA layer becomes unstable and transforms into short
solid ridges. Finally, the inhomogeneous evaporation of the
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solvent from the NC solution layer connects the BMA ridges
to tree-like patterns.

In a second example, we show that, by spreading of a
hexane solution containing CoPt3 particles, hexadecylamine
and a little water on substrates coated with a NC thin layer,
nanoparticles can be ordered into low-dimensional arrays.
After spreading, such a binary solution film transforms into a
double layer containing a hexane layer on top of a water layer.
The hexane layer dewets the water layer, and the latter dewets
the NC covered substrate. The relatively thick hexane layer
dewets as a continuous film, while the relatively thin dewetting
water layer decomposes into droplets. Finally, the particles
follow the motion of the contact line of the dewetting water
layer (i.e. the interface between air, water and substrate) and,
thus, assemble into close-packed arrays at the periphery of the
water droplets. As a general theme, in the present work, we
show that the final ordering of a solute, which segregated into
the interface with the underlying fluid layer in the course of
solvent evaporation out of the top layer, is governed by the
instability of the bottom layer.

2. Tree-like patterns formed in evaporating binary
solution

2.1. Experimental details

In this experiment, we have used a binary mixture of solutions
consisting of 0.05% NC (Aldrich, Mr = 1.04 kg mol−1) in
amyl acetate and of 0.05% BMA (Aldrich, molecular weight
Mw = 130 kg mol−1) in isopropanol. The binary solution
was prepared via mixing these solutions at a volume ratio of
1:1. In the absence of polymers, amyl acetate and isopropanol
are miscible. Amyl acetate dissolves nitrocellulose relatively
well, but not so well poly(isobutyl methacrylate). On the
other hand, isopropanol dissolves poly(isobutyl methacrylate)
relatively well, but it is a non-solvent for nitrocellulose.

The prepared blend of solutions was spin-coated onto
a glass substrate (12 × 16 mm2; spin casting at 2000 rpm
for 20 s). In the course of solvent evaporation (during
spin coating), the thin layer of initially mixed solutions
transformed into a double-layer structure which was composed
of a layer containing mainly BMA at the solution–air interface.
Isopropanol evaporated relatively fast and amyl acetate was
not effectively dissolving BMA. In addition, BMA and NC
did not mix. Thus, BMA tended to segregate to the interface
of the (NC/amyl acetate) fluid layer, forming a layer mostly
containing BMA which became unstable and led to the
formation of aggregates on the surface of a layer of NC/amyl
acetate. Finally, evaporation of the remaining solvent from the
double layer assembled the BMA aggregates of the top layer
into various patterns.

2.2. Tree-like patterns of polymer formed experimentally

After complete evaporation of both solvents from the thin film
binary solution (spin-coated onto a glass substrate), various
phase-separated patterns were observed, as imaged with a Di-
mension 3100 (Digital Instruments) atomic force microscope
(AFM). Regions with tree-like patterns (figures 1(a) and (b)),
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Figure 1. Tapping-mode AFM measurements: (a) height image of
the tree-like branched structure; (b) height image of the structure
located near the one shown in part (a); (c) height image of the region
covered only with clusters; (d) height image of the BMA ridges;
(e) profile analysis of the scan taken along the arrow indicated in (a).
The vertical distance indicated in (e) amounts to 106 nm.

fragmented branches and aligned clusters (figure 1(c)), and in-
dividual ridges (figure 1(d)) of BMA were found on top of a
thin NC film covering the entire glass substrate. The BMA
patterns were located only in a small part of the sample—
along the edge (solid line in the inset of figure 1) of the curved
stripe with a width of about 300 μm, extending over a length
of about 8 mm—which represents the area where the evapo-
ration and dewetting process of the top layer has led to the
deposition of BMA aggregates. The size of the branched pat-
terns varied from a few tens to about 150 μm and the corre-
sponding height from a few tens to about 120 nm (figure 1(e)).
The length, width and thickness of the aligned clusters at one
boundary of the stripe (solid line in the inset of figure 1) on
average amounted to 5 μm, 1 μm and 120 nm, respectively.
The size of these clusters decreases in direction to the other
boundary of the stripe (dotted line). The BMA ridges could
be observed as individual objects on the NC film or they may
interconnect under various angles. The length of these ridges
varied from 3 to 10 μm, the width extended from 0.2 to 1 μm
and the thickness ranged from 20 to 50 nm. The particular
feature of the pattern illustrated in figure 2(a) (lower part) is
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Figure 2. Tapping-mode AFM measurements: (a) height image of
adjacent tree-like structures separated by a border (indicated by the
dashed box); (b) magnified image of an area indicated by the square
box (solid line) in (a); (c) three-dimensional magnified image of a
branch indicated by the box in (b).

an ordering of some such branches into a wreath. Moreover,
between adjacent tree-like structures, a clearly detectable bor-
der zone existed (indicated by the dashed box in figure 2(a))
extending to a few μm, where no ridges were deposited. The
details of an individual branch of such tree-like structures, il-
lustrated in figures 2(b) and (c), indicate that these consisted of
a tangle of several BMA ridges.

For a detailed understanding of the mechanisms which led
to the formation of the above structures, we have determined
the penetration depth of the BMA branches into the underlying
NC film. For this purpose, the BMA structures were removed
by immersing the specimen in a bath of isopropanol (120 min;
60 ◦C), since isopropanol is not a solvent for NC. The
depressions remaining in the NC film after removal of the
BMA branches were about 5 nm deep. The thickness of
the NC film directly under the BMA branches also amounted
to about 5 nm. This means that the BMA branches had
no contact with the substrate, which supports our previous
conclusion that during the evaporation process the initial film
of mixed solutions transformed into a double-layer structure
which consisted of a BMA solution layer on top of an NC
solution layer.

2.3. Instabilities developing in evaporating double layer

Isopropanol dissolves only BMA but not NC. As isopropanol
has a lower surface tension than amyl acetate, BMA has a lower
surface tension than NC and amyl acetate can slightly dissolve
BMA, we conclude that, at a rather early stage of solvent

evaporation, the system will separate into a surface layer rich in
BMA and one close to the substrate rich in NC. For simplicity,
we assume that the above separation into a double layer occurs
already at a very early stage. Under this assumption, we
can proceed with the following qualitative discussion, which
reflects the basic processes.

The total thickness of the solution film prepared by spin-
coating was of the order of 1 μm, i.e. a BMA solution
layer and the NC solution layer were each roughly about
0.5 μm thick. The BMA solution wetted the layer of the NC
solution, if the spreading coefficient S21 = γ1 − γ2 − γ21

was positive [20]. Here, γ2 and γ1 designate the surface
tension of the BMA solution and that of the NC solution (at
the boundary to air), respectively; γ21 is the interfacial tension
between BMA and NC solution. For discussing the alteration
of both parameters γ2 and γ1 during evaporation, we have
experimentally determined the evaporation rates of isopropanol
and amyl acetate from the surface of a Petri dish which amount
to (5.8 ± 0.2) × 10−2 mg s−1 and (1.2 ± 0.2) × 10−2 mg s−1,
respectively [21].

The time dependence of both the thickness d2(t) and
the surface tension γ2(t) of the BMA solution layer were
determined from the evaporation rate of isopropanol in the
two-phase solvent. The corresponding dependences d1(t) and
γ1(t) can be obtained for the NC solution layer (figure 3).
For the complete evaporation of isopropanol from the layer
with d2 = 500 nm, we get the time t2 = 1.35 s, and for
an amyl acetate layer with d1 = 500 nm, t1 = 7.15 s. For
each solvent, the remaining mass during evaporation between
0 < t < t0 can be described as ms = ms0(1 − t/t0), where
ms0 denotes the mass of isopropanol or amyl acetate at t = 0.
In summary, we have determined ms0 = mI0 and t0 = t2 for
isopropanol, as well as ms0 = mA0 and t0 = t1 for amyl acetate.
In a first approximation, we can consider that surface tension
γ2(t) of the solution that contains isopropanol (γI) and BMA
(γBMA) can be described by a linear combination of solvent and
polymer surface tension [20, 22–24]:

γ2 = γI NI + γBMA NBMA − β NI NBMA, (1)

where β is a semi-empirical constant. NI = (1 − t/t2)/(1 −
t/t2 + α) and NBMA = α/(1 − t/t2 + α) are fractions of
the corresponding components in the solution, where α =
mBMA/mI0 and mBMA denotes the mass of BMA in the
top layer. Accordingly, equation (1) can be used for the
NC solution that contains amyl acetate and NC. Figure 3(b)
displays the results calculated for both surface tensions γ2(t)
and γ1(t) versus evaporation time t . The corresponding
spreading coefficients S21 and S1G (spreading of the NC
solution on the glass substrate) versus evaporation time are
outlined in figure 3(c). The interfacial tensions γ21 and γ1G

were calculated following Israelachvili [15]. For instance,
γ21 ≈ γ2 +γ1 − 2(γ2dγ1d)

0.5 − 2(γ2pγ1p)
0.5, where γ2d, γ1d and

γ2p, γ1p are the dispersive and polar components of the surface
tensions γ2 and γ1, respectively. So far, no experimental results
are available allowing us to separate these two components
and, thus, the values γ2 and γ1 were used for the estimation
of γ21, i.e. γ21 ≈ γ2 + γ1 − 2(γ2γ1)

0.5. Accordingly, the
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(c)
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Figure 3. (a) Calculated thickness of both BMA solution (d2) and
NC solution (d1) layers as a function of evaporation time.
(b) Calculated surface tension versus evaporation time of the binary
polymer solution. The curve γ2(t) characterizes the evaporation
process of the BMA solution layer with γI = 23.0 mN m−1

(isopropanol), γBMA = 30.9 mN m−1 (poly(isobutyl methacrylate)),
mI0 = 7.9 × 10−2 mg, mBMA = 0.5 × 10−4 mg and β = 1 mN m−1.
The curve γ1(t) describes the evaporation of the NC solution layer
with γA = 24.6 mN m−1 (amyl acetate), γNC = 38 mN m−1

(nitrocellulose), mA0 = 8.8 × 10−2 mg, mNC = 0.5 × 10−4 mg and
β = 1 mN m−1. Values of γNC, γBMA, γA and γI are indicated
additionally on the right-hand side, respectively. (c) Calculated
spreading coefficients S21 and S1G as a function of evaporation time.

dependences S21(t) and S1G(t) illustrated in figure 3(c) should
be considered as qualitative indicators.

From results illustrated in figure 3(c), we deduce that
during evaporation S21 > 0 until γ2 = γ1, i.e. in the time
span from 0 to approximately 1.35 s. Only for S21 < 0, i.e. for
1.35 s < t < 7.15 s, the top BMA layer may become unstable

and, thus, may dewet the underlying NC solution layer. In
contrast, the NC solution layer remains stable during this stage,
because S1G is always positive (figure 3(c)). Here, we used
γG = 72.5 mN m−1 for the surface tension of hydrophilic
glass [15]. From results in figure 3(a), we deduce at t ≈ 1.35 s
the thickness amounts to d2 ≈ 10 nm, while d1 ≈ 400 nm.
Dewetting of the BMA solution layer on the surface of the NC
solution layer leads to a decrease of the area of the former one
and to a corresponding increase of its height. In accordance
with the experimental result shown in figure 1(d), we conclude
that dewetting of the BMA solution layer led to the formation
of fingers at the periphery of this layer (dewetting front, i.e.
the three-phase contact line where the BMA and NC solution
layers are simultaneously in contact with air) in a similar
way as observed for dewetting of a polymer solution on a
solid substrate [25]. We believe that the main mechanism
driving this fingering instability is related to the gradients in
polymer concentration and surface tension close to the three-
phase contact line caused by solvent evaporation [26]. During
the dewetting process, these fingers form long ridges of the
BMA solution on the surface of the NC solution layer.

Before solvent evaporation has been completed from the
long ridges of the BMA solution, these ridges are still highly
deformable and may decompose into much shorter ridges or
droplets accordingly with the well-known Rayleigh instability.
By considering small sinusoidal perturbations on a liquid
cylinder of radius rc, Rayleigh [27] found that there is an
optimum wavelength, λR ≈ 9rc, for which perturbations
grow fastest, leading to the decomposition of a liquid cylinder
into a chain of droplets. For the Rayleigh instability, the
characteristic time τR over which perturbations grow and
eventually break the long ridges of the BMA solution is given
by a balance of surface tension and inertia:

τR,i = (r 3
c ρ2/γ2)

0.5, (2)

where ρ2 is the density and γ2 is the surface tension of the
BMA solution [28]. If the viscosity of the solution η2 becomes
important, we may approximate the characteristic time by [29]

τR,v = rcη2/γ2. (3)

In both cases, for ridges in the range of some micrometers, τR

is rather short, i.e. of the order ranging from microseconds
to milliseconds. Thus, time τR is small compared to the total
time span during which the BMA layer on top of the NC
solution layer is in the unstable regime. After complete solvent
evaporation of isopropanol, the BMA ridges become solid and
remain on a fluid NC solution layer.

2.4. Scenario of the tree-like pattern formation

According to the experimental results described above, we
assume that the BMA ridges are connected to a tree-like
pattern during the inhomogeneous solvent evaporation from
the NC solution layer. The formation of such patterns
is only possible within the time interval determined by
the expenditure necessary to first evaporate isopropanol and
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finally amyl acetate from the film (i.e. 1.35 s and 7.15 s,
respectively, see figure 3), where the NC solution layer
remains liquid and the BMA ridges are mobile. The
existence of a pronounced boundary between the adjacent
tree-like structures illustrated in figure 2(a) (dashed box)
indicates that, during solvent evaporation, several independent
solidification domains appeared simultaneously which grew as
the consequence of the formation of dry patches nucleated
within the NC solution layer. As an example, figure 4(a)
schematically shows the appearance of two such solidification
domains A and B (denoted by dotted lines which advance
in the course of the drying process) within the NC solution
layer whose surface is covered with BMA ridges. The point
sA denotes the starting point for the solidification domain
A within the NC solution layer. The corresponding point
of domain B is located outside the figure. Both domains
are close to each another, but their solidification fronts (i.e.
the interface between the still fluid and the already dry NC
layer) move in different directions denoted by the small arrows
in figure 4(a). That means each solidification domain may
be characterized by the particular motion of its solidification
front that leads to some ordering of the BMA ridges into
individual structures. The initial step of such ordering is
illustrated in figure 4(a). Figure 3(b) demonstrates that
solvent evaporation from the NC solidification domain is
characterized by dγ1/dc < 0 (c gives the concentration of
the evaporating solvent). In this case, the solvent evaporation
from the wedge-shaped region near the solidification front
leads to a liquid flow directed from thicker parts of the NC
solution layer to its thinner ones [30]. In figure 4(a), the
direction of the flow motion is denoted by the wide arrows. The
BMA ridges located on the surface of the liquid NC solution
layer will be dragged along by the flow of the NC solution,
and their velocity may be proportional to the gradient in the
surface tension resulting from the increase of the concentration
of NC upon approaching the solidification front. A few
exemplary solidification fronts (representing different points in
time during the drying of the NC layer) of domains A and B are
schematically illustrated as smooth convex lines in figure 4(b).
Indeed, the motion of the solidification front is strongly
influenced by fluctuations in the NC concentration and the NC
solution thickness near the edge of the solidification domain.
The latter can give rise to an instability of the solidification
front and, correspondingly, cause (periodic) fluctuations, i.e.
surface tension, layer thickness, radius of curvature and contact
angle vary continuously along the solidification front. In other
words, the various sectors of the solidification front move
with different velocity. As a consequence, liquid flow from
thicker parts of the NC solution layer to its solidification front
acquires a complex form which is partially reflected in the
way how BMA ridges are arranged into tree-like branched
structures, as the NC solidification front moves (figure 4(b)).
The experimentally observed distinct boundary (indicated by
the dashed box in figure 2(a)) between the adjacent tree-like
structures is in accordance with the model described above
where the boundary results from a encounter of solidification

•

(a)

(b)

AB

sA •B A

sA

Figure 4. (a) Schematic illustration of a typical NC solidification
domain A (on the right) appearing during solvent evaporation out of
the NC solution layer. The domain A starts its growth at point sA.
The adjacent domain B (on the left) is indicated partially in the
corner of the figure. The BMA ridges are illustrated as the short solid
lines and solidification fronts as dotted lines. The small arrows at the
solidification front indicate the direction of its motion, and the wide
arrows the direction of the flow motion of BMA ridges.
(b) Schematic illustration of the outward motion of the solidification
fronts of the domains A and B during the inhomogeneous solvent
evaporation leading to the connection of BMA ridges into a tree-like
pattern. The solid line illustrates a border where the solidification
fronts of both the domains A and B coalesce.

fronts of adjacent domains (see the boundary between domains
A and B illustrated by a solid line in figure 4(b)).

In summary, it has been demonstrated experimentally that
phase separation of a binary solution appearing during the
spin-coating deposition process can lead to pattern formation
resulting from the solidification of an immiscible solute from a
top fluid layer. These solid aggregates are floating on a longer-
lived bottom fluid layer. Finally, the drying of the bottom
layer drives the assembly of the solid aggregates into tree-
like patterns. In the following second example, we present a
similar double-layer system with solid nanoparticles already
being present in the initial binary solution. We will show that
also in such a case, the presence of an underlying fluid layer,
which eventually becomes unstable and dewets, is favorable
for the assembly of these nanoparticles.
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3. Nanoparticle chains formed via a dewetting water
layer

3.1. Experimental details

Hexane solutions with a particle concentration of 2.4 × 1012

and 3.1 × 1012 cm−3 of CoPt3 (diameter 6 nm, stabilized
with HDA [31]) were used in the present experiments. The
corresponding values of volume concentration amount to 1.0×
10−5% and 1.3 × 10−5%, respectively. Additionally, HDA at
a concentration 1.0 × 10−3 vol% and water at a concentration
1.0 × 10−2 vol% were added to the solution. Hexane itself
contains a maximum 5 × 10−3 vol% of water (AppliChem
GmbH), i.e. the total concentration of water in the solutions
amounts to a maximum 1.5 × 10−2 vol%. In general, the
solubility of water in hexane at 20 ◦C is 2.8 × 10−2 vol% [32]
and, therefore, it was assumed that additional water was
dissolved completely in the hexane solution of nanoparticles.

One drop of solution (3 μl) was cast either onto an Si
substrate or a transmission electron microscopy (TEM) grid.
Both substrates were covered with an NC film (thickness
100 nm). We found that the final patterns formed on both
substrates were similar. The deposition radius ds0 = 3.5 mm
of the spread solution layer remained constant for a time span
of about 17 s and then quickly decreased toward the center of
the spreading area. The total time span between the casting
of the solution and its complete drying (hexane evaporation)
amounted to about 20 s. At an early stage of the evaporation
process, the solution layer transformed into a bilayer composed
of a hexane layer on top of a water layer. The retraction
(dewetting) of a comparatively thick hexane layer brought a
thin water layer in contact with air. Due to the small initial
amount of water, the resulting water layer was thin and became
rapidly unstable leading to a decomposition into droplets, with
the nanoparticles aligning at their periphery. Note, that the
time span necessary for dewetting and final evaporation of the
continuous hexane layer amounts to about 3 s, whereas the
lifetime of the water droplets (as deduced from observation
with an optical microscope) could be up to few minutes (for
solutions without HDA). This time increased to a few days if
the solution contained HDA. Similar droplet structures were
formed in a closed desiccator in the presence of hygroscopic
P2O5 powder, excluding the presence of water in air. Thus, the
cooling of the substrate by hexane evaporation and possible
condensation of water at ambient conditions did not play a
significant role. Additionally, we found that the structure of
water droplets did not substantially depend on the presence or
absence of HDA in the solution. Accordingly, we conclude
that, for an HDA concentration up to 0.001%, the process of
phase separation of water in hexane only weakly depended on
HDA.

The drying process of the solution layer on top of
the NC/Si substrate was observed by a digital camera
(Nikon Coolpix 995) mounted on an optical light microscope
(magnification 200×) recording 30 frames per second. Finally,
after complete drying of the sample, the topography of the
resulting structures on the NC-coated Si substrates or TEM
grids were analyzed by AFM. For the films located on
NC/TEM grids, the arrangement of the CoPt3 particles was
studied by TEM (Zeiss EM 902).

3.2. Nanoparticle arrays formed experimentally

A typical spatial and temporal evolution of the fluid solution
film during its dewetting is shown in figure 5 for one sample
of a total of nine equivalent studies [33]. It can be clearly
seen that the dewetting system consists of two layers: the
top hexane layer (h) dewets on the surface of the lower water
layer (w), and that one dewets on the surface of the NC/Si
substrate (s). During this two-stage dewetting process, the
hexane layer stayed continuous (because it was comparatively
thick), while the thin water layer deformed rapidly into a
cellular structure that finally decomposed then into droplets.
The dewetted distance (dh) of the hexane layer as a function of
time t was measured at the edge of this layer. The resulting
experimental dependence dh(t) illustrated in figure 5(b) can be
described as dh(t) = Phtαh with αh = 1.15 ± 0.01. Ph is
a time-independent prefactor. The temporal evolution of the
dewetting water layer (dw) was determined via measurement
of the diameter Dw = 2dw of the holes increasing with time
(indicated by the dashed box and circle in figure 5(a)). The
resulting dependence illustrated in figure 5(c) can be described
as dw(t) = Pwtαw with αw = 0.75 ± 0.02. Pw is also a time-
independent prefactor.

Figures 6(a) and (b) present typical AFM images of water
droplets formed in the central part of the sample area, measured
rapidly (within about 30 min) after droplet formation resulting
from the deposited solution on the NC/TEM grid. A more
detailed image of a water droplet is illustrated in figures 6(c)
and 6(d). An average diameter of the droplets Dd ≈ 0.5 μm
and their average height hd ≈ 40–50 nm were obtained.
After drying the samples for 7 weeks, the height decreased to
hd ≈ 10 nm, without a detectable change in Dd (figures 7(a),
(c) and (d)). The remaining deposit after the complete drying
of the droplets consisted of HDA. This was demonstrated
via a removal of the HDA deposits from the dry sample by
immersing the sample for a period of 5 min in hexane, which
is a selective solvent for HDA.

The analysis of the droplet patterns performed by TEM
clearly demonstrated that the CoPt3 particles self-assembled
into close-packed arrays located at the droplet periphery. For
example, figure 7(b) illustrates the TEM image of the droplet
shown in figure 7(a). We found that arrays with a different
number of nanoparticle chains can be produced via variation
of the particle concentration in the initial solution and by
generating water droplets of different sizes. For example,
figure 8 displays rings composed of several arrays containing
mainly 1, 2 or 3 aligned chains of particles, respectively. The
particle arrays shown in figure 8(a) were produced with a
concentration of 2.4×1012 cm−3 of CoPt3 particles in solution,
and those shown in figures 8(c) and (e) with a concentration of
3.1×1012 cm−3. We found that in our experiments, for constant
concentration of water and particles in the initial solution, the
average size of the particle rings (size of water droplets) and
length of the ordered chains of particles (about 100 nm) were
always fairly reproducible.

3.3. Formation of the water droplet pattern

Based on the experimental results described above, we
conclude that, during hexane evaporation out of the solution
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Figure 5. (a) Typical optical micrographs for the retraction of the phase-separated layers of hexane (denoted as h) and water (denoted as w)
on the NC/Si substrate (denoted as s). The length of the smallest division (y direction) amounts to 5 μm. (b) Time dependence of the dewetted
distance for the hexane layer (dh) on the surface of the water layer along the y direction indicated in (a). (c) Time dependence of the dewetted
distance for the water layer (dw) on the surface of the NC layer for hole 1 indicated by the dashed box in (a). The value of αw for hole 2
indicated by the dashed circle in (a) is similar to that shown for hole 1.

film, the following processes occur: (a) the binary solution film
transforms into a double layer composed of a hexane layer on
top of a water layer; (b) the hexane layer dewets the surface of
the water layer; (c) the particles existing in solution adsorb on
the surface of the water layer; (d) if HDA exists in solution, it
adsorbs also on the surface of the water layer; (e) the water
layer (also when coated with HDA) becomes unstable and
decomposes into droplets and (f) during formation of water
droplets, the particles located near the droplet edge follow its
motion and order along that. Note that many of these events
can overlap in time or even take place simultaneously.

The reason for phase separation of the solution layer
into a double layer, besides the relative increase in water
concentration during evaporation of hexane, is that hexane has
a lower surface energy (surface tension γh = 18.4 mN m−1)
than water and thus wets the surface region, in order to
minimize the free energy at the interface between air and
solution [34–37]. On the contrary, water with its comparatively

large surface energy (surface tension γ0 = 72.5 mN m−1)
accordingly wets the interface between the solution and the
substrate. Initially, a hexane layer will spread on water leading
to the formation of a neat bilayer, because the spreading
coefficient amounts to Sh0 = γ0 − γh − γh0 = 3.0 mN m−1 for
pure water and hexane [20]. Here, γh0 = 51.1 mN m−1 [32]
is the surface tension at the interface between hexane and
water. However, at equilibrium, in the resulting bilayer,
the top hexane layer is saturated with water and the lower
water layer is saturated with hexane. As a result, the value
of the equilibrium spreading coefficient becomes Sh0 � 0.
The change from a positive initial spreading coefficient to
a negative equilibrium spreading coefficient is a well-known
phenomenon for short alkanes spreading on water [38–40].
We found that the experimentally observed time dependence
of the dewetted distance of the hexane layer can be described
as dh(t) ∼ tαh with αh ≈ 1 (figure 5(a)). Such dependence
corresponds to dewetting where the driving capillary forces
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Figure 6. Tapping-mode AFM measurements: (a) height image of
water droplets located on a nitrocellulose film measured directly after
spreading of the solution; (b) magnified phase image of an area
indicated by the square box (solid line) in (a); (c) magnified
three-dimensional image of a water droplet indicated by the box in
(b); (d) profile analysis of the scan along the dashed line indicated in
(b).

(uncompensated Young force) are balanced by viscous forces
(forces per unit length of the three-phase contact line) [41, 42].
In this case, i.e. for nonslipping films, the energy is dissipated
in a small volume located at the contact line [8] and the
dewetting velocity remains constant [42].

The thickness of the water layer initially formed in the
middle part of the sample area can be determined from
the initial volume of the water droplets. For example, in
figure 6(a), 81 droplets are located on an area of 10 × 10 μm2.
The corresponding thickness of the water layer amounts to
about 3 nm. Deduced from the concentration of water in
solution (0.015 vol%), an on average 11 nm thick water layer
was expected. This difference can be explained firstly by
the evaporation of water during the time span between the
initial deposition of the solution and the AFM measurements.
Secondly, the thickness of the water layer at the edge of the
sample area was larger than in the central part. A water layer
located on an NC-coated substrate is unstable and starts to
dewet by forming holes, because the spreading coefficient S01

is negative, S01 = γ1 − γ0 − γ01 = −89 mN m−1 [20]. Here,
γ1 = 38 mN m−1 designates the surface tension of NC (at the
boundary to air); γ01 = 55 mN m−1 is the interfacial tension

(a)
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1 μm
1 μm
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9 
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(d)

particlesparticles
HDA

0
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Figure 7. (a) Tapping-mode AFM height image of a water droplet
located on an NC/TEM grid measured after drying the samples for 7
weeks. (b) Corresponding TEM image of the same droplet shown in
(a). (c) Three-dimensional image of a droplet shown in (a). The
indicated dashed ring illustrates the location of a nanoparticle ring
shown in (b). (d) Profile analysis of the scan along the dashed line
indicated in (a).

between water and NC. The latter was calculated following
Israelachvili [15] as γ01 = γ0 + γ1 − 2(γ0dγ1)

0.5, where
γ0d = 20 mN m−1 is only the dispersion force contribution
to the surface tension of water. The value of S01 estimated
above for pure water on the NC film should only be considered
rather as a qualitative indicator. When this thin water layer
is covered with HDA, the reduction of γ0 and γ01 have to
be taken into account. We found that the experimental time
dependence of the dewetted distance of the water layer can be
described as dw(t) ∼ tαw with αw ≈ 0.7. Such dependence
reflects the dewetting of a slipping film, where the capillary
energy is dissipated over the entire moving part of the film and
being proportional to the width of the rim collecting the liquid
originating from the dewetted region [41, 43–46].

The experimentally determined volume of the HDA
deposit, which is expected to be adsorbed on the surface of
the water layer after hexane evaporation, can be translated into
a continuous film of about 0.8 nm thickness. Deduced from
the concentration of HDA in solution (0.001 vol%), a layer of
about 0.8 nm thick was expected on average, which is thus in
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Figure 8. (a) TEM image of CoPt3 ring composed of several arrays containing mainly one chain. (b) Magnified image of an area indicated by
the square box in (a). (c) TEM image of CoPt3 ring composed of several arrays containing mainly two chains. (d) Magnified image of an area
indicated by the square box in (c). (e) TEM image of CoPt3 ring composed of several arrays containing mainly three chains. (f) Magnified
image of an area indicated by the square box in (e).

good agreement with the value estimated experimentally. The
HDA molecules can adsorb on the water surface either as a
monolayer with a discrete thickness of 1.4 nm (length of HDA
molecule) or as micelles with thickness of 2.8 nm (2 ML) [47].
Accordingly, we conclude that only about 57% of the water
surface can be covered with a 1.4 nm thick HDA layer. If HDA
forms micelles on the water layer, the covered area will even
be smaller. The nanoparticles (figure 7(b)) can only cover less
than 1% of the planar water surface. This situation changes
significantly when the planar water layer deforms to the water
droplets. In this case, HDA has to cover the surface of the
water droplet with a continuous film of about 5 nm thickness.
During evaporation of water from the droplet, its surface area
decreases and, finally, HDA yields a droplet-like deposit whose
thickness amounts to about 10 nm (see figure 7(d)).

3.4. Scenario for the nanoparticle array formation

Taking into account the results described above, figure 9
sketches a schematic scenario of the mechanism we propose
as being responsible for the formation of the close-packed
arrays of nanoparticles. Figure 9(a) schematically shows
the dewetting of a hexane layer on top of the water layer.
During dewetting and evaporation of hexane, most of the
nanoparticles and HDA contained in the solution adsorb on the
water surface. As the diameter of the CoPt3 particles coated
with the HDA monolayer (stabilizer) amounts to 8.8 nm,
and thus is larger than the thickness of the water layer (or
comparable), the nanoparticles could contact the NC/substrate.
During the growth of dewetting holes in the water layer, the
removed water accumulates at the edge of the holes and builds
the rims (figure 9(b)). A cross section of the rim can be
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Figure 9. Schematic illustration of the development of close-packed particle arrays via the dewetting water layer. (a) Top view of the water
layer formed on the NC-coated substrate after dewetting and evaporation of hexane. Magnified side view of an area indicated by the square
box is shown on the right. The particles are denoted as circles and the HDA clusters as plates. (b) Development of the holes appearing in the
dewetting water layer. Magnified side view of the rim forming in the dewetting water layer is shown on the right; f and r denote front and rear
sides of the rim. (c) Formation of the cellular structure containing water ribbons. Formation of a water droplet from a fragment indicated by
the square box is shown on the right. (d) Assembling of particles at the water droplet edge. The particles located at the ribbon edges are
additionally denoted with white crosses. (e) Final formation of water droplet with particles assembled at its edge.

approximated as a portion of a circle. Because the front
side of the rim is moving, the particles close to the contact
line have to follow its retraction and, consequently, assemble
into the close-packed arrays along that line. When the holes
become large enough so that their rims coalesce (figure 9(c)),
this results in the formation of ribbons which assemble into
the cellular (polygonal) structure. These ribbons are unstable
(Rayleigh instability) and decompose into droplets. According
to experimental results, most of the particles which were
collected from the dewetted area assemble at the contact lines
of the water droplets (figure 9(d)). Finally, the force governing
the arrangement of particles into ordered assemblies is the
capillary attraction, since the thickness of the water layer at
the droplet edge is comparable to the particle diameter [48]
(figure 9(e)).

In summary, it has been demonstrated experimentally that,
during evaporation from a thin film of a hexane solution also
containing CoPt3 particles, HDA, and water, the following
processes occur. The initial solution film transforms into a

double layer containing a hexane layer on top of a water layer.
The hexane layer dewets the surface of the water layer. After
dewetting and evaporation of the hexane layer, the particles
and HDA adsorb on the water layer. The water layer coated
with HDA and nanoparticles gets unstable and decomposes
into droplets. During formation of water droplets, the particles
located close to the droplet edge follow its retraction and order
along the contact line.

3.5. Nanoparticle arrays for electronic transport studies: an
outlook

The self-assembly of nanoparticles is one of the most promis-
ing basic approaches to produce low-dimensional composite
materials with novel properties. During the past few years,
electronic properties of individual particles [49] as well as
those of two- and three-dimensional arrays have been stud-
ied extensively [50–52]. Recently, electronic transport through
quasi-one-dimensional arrays of nanoparticles (containing four

10



J. Phys.: Condens. Matter 21 (2009) 264015 L V Govor et al

chains of particles; particle diameter 5.5 nm) was experimen-
tally investigated [53]. So far, no experimental studies are
available on truly one-dimensional (1D) arrays of particles
(containing only one or two chains). Thus, the arrays presented
here (see figure 8) represent quite promising objects for such
studies.

The ordering of nanoparticles to regular 1D structures
was reported in several papers. Wyrwa et al [54] described
the 1D arrangements of metal nanoparticles formed by self-
assembly processes at the phase boundary between water and
dichloromethane. Huang et al [55] showed that the 1D chains
of single-particle thickness can be readily deposited on a
substrate from a dilute Langmuir–Blodgett particle monolayer
via a stick–slip motion of the water–substrate contact line.
Suematsu et al [56] observed that nanoparticles self-assembled
into ring-shaped structures that contain two, three or more
particle chains, prepared by casting a toluene solution doped
with polystyrene and Ag nanoparticles. Khanal et al [57]
found that gold nanorods dispersed in dichloromethane can be
organized into 1D circular arrays around the circumferences of
water droplets located on the surface of the solution film.

Our work demonstrates a simple preparation procedure
which provides for a new possibility for fabricating ordered
one-dimensional structures of nanoparticles in a controllable
and cost-effective manner. The nanoparticle arrays prepared
in the present work can be used, for example, for the study of
the electronic hopping transport in an one-dimensional array of
nanoparticles.

4. Conclusion

Spin-coating suspensions or solutions represents a simple way
for depositing nanoparticles or solid aggregates onto solid
supports. It is possible to introduce various self-assembly
processes which are driven by evaporation of the solvent. In the
examples presented here, we demonstrate several possibilities
and some advantages provided by using binary solutions. In
particular, when one of the solvents evaporates faster than
the other, this represents a way of depositing nanoparticles or
aggregates onto the surface of a thin fluid layer. Compared
to deposition onto a solid substrate, these particles can float
on a fluid surface and thus move more easily due to lower
frictional resistance. Moreover, instabilities and dewetting
processes of the supporting fluid layer provide ways for
arranging these particles into (ordered) arrays. It is also
feasible to form nano-objects (small polymer aggregates or
crystals) during evaporation of one solvent if, for example, the
polymer forming these aggregates is only soluble in the faster
evaporating solvent. Probably the most important advantage
is that the whole deposition and assembly process is fast (it
may take only a few seconds). The use of binary solutions
or suspensions also offers a highly versatile approach due to
the interplay of phase separation, evaporation, dewetting and
fingering or Rayleigh instabilities. In addition, by varying
the concentration of solutes, the volume ratio of solvents, the
difference in volatility, surface and interfacial tensions or the
substrate properties these processes and instabilities can be
tuned. We hope that further research will allow us to identify

under which combination of the above parameters the self-
assembly process of solute nanoparticles and aggregates can
be optimized.
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