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We focus on the formation of self-assembled micrometer-sized rings of CoPt; nanoparticles due
to phase separation of a binary solution, giving rise to a bilayer structure and subsequent decompo-
sition of the top layer into droplets. Evaporation of the remaining solvent from the droplet leads to
a shrinking of its contact line. The nanoparticles located at the contact line follow its motion and

self-assemble along the line accordingly.
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1. Introduction

During drying of liquid coffee droplets on a solid
substrate, ring-like deposits remain along the perime-
ter, an observation standing for an ubiquitous phenom-
enon reported previously for macro-sized structures
[1,2]. According to Deegan et al. [2] on the ring for-
mation in an evaporating droplet, two effects become
important: contact line pinning and predominant evap-
oration at the edge of the droplet. When the contact line
is pinned, an outward flow Js of the solvent develops,
since the solvent removed via evaporation from the
edge of the droplet must be replenished by Js from the
interior, which may transfer up to 100% of the solute
to the contact line [2].

In the present work, we demonstrate that a ring of
nanoparticles at the edge of an evaporating micron-size
droplet has been formed not as a consequence of the
action of the flow J, but rather as a retraction of the
droplet contact line during evaporation: nanoparticles
located at the contact line follow its motion and self-
assemble along the latter.

2. Experimental

In our experiments, we have used a blend (B) that
contains 50% of a 1% nitrocellulose solution (NC) in
amyl acetate and 50% of a CoPt3 particle solution in
hexane (17 mg/ml) with hexadecylamine (HDA) act-
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ing as stabilizer (7 mg/ml) [3]. The thin films were pre-
pared during the wetting process of a binary mixture on
a water surface [4]. After drying, the thin films were
transferred onto glass substrates, where their topogra-
phy was analyzed by atomic force microscopy (AFM,
model Burleigh Vista 100). The arrangement of the
CoPt3 particles has been studied by transmission elec-
tron microscopy (TEM, model Zeiss EM 902).

3. Resaults

On top of the cellulose thin film, we disclosed
a droplet-like phase separated pattern of HDA. The
height of the isolated droplets, hg, varied from 5 to
23.5 nm across the entire diameter of the spread-
ing film from the center to its edge. The correspond-
ing diameter of the droplets, Dy, varied from 0.6 to
1.5 um. Figures 1a and b show an AFM image of a
structure of the HDA droplets with hq = 15 nm and
Dy = 950 nm. For determination of the spatial distri-
bution of the droplets in the cellulose film, the HDA
droplets were removed by immersing the specimen in
hexane for 5 min. The thickness of the underlying cel-
lulose film was more or less constant at about 3—4 nm.
The depth of the voids that remained in the cellu-
lose film after removal of the HDA droplets amounted
to about 1 nm. These results indicate that the HDA
droplets do not have any contact to the substrate sur-
face. The TEM analysis of the droplet patterns clearly
demonstrates that the CoPt3 particles with radius 3 nm
self-assemble into a ring located at the edge of the
HDA droplet. Figures 1c and d display particle rings

0932-0784 / 06 / 0100-0099 $ 06.00 (© 2006 Verlag der Zeitschrift fir Naturforschung, Tiibingen - http://znaturforsch.com



with average diameter Dy = 950 nm and average height
hg = 15 nm. (b) AFM profile analysis of the scan line indi-
cated in (). (c) and (d) show TEM images of CoPts particle
rings formed at the edge of HDA droplets. (c) 1D assembling;
scale bar 100 nm. (d) 2D assembling; scale bar 110 nm. The
detailed structure of the rings is magnified in the insets.

with diameter 860 nm and 930 nm. Note that Figs.
1c and d have been recorded before and after removal
of the HDA droplets from the sample, and both num-
ber and position of the individual CoPt3 particles did
not change. That means that these particles are lo-
cated on the cellulose layer and are mainly embedded
therein.

In Fig. 2, we sketch our idea for a possible mech-
anism of the ring formation. In accordance with the
experimental results, we assume that the initial thin
solution layer on the water surface transforms into a
bilayer which consists of a hexane/hexadecylamine-
rich (HDA-rich) phase with thickness < 300 nm at the
solution-air interface and an amyl acetate/cellulose-
rich (NC-rich) phase with thickness < 300 nm at the
solution-water interface (Fig. 2a). The thickness of
both layers was determined from the volume ratio of
the two phases in the initial blend solution. The num-
ber of CoPt3 particles in each layer was about 6 x 1012,
The formation of the bilayer may be attributed at least
to the fact that the HDA-rich phase with its lower sur-
face free energy (surface tension yppa,/a = 18.4 mN/m
for the HDA-rich layer and ync/a = 24.6 mN/m for
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Fig. 2. Schematic illustration of the development of the
phase-separated structure and the corresponding CoPtz par-
ticle rings. (a) Formation of phase-separated layers. (b) Rup-
ture of the HDA-rich layer into droplets. (c) Formation of
the particle ring in a separated HDA-rich droplet. The con-
tact line moves from point s to point p before it is fixed; J
indicates the radial outward solvent flow. (d) Forces which
act on the CoPt3 particle in the interior of the HDA droplet.
(e) Forces which act on the CoPt3 particle located at the con-
tact line of the HDA droplet. fy, is the thickening force per
particle. (f) Assembling of the particles at the contact line
during its motion; Rs is the droplet radius developing im-
mediately after the rupture of the HDA-rich layer; R, is the
radius of the dry HDA droplet.

the NC-rich layer) enlarges at the surface region, in
order to minimize the free energy at the interface
between air and solution [5]. The equilibrium thick-
ness de of the wetting HDA-rich layer on the NC-
rich layer results from a competition between long-
range forces (as measured by ypa/a With the ten-
dency to thicken the film) and spreading (as measured
by the wetting coefficient Sypa,nc With the tendency
for film thinning) [6, 7]. The HDA-rich layer will de-
compose into droplets when the layer thickness d is
sufficiently smaller than de (by about 10-15%) [8].
Below this critical value, the HDA-rich layer gets un-
stable against nucleation and growth of the dry patches
occurs, in order to achieve the equilibrium thickness
de, and the layer decomposes into droplets [7] (see
Fig. 2b). We assume that during the decomposition
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process the thickness dg was in order of the nanoparti-
cle diameter. It follows from the fact that all nanopar-
ticles shown in Figs. 1c and d are rather located on the
interface between the HDA droplet and the cellulose
layer, but not in the other part of the HDA droplet. If
the particles were not partially embedded in the cel-
lulose layer, they would have been washed off dur-
ing HDA removal. As far as the contact line in the
HDA-rich droplet (interface between air, liquid, and
substrate) is not fixed, a spatially uniform evaporation
occurs, and the interface moves towards the center of
the droplet (from the dashed to the solid line in Fig. 2c).
Those nanoparticles that are located at the contact line
follow its shrinking and, consequently, assemble in
a ring-like structure. When the contact line is fixed
(point p in Fig. 2¢), the interface moves from the solid
to the dotted line, and an outward flow J¢ of the solvent
develops [1, 2].

We compare the number of CoPt3 particles assem-
bled at the contact line during its motion with the num-
ber of particles which move with the flow J¢ in out-
ward direction: the motion of a CoPt3 particle in a fluid
HDA-rich droplet via the flow J; can be qualitatively
estimated by the force equation fz = f5, where other
contributions, e.g., gravity force (mg= 2.2 x 10 "2 N)
and buoyancy force (fp = 2.6 x 1072* N), are neg-
ligible compared to the flow force fr = 6xnrsv and
the friction force fg, see Figure 2d. Here, n = 5.9 x
10~* Ns/m? and v are viscosity and velocity of the
flow J, respectively; rs =r + 6 = 4.4 nm is the radius
of the CoPt3 particle overcoated with a HDA mono-
layer (with thickness 6 = 1.4 nm). The counterpart
fir = Kf; is a lateral friction force acting on the par-
ticle, where K is a dimensionless coefficient of the or-
der unity [8] and f; is the dispersional attraction along
the vertical axis between particle and NC-rich layer.
The interaction energy between a small CoPt3 parti-
cle and the NC-rich layer can be described as W(D) =
—Ar /6D [9], and the corresponding interaction force
reads f, = 0W(D)/dD = Ar/6D?, where D gives the
distance between the particle and the NC-rich layer,
and A denotes the Hamaker constant [10]. Here, the
thickness of the HDA layer (2) in Fig. 2d between the
CoPt3 particle (3) and the NC-rich layer (1), and that
between the CoPt; particle and air (4) is very small,
and accordingly, all interaction components between
the surrounding materials across the CoPt3 particle will
contribute to its total interaction energy [11]. From
standard arguments, the interaction force between the
CoPt3 particle and the NC-rich layer across the HDA

layer can be approximated by [9]
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The effective Hamaker constants Asp, Aq21, Agpz, and
Agp4 can be composed by the respective Hamaker
constants of each medium [12], Az = Agxz =
(VA2 — VAs)®, A1 = (VAL —vVA2)" Aws =
(\/AT—\/A_ZZ)Z. The individual Hamaker constants
Aj; are to be extracted from the surface tension v;; as
Ai = 247ry.i(D0)2 with a cutoff intermolecular sepa-
ration Do = 0.165 nm [9]. The latter equation yields
Ay = 5.3 x 10720 J for the experimentally obtained
value %pa/a = 25.8 mN/m, taken from the Zisman
plot measured on the solid HDA film [13]. For the
NC-rich layer with ¥c/a = 24.6 mN/m at the mo-
ment of the dewetting HDA-rich layer, the correspond-
ing Hamaker constant amounts to A1 = 5.0 x 1020 J,
Considering the characteristic Hamaker constant for
most metals [9] (and accordingly for CoPt3, as well),
Agz ~ 4 x 1071 J and Ass = 0, the effective Hamaker
constants Agzy ~ 1.6 x 10719 J, Ap1 ~ 0.4 x 10722 ),
Asos ~ 5.3 x 10720 J could be determined. For the
above values attributed to the parametersin (1), the cal-
culated interaction force becomes f, ~ 1.3 x 10712 N.
Assuming K = 0.5 [8], the friction force is quantified
to fi ~ 6.6 x 1012 N. From the balance f; = f¢, the
velocity v of the flow J; necessary to move the CoPt3
particle from the interior to the contact line would get
VA 6.7 x 10% um/s.

So far, no experimental results on the flow veloc-
ity in droplets of micron-sized diameters are available.
For macro-sized droplets on solid substrate, Deegan
et al. [2] have measured the velocity of polysterene
spheres with diameter 1 um in a drying water droplet
with a radius of 2 mm, after the contact line has been
pinned, to about 6 um/s. The evaporation rate of wa-
ter in the diffusion-limited regime was proportional to
the diameter of the droplet, as a consequence of the
finite probability for evaporating molecules to return
to the liquid state [14]. In our case, the velocity of
the flow J; in micron-sized HDA-rich droplets must
be substantially smaller than 6 um/s, and the value
VA 6.7 x 10% um/s cannot be established.

According to these results, we assume that practi-
cally all CoPt3 particles in a ring are assembled due to
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the retraction of the contact line caused by evaporation.
The force acting radially on the contact line and aiming
at thickening the HDA-rich droplet is given by [7]

Fin = 2mRSypa/nc((de/d)? — 1), )

where R denotes the radius of the fluid HDA-rich
droplet. The force Fy, drags the CoPts particles with
the retraction of the droplet contact line until it is bal-
anced by the total friction force Fy, see Figs. 2e and f.
The force F¢; results from the superposition of the fric-
tion forces of individual particles, located at the con-
tact line of a droplet with radius R= R, and can be
formulated via the friction force per particle, fs = Kf;

[see (D)]:
Fr = K20 (R — RS /rd, @3)

where ¢ means the area fraction covered by particles.
The expected value ¢ = 126 x 102 was derived from
the concentration of particles in the initial blend solu-
tion. Experimentally, from the particle concentration in
the interior of the rings illustrated in Figs. 1c and d, we
have found that ¢ amounts to 23 x 10 2 and 48 x 103,
respectively. The radius Ry has to be extracted from (2)
and (3) as

1/2
2 de/d)? — ’
Rp:% ZﬂFS&DA/ECfSP /A1) +4R§
~ réSipanc((de/d)’ — 1) ' (4)

K f,0

The validity of (4) can be checked with the rings
shown in Figs. 1c and d, the number Ny = 131 of
which was observed on the sample with an area
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As = 18.2 x 21.4 um?. From these data, the value
Rs = (As/4Ng)%® = 860 nm is estimated. The pre-
dominant parameters in (4) are Sypa/nc, d, and K.
With S—|DA/NC = 0.25 mN/m, d = 085de [8], and
K = 0.5 [8], the corresponding radius Rp calculated
from (4) for the ring shown in Fig. 1c becomes 560 nm.
The experimentally measured R, = 430 nm may be re-
produced via (4) by introducing d = 0.85d¢, K = 0.5,
and Sipa/nc = 0.42 mN/m instead of 0.25 mN/m.
That means, a small variation of Sypa/nc can lead to
large changes of R, in (4). The corresponding value
of R, of the ring shown in Fig. 1d, derived from (4)
with Sipa/nc = 0.42 mMN/m, d = 0.85de, and K = 0.5,
is 600 nm (experimentally, R, = 465 nm). Obviously,
the above agreement between the experimentally mea-
sured and theoretically calculated values of R, sup-
ports our model that CoPt3 particle rings were formed
by the retraction of the contact line of the HDA droplet
during evaporation.

4, Conclusions

In summary, we have experimentally demonstrated
that phase separation in a binary solution leads to the
formation of a bilayer structure. The solvent evapo-
ration from the bilayer leads to the decomposition of
the top HDA-rich layer into micron-sized droplets. The
subsequent evaporation of such droplets gives rise to a
shrinking of their contact line. The CoPt3 particles lo-
cated at the contact line follow its motion, and assem-
ble along that.
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