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We report on the formation of self-assembled rings of CoPt3 nanoparticles(ring diameter ranging from
0.6 to 1.5mm, particle diameter 6 nm) formed in an evaporating thin film. The latter was achieved on the
surface of water by spreading a binary mixture composed of two solutions: nitrocellulose dissolved in amyl
acetate and CoPt3 particles stabilized by hexadecylamine dissolved in hexane. The self-assembly process of the
nanometer-sized particles into micrometer-sized rings results from phase separation in a thin film of the mixed
solutions, leading to a bilayer, and the subsequent decomposition during solvent evaporation of the top
hexadecylamine-rich layer into droplets. Finally, the evaporation of the remaining solvent from these droplets
gives rise to a retraction of their contact line. The CoPt3 particles located at the contact line follow its motion
and self-assemble along this line.
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I. INTRODUCTION

Self-assembled nanoparticle structures have gained in-
creasing interest in the last few years, and they can be pro-
duced by using different self-assembling processes which in-
volve a variety of forces. Recently, several papers have
reported the formation of nanoparticles to ringlike structures.
Ohara and Gelbart[1] describe such patterning which self-
assembles from a solution of nanometer-sized metal particles
on a solid substrate. Rings having a diameter of 0.1–1mm
were formed during the drying process and resulted from
holes nucleating in wetting thin liquid films that contain the
particles. Kurikkaet al. [2] have observed that barium ferrite
nanoparticles can combine to the well-known structure of the
Olympic rings (intersection of rings, ring diameter
0.6–5mm). The mechanism of ring building was explained
in terms of the formation of holes in an evaporating thin film
and interparticle dipolar forces. Mailladet al. [3,4] found
that the formation of rings of nanoparticles(silver, copper,
cobalt, silver sulfide) in the micrometer range is related to
Benard-Marangoni instabilities in deposited liquid films.
Tripp et al. [5] have shown that Co nanoparticles can self-
assemble in similar rings as a consequence of the following
processes: dipole-directed self-assembly(typically 5–12 par-
ticles, ring diameter between 50 and 100 nm) and
evaporation-driven hole formation in viscous wetting layers
(ring diameter ranging from 0.5 to 10mm). Wyrwa et al.
[6] have described one-dimensional arrangements of metal
nanoparticles formed by self-assembly processes at the phase
boundary between water and dichloromethane.

In the present work, we introduce experimental evidence
of how phase separation in a thin film of a binary mixture of
solutions that includes a polymer and CoPt3 nanoparticles
with a stabilizer, giving rise to a bilayer structure and a sub-

sequent decomposition of the top layer into micrometer-sized
droplets, can lead to the self-organized formation of rings of
nanoparticles(ring diameter ranging from 0.6 to 1.5mm,
particle diameter 6 nm). As an underlying physical mecha-
nism, we propose a self-assembly process of the nanopar-
ticles at the droplet contact line as a consequence of the
shrinking of the droplet during evaporation, i.e., the particles
located at the contact line follow its motion. Our study may
extend the class of self-assembling processes which involve
a variety of forces governing the formation of ring structures
with micrometer size[1–6].

II. EXPERIMENT

For performing our experiments, we have used a blend
(B) that contains 50% of a 1% nitrocellulose solution(NC)
in amyl acetate and 50% of a solution of CoPt3 particles
stabilized with hexadecylamine(HDA) and dissolved in hex-
ane. The CoPt3 particles with a diameter of 6 nm were pre-
pared via the simultaneous reduction of Ptsacacd2 and ther-
mal decomposition of Co2sCOd8 in the presence of
1-adamantanecarboxylic acid and HDA both functioning as
stabilizing and size-regulating agents[7]. As-prepared CoPt3
particles were thoroughly washed in ethanol. Repeated
cleaning processes make the CoPt3 particles insoluble in ei-
ther nonpolar or polar solvents due to the removal of the
surfactants from the surface of the nanoparticles. Addition of
HDA s7 mg/mld to a suspension of CoPt3 particles in hexane
s17 mg/mld leads to the formation of a clear stable colloidal
solution of particles.

The thin film that provided the basis for the droplet for-
mation was prepared by spreading a binary mixture of the
solutions on a water surface in a Petri dish of 90 mm diam-
eter [8,9]. Total spreading of a drop of the blend solution B
on the water surface is obtained, due to the positive spread-
ing coefficient [10], SB/W=gW/A −gB/A −gB/W=25.3 mN/m.
Here, gW/A =72.5 mN/m, gB/A =22.8 mN/m, and gB/W
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=24.4 mN/m give the surface tension at the interfaces be-
tween water and airsW/Ad, between blend and airsB/Ad,
and between blend solution and watersB/Wd, respectively.
The interfacial tensiongB/W was derived from the difference
between the surface tension of water saturated with the poly-
mer solution and that of the polymer solution saturated with
water. The values of the surface tensions were determined
using a stalagmometer[11]. Since the volume of the spread
drop was 3ml, the total thickness of the resulting spread
fluid layer(with a diameter of 90 mm) can be estimated to be
about 600 nm. After evaporation of amyl acetate and hexane,
the dry thin film was transferred onto a glass substrate. The
topography of these solid thin films was analyzed by atomic
force microscopy(AFM, model Burleigh Vista 100) and the
arrangement of the CoPt3 particles by transmission electron
microscopy(TEM, model Zeiss EM 902).

III. EXPERIMENTAL RESULTS

The AFM investigation showed that a sea-island-like
phase-separated structure of hexadecylamine islands contain-
ing CoPt3 particles(hereafter called HDA droplets) on the
cellulose thin film could be found. The size of the HDA
droplets depends on the place along the radius of the spread-
ing area, but the thickness of the cellulose film was more or
less constant over the full spreading area. The areas with
equal HDA droplet size represented circular regions with
width 2–4 mm, located symmetrically in the spreading cen-
ter. In the center of the spreading area, we observed the
smallest HDA droplets with heighthd=5 nm and diameter
Dd=650 nm. In the circular region that was at a distance of
20 mm from the spreading center, we found the largest HDA
droplets withhd=23.5 nm andDd=1500 nm. All other cir-
cular regions withhd in the range from 5 to 23.5 nm(cor-
respondingDd in the range from 0.65 to 1.5mm) were lo-
cated between these circular regions. In Fig. 1(a), we present
an AFM image(ac mode, topography) of a typical structure

of the HDA droplets with the average droplet heighthd
=5.0 nm and the corresponding average diameterDd
=650 nm. The average values of both droplet height and di-
ameter were determined from all sizes of the droplets shown
in Fig. 1(a). Figure 1(b) demonstrates that some of the drop-
lets have an M-shaped height profile.

For determination of the penetration depth of the droplets
into the cellulose film, the HDA droplets were removed by
immersing the specimen in hexane acting as selective solvent
for HDA for a period of 5 min. Figure 1(c) shows a typical
AFM picture of the remaining cellulose layer. We have mea-
sured that the thickness of the underlying cellulose film was
more or less constant at about 3–4 nm. Figure 1(d) clearly
illustrates that the depth of the voids that remain in the cel-
lulose film after removal of the HDA droplets was about
1.0 nm only, indicating that the thickness of the cellulose
film under the voids amounts to at least 2– 3 nm. Conse-
quently, the HDA droplets have no contact with the substrate
surface, i.e., the substrate is completely covered by the cel-
lulose film. Figure 1(d) quantifies the height of a rim that
surrounds the HDA droplet to about 5 nm.

The TEM analysis of the droplet structure demonstrates
that the CoPt3 particles evidently self-assemble into a ring
pattern located at the perimeter of the HDA droplets. Figures
2(a) and 2(b) display a prototypical particle ring with a di-
ameterDd<930 nm. We recognize a two-dimensional(2D)
ring structure. Figure 2(c) shows a particle ring with a diam-
eter of 860 nm and a configuration which we call one dimen-
sional (1D). In both cases, the distance between the indi-
vidual particles within the ring is roughly constant.
Moreover, three-dimensional(3D) particle clusters occur. We
show in the spreading area only a few regions where the
droplets are situated near the segments of the solid HDA
film, greatly extending the droplet size. Figure 2(d) exhibits a

FIG. 1. (a) AFM image of HDA droplets on a cellulose film with
average diameterDd=5.0 nm and average heighthd=5.0 nm. (b)
AFM profile of the scan line indicated in(a). (c) AFM image of the
cellulose layer after removal of the HDA droplets.(d) Profile of the
scan line indicated in(c).

FIG. 2. TEM images of a CoPt3 particle ring formed at the
edges of HDA droplets.(a) 2D assemblage; scale bar 116 nm.(b)
Magnification of the area indicated by the bright box in(a); scale
bar 15 nm.(c) 1D assemblage; scale bar 98 nm. The detailed struc-
ture is magnified in the inset; scale bar 20 nm.(d) Segment of the
HDA film with CoPt3 particles assembling at its edge; scale bar
270 nm(70 nm in the inset).
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typical example of such a segment edge where the CoPt3
particles assemble at the contact line. It is interesting to note
that Fig. 2(d) also displays an unfinished process of droplet
formation. The HDA film segments were usually consider-
ably thicker than the height of the droplets. We emphasize
that the samples shown in Figs. 2(a)–2(d) were imaged be-
fore and after removal of HDA from the samples. It turns out
that both the number and position of the individual CoPt3
particles did not change, which indicates that all particles are
situated at the interface between the HDA and cellulose lay-
ers and turn out to be somewhat embedded in the cellulose
layer. In other words, the CoPt3 particles in the interior of the
dry HDA droplet are located only on the interface with the
cellulose layer, but not in the rest of the droplet volume. If
the particles were not partially embedded in the cellulose
layer, they would have been washed off during HDA re-
moval.

IV. DISCUSSION

A. Formation of HDA droplets via phase separation

Figure 3 sketches a pictorial scenario of the mechanism
we propose to be responsible for the ring formation. Accord-
ing to the experimental results shown in Fig. 1(c), we assume
that the initial thin layer of mixed solutions on the water
surface transforms into a bilayer structure which consists of a
hexane-hexadecylamine-rich(HDA-rich) phase at the
solution-air interface with thicknessø300 nm and an amyl
acetate–cellulose–rich(NC-rich) phase at the solution-water
interface with thicknessø300 nm[see Fig. 3(a)]. Assuming
complete phase separation, the thickness of both layers may
be determined from the spread drop volume, the covered
area, and the volume ratio of the two phases in the initial
blend solution. Note that at the beginning of evaporation the
HDA-rich phase contains 99.4% hexane and only 0.6%
hexadecylamine; the corresponding NC-rich phase contains
99% amyl acetate and only 1% cellulose. The number of
CoPt3 particles in each layer was about 631012. One reason
for the formation of the bilayer is that the HDA-rich phase
with its lower surface free energy(18.4 mN/m for the HDA-
rich component and 24.6 mN/m for the NC-rich component)
wets the surface region, in order to minimize the free energy
at the interface between air and solution[12–15]. The role of
the CoPt3 particles in the formation of the HDA droplet pat-
tern was analyzed with a blend that contains 50% of a 1%
NC solution in amyl acetate and 50% of a 1% HDA solution
in hexane without the nanoparticles. We found that a not
exactly identical, but a similar, HDA droplet pattern occurs.
This means that in the HDA droplet formation the CoPt3
particles do not play a crucial role, and in the following
discussion we will not consider either the attraction between
nanoparticles in the solution or that between the nanopar-
ticles and the HDA solution.

Wetting of the HDA-rich layer on the NC-rich one takes
place if the condition for the spreading coefficientSHDA/NC
=gNC/A−gHDA/A −gHDA/NC.0 is satisfied. Here,gHDA/A and
gNC/A designate the surface tension of the HDA-rich phase
and that of the NC-rich phase at the boundary between the
corresponding phase and air, respectively;gHDA/NC is the sur-

face tension at the interface between the HDA-rich and the
NC-rich phases. For a careful analysis of the evaporation
process of the bilayer structure, we recorded the values of the
surface tension of both HDA and NC layers in the solid state
(in the following, referred to as HDAs and NCs, respec-
tively). They were obtained from a so-called Zisman plot
[16], where we measured the contact angleuc of the droplets
(volume 1–3ml) of water, glycerol, formamide, pyridine,
cyclohexanone, decalin, andn-decane on the surface of thin
HDAs and NCs films located on a glass substrate(Fig. 4). In
choosing the fluids, we pursue two demands: first, a possibly
large interval of surface tension for the Zisman plot and,
second, the liquids must not dissolve HDAs or NCs layers.
The extrapolation of the approximation lines(line 1 for the
NCs film and line 2 for the HDAs film) to cosuc=1 gives the
critical surface tension of the film to be investigated. The
term “critical” is used because any liquids taken on the Zis-
man plot in Fig. 4 whose surface tension enlarges the “criti-
cal surface tension” define a finite contact angle with the film
investigated. The resulting values of the surface tension of
both HDAs and NCs layers in the solid state amount to

FIG. 3. Schematic illustration of the development of the phase-
separated structure and the corresponding CoPt3 particle rings.(a)
Formation of phase-separated layers(bilayer structure). (b) Rupture
of the HDA-rich layer into droplets.(c) Formation of the particle
ring in a separated HDA-rich droplet. The contact line moves from
point s to pointp before it is pinned.Jf indicates the radial outward
solvent flow. (d) Forces which act on the CoPt3 particle in the
interior of the HDA droplet. The media 1, 2, 3, and 4 are NC-rich
layer, HDA-rich layer, CoPt3 particle, and air, respectively.(e)
Forces which act on the CoPt3 particle located at the contact line of
the HDA droplet.f th is the thickening force per particle.(f) Assem-
bling of the particles at the contact line during its motion[top view
of the sketch shown in(c)].

SELF-ASSEMBLED NANOPARTICLE DEPOSITS FORMED… PHYSICAL REVIEW E 69, 061609(2004)

061609-3



gHDAs/A=25.8±0.9 mN/m andgNCs/A=28.6±1.2 mN/m, re-
spectively.

We observegHDAs/A,gNCs/A in the solid state. However,
we do not know when in the course of evaporation the above
relation is valid and if this inequality is applicable during the
entire process. Thus, in the following, we briefly discuss the
alteration of both parametersgHDA/A and gNC/A during
evaporation. A more detailed analysis will be undertaken in a
subsequent publication. First, we determined experimentally
the evaporation rate of 24 ml hexane by monitoring the mass
losses versus time under similar geometric and temperature
conditions as for the self-assembly experiment, and we found
3.30±0.06 mg/s. The analogous experimentally estimated
evaporation rate of 24 ml of amyl acetate was
0.16±0.01 mg/s. Second, we determined experimentally the
evaporation rate of the respective solvents in a two-phase
solvent that contained 24 ml hexane and 24 ml amyl acetate.
In the latter case, the evaporation process is divided into two
distinct regimes; first, the evaporation of hexane at
2.45±0.11 mg/s and, second, that of amyl acetate at
0.13±0.01 mg/s. On the one hand, we found that the evapo-
ration rate of hexane in a two-phase solvent is 26% lower
than that of pure hexane. The corresponding decrease of the
evaporation rate of amyl acetate amounts to 19%. On the
other hand, we observed that the evaporation rate of hexane
(pure or in a two-phase solvent) is about 20 times larger than
that of amyl acetate. We assume the existence of this relation
between the evaporation rates of hexane and amyl acetate in
our self-assembly experiment. From the data for the evapo-
ration rate in the two-phase solvent, we have determined the
time t0 necessary to evaporate 1.0 mg hexanest0=0.4 sd and
1.3 mg amyl acetatest0=10 sd in our self-assembly experi-
ment. With the mass loss of each solvent during the evapo-
ration time t for 0, t, t0 described asms=ms0s1−t / t0d,
where ms0 denotes the mass at the starting point of the
evaporation process, we calculate the time dependent surface
tensiong of the binary HDA solution that contains hexane
sgs/Ad and hexadecylaminesgHDAs/Ad as [10]

g = gs/ANs + gHDAs/ANHDAs − bNsNHDAs, s1d

whereb is a semiempirical constant. Here,Ns=s1−t / t0d / s1
− t / t0+ad andNHDAs=a / s1−t / t0+ad are the fractions of the
corresponding component in the binary solution, wherea

=mHDAs/ms0, and mHDAs is the mass of hexadecylamine in
the top layer. Accordingly, Eq.(1) can be used for the NC-
rich phase that contains amyl acetate and cellulose. Figure
5(a) displays the results calculated for both values of the
surface tension versus the evaporation time. Line 1 charac-
terizes the evaporation process of the HDA-rich layer with
gs/A =18.4 mN/m (hexane), gHDAs/A=25.8 mN/m, ms0
=1.0 mg,mHDAs=4.2310−3 mg, andb=1. Line 2 describes
the evaporation of the NC-rich phase withgs/A
=24.6 mN/m (amyl acetate), gNCs/A=28.6 mN/m, ms0
=1.3 mg,mNCs=7.5310−3 mg, andb=1. The corresponding
spreading coefficientSHDA/NC and the change ofgHDA/NC ver-
sus evaporation time are depicted by the lines 3 and 4 in Fig.
5(b). In Fig. 5(c), they are presented versus the surface ten-
sion of the HDA-rich layer. Obviously,SHDA/NC is positive
until gHDA/A =gNC/A and before dewetting of the HDA-rich
layer on the surface of the NC-rich layer starts. Line 4 shows
the interfacial tension at the interface between the two phases
which was calculated via gHDA/NC=gHDA/A +gNC/A
−2sgHDA/AgNC/Ad0.5 [17].

The characteristic equilibrium thicknessde of the wetting
HDA-rich layer on the NC-rich layer results from a compe-

FIG. 4. Zisman plot of the NCs(fit line 1) and the HDAs films
(fit line 2) measured with the liquids described in the text. The
intersection of the extrapolated best-fit line with cosuc=1 gives a
critical surface tension of the corresponding film.

FIG. 5. (a) Calculated surface tension versus evaporation time
for the HDA-rich layer(line 1) and the NC-rich layer(line 2). (b)
and (c) calculated the spreading coefficientSHDA/NC (line 3) and
that of the interfacial tension between two phases,gHDA/NC, (line 4)
as a function of time and as a function of the surface tension of the
HDA-rich layer, respectively.
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tition between attractive long-range forces(as measured by
gHDA/A with the tendency to make the film thicker) and short-
range forces(as characterized bySHDA/NC with the tendency
to thin the film) and is determined according to[18–20]

de = as3gHDA/A/2SHDA/NCd1/2, s2d

wherea2= uAu /6pgHDA/A is a molecular length, derived from
the ratio of the effective Hamaker constantA=A12−A22 and
the surface tension of the HDA-rich layer. Here, we have
denoted the NC-rich layer as body 1 and the HDA-rich layer
as body 2. The Hamaker constantA12=sA11A22d1/2 [21,22]
describes the dispersive interaction between NC-rich and
HDA-rich layers, whereA11 and A22 are the individual Ha-
maker constants[23] of the NC-rich and HDA-rich layers,
respectively. Based on these considerations, we conclude that
the HDA-rich layer cannot become thinner thande. If there is
not enough material to cover the whole substrate with a film
of thickness de, islands or droplets called “pancakes”
[18–20] will be formed, all having a thickness ofde.

As in the course of our experiment, increasingly more
solvent evaporates from the film, the surface tensiongHDA/A
of the upper layer rises, while the corresponding spreading
coefficientSHDA/NC becomes smaller, Fig. 5(c). We recognize
from Figs. 5(b) and 5(c) that the equilibrium thicknessde
[Eq. (2)] varies strongly with the evaporation time according
to the transient of the spreading coefficientSHDA/NC, which is
caused by the variation ofgHDA/A from 18.4 to 24.6 mN/m.
This alteration leads to a decrease ofSHDA/NC by more than
two orders of magnitude. For example, withgHDA/A
<24 mN/m and the correspondingSHDA/NC<0.25 mN/m,
and further usinga=0.3 nm[19], we obtain an equilibrium
thickness of the wetting HDA-rich layer on the NC-rich layer
of aboutde<4 nm. Here, we have assumeda to be a con-
stant. Indeed, the molecular lengtha2=fusA11A22d1/2

−A22ug /6pgHDA/A will change on altering the Hamaker con-
stant A22 and gHDA/A during the evaporation time 0, t
ø0.4 s(the change ofA11 in this time interval is very small).
The change inA22 is proportional to that ofgHDA/A, which
changes by a factor of about 1.4. In this case, the change of
a will be very small and cannot influence essentially our
evaluation ofde. Based on these considerations, we expect
that the equilibrium thicknessde of the HDA-rich layer when
it decomposes into droplets(or “pancakes”) was in the range
of the diameter of a CoPt3 particle. In this case, the particles
were located near the interface between the HDA-rich and
the NC-rich layers. This assumption is in good agreement
with our experimental result, which indicates that all nano-
particles shown in Fig. 2 were located on the cellulose lay-
ers. This argument follows from the result that both number
and position of the individual CoPt3 particles were un-
changed by the removal of HDA droplets from the samples
(see Sec. III).

The decay of the HDA-rich layer into droplets starts at a
layer thicknessd,de and becomes significantly fast for a
layer thickness about 10–15 %[1] thinner thande. Below
this value, the HDA-rich layer gets unstable and formation
and growth of dry patches occurs, in order to achieve the
equilibrium thicknessde. Consequently, under these condi-

tions, the layer decomposes into droplets[19,24] [see Fig.
3(b)]. In support of our model for the underlying mechanism
sketched in Figs. 3(a) and 3(b), we have spin-coated an HDA
film onto a glass substrate covered with a cellulose film
(thickness 2–4 nm). The concentration of the HDA solution
(in hexane) was varied in the range from 0.015 to 0.5 wt %.
We found that, for all concentrations, HDA forms dropletlike
clusters on the NC-coated substrate. The diameter and height
of these clusters depend on the HDA concentration in the
solution. For example, Fig. 6 visualizes the clusters that were
spin-coated from the 0.062% HDA solution onto a NC film.
The diameter of the clusters is about 700 nm; their height
amounts to either 3 or 6 nm. These results are in good agree-
ment with those described above for the droplet formation
illustrated in Fig. 3. We emphasize that at the end of the
dewetting process the resulting HDA pancakes still contain a
solvent, since without solvent HDA would crystallize and the
dewetting would stop before the quasiequilibrated pancakes
formed a circular shape. The HDA pancakes also contain
CoPt3 particles.

B. Formation of a nanoparticle ring at the edge
of an HDA droplet

Figure 3(c) presents our explanation of the drying of a
pancake of the HDA-rich phase that contains CoPt3 particles.
As long as the droplet contact line(interface between air,
liquid, and substrate) is not pinned, the reduction of the drop-
let volume by evaporation leads to a motion of its interface
from the dashed to the solid line, i.e., the contact line moves
from points to pointp. Those particles that are located at the
contact line follow its shrinking and assemble into a ringlike
pattern. The nature of the force governing such ordering can
be capillary attraction arising when the particle size is com-
parable to the thickness of the HDA-rich pancake during
dewetting[25–27]. These papers clearly demonstrate that in
all experiments the 2D ordering of the particles always
started when the tops of the micrometer and submicrometer
particles protruded from the liquid layer. The capillary attrac-
tion energy is proportional tor2 (r is the particle radius) and
can be much larger than the thermal energyskTd even with
particles of a diameter of about 10 nm[26]. When the con-
tact line gets pinned(point p), the droplet shape changes
from the solid to the dotted line in Fig. 3(c), and an outward

FIG. 6. (a) AFM image of HDA clusters spin coated from a
0.062% HDA solution on a cellulose film. The diameter of the
clusters is about 700 nm, their heights about 3 and 6 nm, respec-
tively. (b) Profile of the scan line indicated in(a).
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flow Jf of the solvent develops, since the solvent removed
via evaporation from the edge of the droplet must be replen-
ished by a flow from the interior[28–30]. The flow Jf can
transfer up to 100% of the solute to the contact line[30].

In the following, we address the correlation between the
number of CoPt3 particles which are assembled at the contact
line during its motion and the number of those particles
which move with the flowJf. For a single particle with a
diameter of 6 nm and covered with a 1.4 nm thick HDA
shell, the gravity force ismg=2.2310−20 N [Fig. 3(d)], and
the corresponding buoyancy force in the HDA-rich layerfb
=rVpg=2.6310−21 N. The parametersm and Vp are the
mass and volume of a particle,g denotes the gravitational
acceleration, andr=0.79 g/ml andr=0.80 g/ml are the
densities of the HDA- and the NC-rich layer, respectively.
The resulting relationmg. fb also allows that during the
formation of the HDA- and NC-rich layers the CoPt3 par-
ticles can already move downward into the water substrate.
During evaporation of the solvent, the viscosity of both lay-
ers increases. If the values of the viscosity become large
enough, in order to prevent the motion of the particles into
the water substrate, the particles will be dispersed in both
layers. For the modeling of the nanoparticle ring arrange-
ment, our starting point consists of a homogeneous lateral
distribution of the CoPt3 particles in the solution before the
droplet formation occurs. We have to admit that the number
of nanoparticles we finally detect on the cellulose layer is
lower than that expected from the concentration of the initial
solution. For example, the expected numbers of CoPt3 par-
ticles contained on the surface inside the rings(excluding the
particles at the contact line forming the ring) for the samples
shown in Figs. 2(a) and 2(c) must be about 1400 and 1200,
respectively(determined from the concentration of particles
in the initial blend solution). Experimentally, we counted
about 540 particles for the sample shown in Fig. 2(a) and
about 220 particles in the sample shown in Fig. 2(c), i.e., we
have about 39% and 18% of the expected number of par-
ticles, respectively. We assume that the missing particles
have dropped into the water substrate or the particles had a
dissimilar distribution in the spread film.

We assume that, before the contact line gets pinned and
the flow Jf sets in, the majority of the CoPt3 particles were
dispersed laterally homogeneously near or onto the cellulose
layer. The possibility of their motion from the center to the
contact line in a fluid HDA droplet via the solvent flowJf
can be qualitatively estimated by the equationf f = f fr, where
other contributions are negligible compared to the flow force
f f and the friction forcef fr [see Fig. 3(d)]. The Reynolds
coefficient for the motion of a CoPt3 particle with the radius
rs in the flow Jf is Re=rvrs/h=5.9310−3v s/m. Herer
=0.79 g/ml,h=5.9310−4 Ns/m2, andv are the density, vis-
cosity, and velocity of the flowJf, respectively;rs=r +d
=4.4 nm is the radius of the CoPt3 particle overcoated with a
HDA monolayer. For example, for the velocityv=1 m/s, the
Reynolds coefficient amounts to Re=5.9310−3, and the mo-
tion of the nanoparticle in such a flow is laminar. The force
f f,

f f = 6phrsv, s3d

describes the interaction of the solvent flowJf (including the
HDA molecules) with a nanoparticle. The counterforcef fr

=Kfz is a lateral friction force acting on the particle, whereK
is a dimensionless coefficient of order unity[1] and fz is the
attractive dispersion force along the verticalz axis between
each particle and the NC-rich layer. The interaction energy
between a small CoPt3 particle and the NC-rich layer can be
described asWsDd=−Ar /6D [17], the corresponding interac-
tion force becomesfz=]WsDd /]D=Ar /6D2, wherer =3 nm
is the radius of the CoPt3 particle,D is the distance between
the particle and the NC-rich layer, andA is the Hamaker
constant appropriate to the CoPt3 particle, interacting
through hexadecylamine with the NC-rich layer. In our case,
the thickness of the HDA layer[body 2 in Fig. 3(d)] between
the CoPt3 particle (body 3) and the NC-rich layer(body 1),
as well as between the CoPt3 particle and air(body 4), is
very small. That means that all interaction components be-
tween the surrounding materials across the CoPt3 particle
will contribute to the total interaction energy between each
particle and the NC-rich layer[31,32]. In this case, from
standard arguments, the interaction force between the CoPt3
particle 3 and the NC-rich layer 1 across the HDA layer 2
can be expressed by[17]

fz =
r

6
F A232

s2rd2 −
ÎA121A323

s2r + dd2 −
ÎA424A323

s2r + dd2 +
ÎA424A121

s2r + 2dd2G ,

s4d

where d=1.4 nm is the thickness of the HDA monolayer
adsorbed on the CoPt3 particle. The effective Hamaker con-
stantsA232, A121, A323, andA424 can be composed from the
respective Hamaker constants of each medium[21,22]

A232= A323= sÎA22 − ÎA33d2, A121= sÎA11 − ÎA22d2,

A424= sÎA44 − ÎA22d2. s5d

The individual Hamaker constantsAii can be extracted
from experimentally determined data of the surface tension
gii as [17]

Aii = 24pgiisD0d2, s6d

with a cutoff intermolecular separationD0=0.165 nm[17].
Equation(6) yieldsA22=5.3310−20 J for experimentally ob-
tained values ofgHDAs/A=25.8 mN/m taken from the Zis-
man plot. For the NC-rich layer withgNC/A=24.6 mN/m at
the moment of dewetting of the HDA-rich layer, the corre-
sponding Hamaker constant isA11=5.0310−20 J. Upon fur-
ther considering the characteristic value of the Hamaker con-
stant for most metals,A33<4310−19 J [17] andA44=0, the
effective Hamaker constantsA232<1.6310−19 J, A121<0.4
310−22 J, A424<5.3310−20 J could be determined. For the
above values attributed to the parameters in Eq.(4), the cal-
culated interaction force becomesfz<1.3310−12 N. Assum-
ing furthermoreK<0.5 [1], the friction force is quantified as
f fr <6.6310−13 N. From the equationf f = f fr, the velocityv
of the flow Jf that is necessary for the motion of the CoPt3
particle from the interior to the contact line would bev
<6.73103 mm/s, which means that only at such a high ve-
locity would the flow force be sufficiently strong to over-
come the frictional forces and drag the nanoparticles. At
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lower velocities, the nanoparticles do not move.
So far, no experimental studies or results are available on

the flow velocity in micrometer-sized droplets with a pinned
contact line on a fluid substrate. For macrosized droplets on
a solid substrate, only a few studies have been published,
including the approach for the extraction of the lateral flow
velocity [30,33]. Deeganet al. [30] measured the velocity in
the fluid by tracking the motion of polystyrene microspheres
with a diameter of 1mm inside a drying water droplet with a
radius of 2 mm, when the contact line was pinned. They
found that the velocity of the water flowJf near the contact
line was about 6mm/s. The evaporation rate in the
diffusion-limited regime was proportional to the diameter of
the evaporating droplet. This happens because the evapora-
tion rate is lowered due to the finite probability that an
evaporated molecule will return to the droplet[33]. In our
case, where the evaporating droplet has a diameter of about
1 mm, the velocity of the flowJf must be essentially smaller
than 6mm/s. In conclusion, the valuev<6.73103 mm/s,
claimed above to be necessary for the motion of a CoPt3
particle from the interior to the contact line, cannot be
reached in the HDA-rich droplets investigated here.

According to these results, it is not very plausible that the
particles found at the perimeter of the droplet have been
transferred from the interior of the droplet. Thus, we assume
that practically all the CoPt3 particles in a ring are assembled
due to the retraction of the contact line caused by evapora-
tion. This is graphically demonstrated in Figs. 3(e) and 3(f),
where the dashed line represents the initial fluid droplet, im-
mediately after the HDA-rich layer was ruptured into drop-
lets (radiusRs), and the solid line represents the dry droplet
(radius Rp). The force acting radially on the contact line,
associated with a force to thicken the HDA-rich droplet(pan-
cake), is given by[19]

Fth = 2pRSHDA/NCfsde/dd2 − 1g, s7d

where R denotes the radius of the fluid HDA-rich droplet.
This thickening forceFth drags the CoPt3 particles with the
retraction of the droplet perimeter(the three-phase contact
line), until this force is balanced by the total friction force
Ffr. The forceFfr results from the superposition of the fric-
tion forces of individual nanoparticles, located at the contact
line of a droplet with radiusR=Rp, and can be formulated
via the friction force per particle,f fr =Kfz [see Eq.(4)],

Ffr = KfzfsRs
2 − Rp

2d/rs
2. s8d

Here,f denotes the area fraction covered by particles. The
expected valuef=126310−3 was derived from the concen-
tration of particles in the initial blend solution. Experimen-
tally, from the concentration of particles in the interior of the
rings illustrated in Figs. 2(a) and 2(c), we have found that not

all particles remained at the interface between the HDA and
the cellulose layers, i.e., the experimental values off for the
rings shown in Figs. 2(a) and 2(c) amount to 48310−3 and
23310−3, respectively. The termfsRs

2−Rp
2d / rs

2 in Eq. (8)
accounts for the number of particles located between the
dashed and the solid lines in Fig. 3(f). The radiusRp can be
extracted from Eqs.(7) and (8) as

Rp =
1

2
HF2prs

2SHDA/NCfsde/dd2 − 1g
Kfzf

G2

+ 4Rs
2J1/2

−
prs

2SHDA/NCfsde/dd2 − 1g
Kfzf

. s9d

The validity of Eq.(9) can be checked with the rings shown
in Figs. 2(a) and 2(c), the numberNd=131 of which was
observed on the sample with an areaAs=18.2321.4mm2.
From these data, the valueRs=sAs/4Ndd0.5=860 nm is esti-
mated. The predominant parameters in Eq.(9) are SHDA/NC,
d, andK. With SHDA/NC=0.25 mN/m,d=0.85de [1], andK
=0.5[1], the corresponding radiusRp calculated from Eq.(9)
for the ring shown in Fig. 2(c) becomes 560 nm(experimen-
tally, 430 nm). The corresponding value ofRp of the ring
shown in Fig. 2(a), derived from Eq.(9) with SHDA/NC
=0.25 mN/m,d=0.85de, andK=0.5, is 690 nm(experimen-
tally, Rp=465 nm). Obviously, the above agreement between
the experimentally measured and theoretically calculated
values ofRp supports our model that CoPt3 particle rings
were formed by the retraction of the contact line of the HDA
droplet during evaporation.

V. CONCLUSION

We have experimentally demonstrated that self-assembly
of rings of CoPt3 nanoparticles in ultrathin polymer films
derives from phase separation of a binary solution on the
water surface. This process leads to the formation of a bi-
layer structure which consists of an HDA-rich layer at the
solution-air interface and a NC-rich layer at the solution-
water interface. The subsequent dewetting of the HDA layer
on the surface of the NC layer leads to its decomposition into
micrometer-sized droplets. The simultaneous evaporation of
the HDA droplets gives rise to a shrinking of their perimeter,
and the CoPt3 particles located at the contact line follow this
retraction. The self-assembly of CoPt3 particles along the
contact line in ordered one- or two-dimensional rings
strongly benefits from the attraction between the particles.
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