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We consider an instability phenomenon in a bilayer structure resulting from phase separation in a thin film
of mixed solutions located on a water surface. The top layer consists of a hexane/hexadecylamine solution with
thicknessd2, the lower one of an amyl acetate/cellulose solution with thicknessd1. During evaporation of the
solvents from both layers, their thickness, surface tension, and viscosity change continuously with time. The
thicknessd2 decreases significantly faster than the thicknessd1, because the evaporation rate of hexane is much
larger than that of amyl acetate. Eventually, the top layer decomposes into droplets when its thicknessd2 was
only a few nm, while the thicknessd1 was still some 100 nm. In addition to the experiments, we present
calculations based on energetic arguments which are in good agreement with experimentally determined
geometrical parameters of the droplet pattern, such as droplet diameter, droplet height, interdroplet distance,
and number of droplets per unit area.
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I. INTRODUCTION

For the fabrication of structures and devices with sizes
below 30 nm, conventional electron-beam lithography be-
comes exceedingly difficult. Therefore, nanoparticles and
mesoscopic arrangements formed with nanoparticles have
gained increasing interest. The ordering of nanoparticles into
micrometer-size structures that retain the unique nanoparticle
properties can be used for the development of new functional
materials and for the fabrication of a wide variety of nanode-
vicesf1g. In this case, none of the traditional methods can be
used to manufacture the ordered structure. Self-assembly of
nanoparticles in a ringlike structure which occurred during
the formation of a thin film of the polymer solution contain-
ing the particles was reported by various authorsf2–6g. Re-
cently, we have presented experimental evidence for the for-
mation of self-assembled rings of CoPt3 nanoparticlessring
diameter ranging from 0.6 to 1.5mm, particle diameter
6 nmd developed in an evaporating thin filmf7,8g. The latter
was formed on a water surface by spreading a binary mixture
composed of two solutions, namely nitrocellulose dissolved
in amyl acetate and CoPt3 particles stabilized by hexadecy-
lamine dissolved in hexane. We found that phase separation
in a thin spread film of the mixed solutions leads to a bilayer,
and the subsequent solvent evaporation out of the top hexa-
decylamine solution layer favors its decomposition into
droplets. Finally, 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 mo-
tion and self-assemble along this line.

In the present work, we analyze such an instability phe-
nomenon in the thin bilayer structure of two different liquids
on the water surface. The top layer consists of a hexane/
hexadecylamine solutionsHDA solutiond with thicknessd2,
the lower one of an amyl acetate/nitrocellulose solutionsNC

solutiond with thicknessd1. During evaporation of the sol-
vents out of both layers, their parameters such as thickness
d2 and d1, surface tension, and viscosity change with time.
The evaporation rate of hexane in the top HDA solution layer
is significantly larger than that of amyl acetate in the NC
solution layer. As a result, the thickness of the top layer just
at the moment before it decomposes into droplets was only a
few nm while the thickness of the bottom layer was still
some 100 nm. In the following, we inspect the development
of the instability in the ultrathin top HDA solution layer pro-
viding its rupture into micrometer-sized droplets in detail.

II. EXPERIMENT

We have used a blendsBd that contains 50% of a 1%
nitrocellulose solution in amyl acetate and 50% of a solution
of CoPt3 particlesswith a diameter of 6 nmd stabilized with
HDA and dissolved in hexanef9g. The concentration of
CoPt3 particles in solution amounts to 17 mg/mL. Addition
of HDA s7 mg/mLd to the suspension of the CoPt3 particles
in hexane leads to the formation of a clear stable colloidal
solution of particles.

Spreading a 3mL drop of the binary mixture of the solu-
tions on the water surface in a Petri dish of 90 mm diameter
ssee in Fig. 1d was used for preparation of the thin film,
which provided the basis for the droplet formationf10g. Total
spreading of a drop of the blend solutionB on the water
surface is obtained due to the positive spreading coefficient
f11g SB/W=gW−gB−gB/W=25.3 mN/m. Here, gW
=72.5 mN/m,gB=22.8 mN/m, andgB/W=24.4 mN/m give
the surface tension at the interfaces between water and air
sWd, between blend and airsBd, 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 polymer solution and that of the
polymer solution saturated with water. The values of the sur-
face tension were determined using a stalagmometerf12g.
After evaporation of hexane and amyl acetate, the dry thin*Email address: leonid.govor@uni-oldenburg.de
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film was transferred onto a glass substrate. The topography
of these solid thin films was analyzed by atomic force mi-
croscopysAFM, model Burleigh Vista 100d, and the arrange-
ment of the CoPt3 particles by transmission electron micros-
copy sTEM, model Zeiss EM 902d.

III. EXPERIMENTAL RESULTS

We have found that a phase-separated structure of hexa-
decylamine islands containing CoPt3 particles shereafter
called HDA dropletsd was formed on a thin cellulose film.
The size of the HDA droplets depends on the distance from
the spreading center along the radiusR of the spreading area.
Within regions with a width of about 2–4 mm, located sym-
metrically around the spreading center, the size of the HDA
droplets was approximately constant. ForR=0, we observed
the smallest HDA droplets with a heighthd=5 nm and diam-
eter Dd=0.65mm. For R<20 mm, we found the largest
HDA droplets with hd=23.5 nm andDd=1.5 mm. For all
other values ofR, hd was in the range from 5 to 23.5 nm
scorresponding toDd in the range from 0.65 to 1.5mmd. In
Figs. 2sad and 2sbd, we present AFM imagessAC mode,
topographyd of a typical structure of the HDA droplets with
the average droplet heighthd=14.9 nm and the correspond-
ing average diameterDd=0.95mm. The average values of
both droplet height and diameter have been estimated from
the sizes of all droplets shown in Fig. 2sbd. Figure 2scd dem-
onstrates that the height difference of the neighboring drop-
lets can amount to up to 6 nm.

In order to end up with a better understanding of the for-
mation mechanism of the droplet structure, we have deter-
mined the penetration depth of the droplets into the cellulose
film. For this purpose, the HDA droplets were removed by
immersing the sample for a period of 5 min in hexane, which

is a selective solvent for HDA. Figures 2sdd and 2sed show
typical AFM pictures of the remaining cellulose layer. We
have found that the thickness of the underlying cellulose film
was approximately constant, in the range of about 3–4 nm.
Figure 2sfd clearly illustrates that the depth of depression,
which remains in the cellulose film after removal of the
HDA droplets, is only about 1 nm, and the height of a rim
that surrounds the HDA droplet is about 5 nm. The latter
indicates that the thickness of the cellulose film under de-
pression amounts to at least 2–3 nm. Consequently, the
HDA droplets have no contact with the substrate surface, i.e.,
the substrate is completely covered by the cellulose film.

Our TEM investigations of the droplet structure demon-
strate that the CoPt3 particles self-assemble into a ring pat-
tern located at the perimeter of the HDA droplet. Figure 3sad
displays a TEM image of the droplet structure; Fig. 3sbd
displays the single nanoparticle ring at the edge of a droplet
with a diameter of 0.86mm and an arrangement of the nano-
particles which we call one-dimensionalssee insetd. Within
the spreading area, we can also observe regions where the
droplets are still in contact with an unperturbed solid HDA
film, which by far surmount the droplet size. Figure 3scd
exhibits a typical example of such a region where the CoPt3
particles assemble at its edge. Figure 3sdd displays an area of
an unfinished process of droplet formation.

Figure 2sbd indicates that the droplets tend to be arranged
on curved linessone of them is indicated by a dashed lined.
We have observed that the interdroplet distance within one
line, lmd fsee Fig. 2sbdg, and the droplet heighthd both de-

FIG. 1. Schematic illustration of the preparation procedure of a
hexadecylamine droplet pattern.sad Spreading of a drop of binary
mixture on the water surface.sbd Formation of a bilayer structure:
HDA solution layer sdarkd above NC solution layersbrightd. scd
Decomposition of the top HDA solution layer into droplets. The
droplet diameter corresponds to the thickness of the HDA solution
layer.

FIG. 2. sad Three-dimensional andsbd two-dimensional AFM
images of HDA droplets on a cellulose film with average diameter
Dd=0.95mm and average heighthd=14.9 nm. The additionally
marked dashed curve insbd indicates the arrangement of the drop-
lets along this line.lmd is the interdroplet distance within one line.
scd AFM profile of the scan line indicated insbd. sdd Three-
dimensional andsed two-dimensional AFM images of the cellulose
layer after removal of the HDA droplets.sfd Profile of the scan line
indicated insed.
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pend on the droplet diameterDd. In total, a series of 13
samples, with an average droplet diameter ranging from
0.65 to 1.5mm, has been analyzed. For each sample, the val-
ues of the parameterslmd andhd of all droplets located in-
side an area of about 100mm2 were measured and the cor-
responding average values determined. The distributions of
lmd andhd were centered around the corresponding average
value with a standard deviation of 12% and 27%, respec-
tively. The distribution width of each parameter turned out to
be independent of the droplet diameterDd. The average val-
ues oflmd andhd together with the corresponding standard
deviations in the distributionsbars in figuresd as a function of
Dd are plotted in Fig. 4. We disclose the power-law depen-
denceslmd~Dd

m1 and hd~Dd
m2 sthe values of the exponents

m1 and m2 are indicated in Fig. 4d, i.e., the parameterslmd
andhd change with the droplet diameterDd. We like to em-
phasize that, in general, the power-law dependence ofhd on
Dd is characterized by a stepwise increase of the droplet
height with increasing diameter. Such steps can be clearly
recognized in Fig. 4sbd for Dd values in the ranges from
0.7 to 1mm and from 1.1 to 1.5mm. A much stronger and
abrupt change ofhd with increasingDd becomes visible in
the range from 0.65 to 0.7mm.

In our experiments, we can observe only the droplet struc-
ture at the end of the evaporation process of a thin binary
solution film. For the sake of understanding the droplet struc-
ture formation, it is interesting to know the relation between
geometrical parameters of the droplet structure and the thick-
nesshf of the corresponding unperturbed HDA film in solid
state, from which such droplet structure develops. In other

words, it is necessary to find the dependences between the
initial thicknesshf and parameters such as interdroplet dis-
tancelmd, droplet heighthd, droplet diameterDd, and droplet
numberNd per area unit. For this purpose, we have calcu-
lated the HDA film thicknesshf from the total volume of all
dropletsNd which are located on a 100mm2 area of each of
the samples investigated. The resulting parameters as a func-
tion of hf are plotted in Fig. 5. With the exception of the
droplet heighthd, beginning from a “characteristic” film
thicknesshf ù2.4 nm all parameters significantly depend on
hf, but for smaller values ofhf, these parameters are almost
independent ofhf. In the following, we concentrate our dis-
cussion on the dependences in the rangehf .2.4 nm. Figure
5sad illustrates that the interdroplet distancelmd undergoes a
power-law dependencelmd~hf

n1 with n1=2.03±0.21. The

FIG. 3. TEM images of the HDA droplet structure with CoPt3

particle rings formed at the edge of HDA droplets.sad HDA droplets
on the cellulose layer; scale bar 2110 nm.sbd Nanoparticle ring
with one-dimensional assembling; scale bar 110 nm. The detailed
structure is magnified in the inset; scale bar 25 nm.scd Droplets
located near the segment from which they were built; scale bar
1430 nm.sdd HDA segment with CoPt3 particles assembling at its
edge; scale bar 300 nms70 nm in the insetd.

FIG. 4. Double logarithmic plots of the average values ofsad
interdroplet distancelmd within one line, andsbd droplet heighthd

as a function of average droplet diameterDd. The bars at each data
point denote the corresponding standard deviation in the
distribution.

FIG. 5. Double logarithmic plots of the average values ofsad
interdroplet distancelmd within one line,sbd droplet heighthd, scd
droplet diameterDd, and sdd number of dropletsNd located on a
100 mm2 sample area as a function of HDA film thicknesshf. The
bars at each data point denote the corresponding standard deviation
in the distribution.
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measured power-law dependencehd~hf
n2 with n2

=1.19±0.05 in the whole range ofhf investigated means that
the droplet height increases about linearly with film thick-
nessfFig. 5sbdg. In contrast to that, the dependenceDd on hf
shows a change in behavior at the “characteristic” film thick-
ness and, in the rangehf .2.4 nm, the power-law depen-
denceDd~hf

n3 with n3=1.59±0.13 comes outfFig. 5scdg. For
the number of droplets per 100mm2 sample area, we unveil
the strong dependenceNd~hf

n4 with n4=−3.46±0.35fFig.
5sddg.

IV. DISCUSSION

According to the experimental results shown in Fig. 2, we
conclude that the initial thin layer of mixed solutions on the
water surface transforms into a bilayer structure which con-
sists of a hexane/hexadecylamine solution layer with thick-
nessd2 at the solution-air interfaceflayer 2 in Fig. 6sadg and
an amyl acetate/cellulose solution layer with thicknessd1 at
the solution-water interfaceflayer 1 in Fig. 6sadg. Assuming
complete phase separation, the thickness of both liquid layers
can be determined from the thicknesshf, the covered area,
and the concentration of HDA and NC in the initial blend
solutionB. Before evaporation, the HDA solution layer con-
tains 99.4% hexane and only 0.6% hexadecylamine; the cor-
responding NC solution layer contains 99% amyl acetate and
only 1% cellulose. The number of CoPt3 particles in each
layer was about 631012. For example, the sample with
thicknesshf =2.7 nm of the dry HDA layer could only be
formed after evaporation of the liquid HDA solution layer
with thicknessd2=381 nm. The thickness of the dry cellu-
lose layer was about 3 nm in all samples investigated, result-
ing from a liquid NC solution layer with thicknessd1
=390 nm. One reason for the formation of the bilayer is that
the HDA solution with its lower surface free energy

s18.4 mN/m for the HDA solution and 24.6 mN/m for the
NC solution, respectivelyd wets the air surface, in order to
minimize the free energy at the interface between air and
solutionf13–16g. The role of CoPt3 particles in the formation
of an HDA droplet structure was analyzed with a blend that
contains 50% of a 1% NC solution in amyl acetate and 50%
of a 1% HDA solution in hexanewithout the nanoparticles.
We observed a rather similar HDA droplet pattern. That is,
the CoPt3 particles do not play a crucial role in the develop-
ment of HDA droplets, and, in the following discussion, we
will neither consider the attraction between nanoparticles in
the solution nor that between nanoparticles and HDA solu-
tion.

The HDA solution wets the layer of the NC solutionfsee
Fig. 6sadg if the condition for the spreading coefficientS21
=g1−g2−g21.0 is fulfilled. Here,g2 and g1 designate the
surface tension of the HDA solution and that of the NC so-
lution at the boundary between the corresponding phase and
air, respectively;g21 is the surface tension at the interface
between the HDA solution and the NC solution. For a careful
analysis of the evaporation process of the bilayer structure,
we measured the values of the surface tension of both HDA
and NC layers in the dry state. They were obtained from a
so-called Zisman plotf17g, where we determined the contact
angleuc of the dropletssvolume 1–3mLd of water, glycerol,
formamide, piridine, cyclohexanone, decalin, andn-decane
on the surface of thin HDA and NC films deposited onto a
glass substrate. We could not use alkanes as they would dis-
solve our layers. The choice of the fluids for capturing the
critical surface tension was based on the following con-
straints: first, we had to cover a large interval of surface
tension values for the Zisman plot, and second, the liquids
must not dissolve HDA or NC solid layers. The resulting
values of the surface tension of both HDA and NC layers in
the dry state amount togHDA =25.8±0.9 mN/m andgNC
=28.6±1.2 mN/m, respectively.

The relationgHDA ,gNC is valid for both layers in the dry
state. However, we do not know when in the course of
evaporation the above relation becomes valid and whether
this inequality is applicable for the entire duration of the
evaporation process. Thus, in the following, we discuss the
alteration of both parametersg2 and g1 during evaporation.
First, we determined experimentally the evaporation rate of
hexanes24 mLd by monitoring the mass losses versus time
under geometrical and temperature conditions similar to
those for the experiment using the binary solutions, and we
found 3.30±0.06 mg/sfsee Fig. 7sadg. The analogous evapo-
ration rate estimated experimentally for amyl acetate
s24 mLd was 0.16±0.01 mg/s. Second, we derived the
evaporation rate of the respective solvents from a mixture
that contained 24 mL hexane and 24 mL amyl acetate. In the
latter case, the evaporation process is divided into two dis-
tinct 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 the mixture is lower by 26% 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
spure or in mixtured is about 20 times larger than that of amyl

FIG. 6. Schematic illustration of the development of the phase-
separated structure.sad Formation of phase-separated layerssbilayer
structured. The media 0, 1, 2, and 4 are water substrate, NC solu-
tion, HDA solution, and air, respectively. The designationsAii refer
to the corresponding Hamaker constants.d2 andd1 denote the thick-
ness of the HDA solution and NC solution layers, respectively.sbd
Development of the thickness fluctuations of the HDA solution
layer. The designations are explained in the text.

GOVOR et al. PHYSICAL REVIEW E 71, 051603s2005d

051603-4



acetate. This observation allows us to assume that the evapo-
ration rates of hexane and amyl acetate in our bilayer experi-
ment are almost identical to the rates observed for pure sol-
vents, despite the fact that in the bilayer experiment the top
HDA solution layer acts as a diffusion barrier for evaporation
of amyl acetate from the bottom layer. From the data of the
evaporation rate in the two-phase solvent, we have deter-
mined the time dependence of both the thicknessd2 of the
HDA solution layer and the thicknessd1 of the NC solution
layer in our experiment for each sample investigated. Figure
7sbd shows these dependences for a sample withhf

=2.7 nm, wheret2 and t1 are the time spans necessary to
completely evaporate hexane and amyl acetate from the
sample, respectivelyf18g. For each solvent, the massms

evaporated with timet, for 0, t, t0, can be described as
ms=ms0s1−t / t0d, wherems0 denotes the mass of hexane or
amyl acetate att=0, respectively. At the starting point of the
evaporation process, for hexane, we havems0=mh0 and t0
= t2 and, for amyl acetate, we havems0=ma0 and t0= t1. The
time dependence of the surface tensiong2 of the binary HDA
solution that contains hexanesghd and hexadecylamine
sgHDAd can be calculated asf11g

g2 = ghNh + gHDANHDA − bNhNHDA, s1d

where b is a semiempirical constant. Here,Nh=s1
− t / t2d / s1−t / t2+ad and NHDA =a / s1−t / t2+ad are fractions
of the corresponding component in the binary solution,
wherea=mHDA /mh0 andmHDA denotes the mass of hexade-
cylamine in the top layer. Accordingly, Eq.s1d can be used
for the NC solution layer that contains amyl acetate and cel-
lulose. Figure 8sad displays the results calculated for both
surface tensionsg2 andg1 versus evaporation time. The cor-
responding spreading coefficientS21 and surface tensiong21
versus evaporation time are demonstrated in Fig. 8sbd. Obvi-
ously,S21 is positive untilg2=g1. Only for negative values of
S21 will the HDA solution dewet the underlying NC solution
layer. The lineg21 indicates the tension at the interface be-
tween the two layers which was calculated viag21=g2+g1
−2sg2g1d0.5 f19g.

For the following discussion, it is necessary to know how
the viscosity of both layers,h2 and h1, changes during
evaporation. The qualitative behavior of these changes in
both binary solution layers can be determined via the Ein-
stein limiting lawf11g h=h0s1+2.5wd. Here,w is the ratio of
the volume of HDA to that of hexane in the top layer, and the
ratio of the volume of NC to that of amyl acetate in the lower
layer, i.e.,w2=VHDA /Vh for the HDA solution layer andw1
=VNC/Va for the NC solution layer. The change of the sol-
vent volume during evaporation can be evaluated asVs

FIG. 7. sad Time dependence of the evaporation of three sol-
vents: two-phase solvent contained amyl acetate and hexane, pure
amyl acetate, and pure hexane. The corresponding slope of the ap-
proximation linessevaporation rated is indicated in the figure.sbd
Calculated thickness of both HDA solutionsd2d and NC solution
sd1d layers as a function of evaporation time for the sample with
hf =2.7 nm. The detailed analysis of the time dependence of thick-
nessd2 is magnified in the inset. The corresponding slope for the
thicknessd2 amounts 589 nm/s and that ford1 amounts 23.5 nm/s.
t2=0.647 s is the time period necessary for complete evaporation of
hexane out of the top HDA solution layer, andt1=16.58 s is the
time period necessary for evaporation of amyl acetate out of the
lower NC solution layer.

FIG. 8. sad Calculated surface tensions versus evaporation time.
The curveg2 characterizes the evaporation process of the HDA
solution layer withgh=18.4 mN/m shexaned, gHDA =25.8 mN/m
shexadecylamined, mh0=1.58 mg, mHDA =1.35310−2 mg, and b
=1. The curveg1 describes the evaporation of the NC solution layer
with ga=24.6 mN/msamyl acetated, gNC=28.6 mN/mscellulosed,
ma0=2.15 mg,mNC=2.48310−2 mg, andb=1. Values of the sur-
face tensiongNC, gHDA, ga, andgh are indicated additionally on the
right-hand side, respectively.sbd Calculated spreading coefficient
S21 and interfacial tension between two phases,g21, as a function of
evaporation time, respectively.
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=Vs0s1−t / t0d, where the values of timet0 of both layers are
the same as in Eq.s1d. Figure 9sad displays the results cal-
culated for the viscosity of both layers,h2 and h1, versus
evaporation time for the sample withhf =2.7 nm. The corre-
sponding dependences of both viscosities versus the surface
tension of the HDA solution depicted in Fig. 9sbd illustrate
that the viscosity of the NC solution was smallersabout a
factor 3d than that of the HDA solution at the point where
dewetting of the HDA solution layer startssvalue g2=g1
=24.6 mN/m indicated by a dotted lined.

For the thin HDA solution top layer in a multilayer struc-
ture shown in Fig. 6sad, all interactions between the sur-
rounding materials across the HDA solution layersNC solu-
tion layer, air, and waterd will contribute to the total excess
free energyDG2 of the HDA solution layerf20,21g. If the
interactions between the different thin layers in Fig. 6sad are
determined by Lifshitz–van der Waals forces only, the excess
free energyDG2 can be evaluated as a sum of two terms
which describe the nonretarded interaction between the HDA
solution layer and the surrounding mediaf21g,

DG2 =
− 1

12p
SA124

d2
2 +

A0124

sd1 + d2d2D . s2d

The first term describes the interaction between the NC so-
lution layer 1 and air 4 across the HDA solution layer 2, the
second term the interaction between the water substrate 0
and air 4 across the layers 1 and 2. The effective Hamaker

constantsA124 andA0124 can be composed by the respective
Hamaker constants of each mediumf20,22g,

A124= sÎA11 − ÎA22dsÎA44 − ÎA22d, s3d

A0124= sÎA44 − ÎA22dsÎA00 − ÎA11d. s4d

The thermodynamic stability of the HDA solution layer de-
pends on the sign of the second derivative ofDG2 with re-
spect to its thicknessd2 f23–25g. If DG29=]2DG2/]d2

2 is
negative, the HDA solution layer will be unstable, and spin-
odal decomposition of this layer occurs. From Eq.s2d, it
follows that

DG29 = −
A124

2pd2
4 −

A0124

2psd1 + d2d4 . s5d

Equations5d predicts that the behavior of the HDA solution
layer depends on the sign of the effective Hamaker constants
A124 and A0124. Positive Hamaker constants lead to a desta-
bilization of the HDA solution layer, independent of the
thickness valuesd2 and d1. Negative values give rise to a
stable HDA solution layer, independent of the thickness val-
uesd2 andd1. If the constantsA124 andA0124 have different
signs, the sign ofDG29 can vary withd2 andd1.

For the study of the change of the sign ofDG29 during the
evaporation, we start by analyzing the behavior of the sign of
the constantsA124 and A0124. The individual Hamaker con-
stantsAii in Eqs. s3d and s4d can be extracted from experi-
mentally determined data of the surface tensiongii as Aii
=24pgiisDod2, with a cutoff intermolecular separationDo

=0.165 nmf19g. At the beginning of evaporationst=0d, the
excess free-energy derivativeDG29=5.83104 J/m4 with d2
=381 nm andd1=390 nm f26g. That means the top HDA
solution layer is stable att=0. With the time dependences of
the surface tension of both layersg2std and g1std shown in
Fig. 8sad and of their thicknessesd2std and d1std shown in
Fig. 7sbd, we have determinedDG29std during the evapora-
tion. Figure 10sad shows thatDG29std becomes negative for
tù t2c=0.646 s, which is 1 ms smaller than timet2. DG29std
stays negative in the range 0.646 sø tø16 s via the simul-
taneous change of the parametersA124std, A0124std, d2std, and
d1std. Equation s3d shows that a change of the sign from
negative to positive values for the constantA124 occurs when
A22=A11 becomes valid, which happens when the surface
tension values of both HDA and NC solution layers are equal
and dewetting of the top HDA solution layer starts. The ef-
fective Hamaker constantA0124 is always negative, because
the relation A00.A11 in Eq. s4d holds during the whole
evaporation process. Figure 10sbd demonstrates the change
of the constantsA124 andA0124 as a function of evaporation
time. In the range whereA124.0 andA0124,0, Eq.s5d dem-
onstrates that the stability of the top HDA solution layer
depends only on the ratiouA0124u /A124. Comparison of the
values of uA0124u with that of A124 indicates that the ratio
uA0124u /A124.1 is valid during the evaporationfsee Fig.
10sbdg. Accordingly, the HDA solution layer can be stable or
unstable depending only on the thickness valuesd2 and d1.

FIG. 9. sad, sbd Calculated viscosities of both layers as a func-
tion of evaporation time and as a function of the surface tension of
the HDA solution layer, respectively. The lineh2 characterizes the
evaporation process of the HDA solution withhh=3.26
310−4 N s/m2 shexaned, Vh0=2.4310−3 cm3, and VHDA =1.7
310−5 cm3. The lineh1 describes the evaporation of the NC solu-
tion with ha=1.37310−3 N s/m2 samyl acetated, Va0=2.5
310−3 cm3, andVNC=1.9310−5 cm3. Values ofha andhh are in-
dicated additionally on the right-hand side, respectively. The verti-
cally dotted line insbd characterizes the evaporation time at which
the values of the surface tension of both HDA solution and NC
solution layers are equal, i.e.,g2=g1.
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The thicknessd2=d2c at which Eq.s5d becomes zero and,
correspondingly, the relationDG29 becomes negative can be
calculated from Eq.s5d as

d2c =
d1

S uA0124u
A124

D1/4

− 1

. s6d

With DG29std shown in Fig. 10sad and d2std shown in Fig.
7sbd, we determined the dependence ofDG29 as a function of
d2. Figure 10scd shows that the thicknessd2=d2c, whereDG29
becomes negative, amounts to 3.2 nm for the sample with
hf =2.7 nm. That means the thicknessd2=d2m at which the
decomposition of the HDA solution layer takes place is lo-
cated in the range from 2.7 nm to 3.2 nm.

The stability of thin films of nonvolatile liquids was theo-
retically considered, in general, by Vrij and Overbeek
f24,25g, and later by Brochard-Wyartet al. f27g also for the
case of liquid substrates. The latter model predicts the devel-
opment of a peristaltic mode of a liquid film deposited on the
other thin liquid if the thickness of both layers is small com-
pared to the wavelength of their modulations. The modula-
tions of both interfaces of the top liquid film develop in
antiphase. In a recent theoretical workf28g, the stability of
two superposed ultrathin layers of different liquids on a solid
substrate depending on the ratio of the layer thicknesses was
looked at. It was shown that if the top layer is thinner than
the lower one, two interfaces start to evolve modulations that
are in antiphase. On the contrary, if the top layer is thicker
than the lower one, the modulations of the two interfaces are
in phase. Taking advantage of these resultsf27,28g, in order
to describe the thickness modulations of the HDA solution
layer in our bilayer structure where the thicknessd2 is essen-
tially smaller thand1, the corresponding modulations of the
thicknessd2 can be illustrated as shown in Fig. 6sbd. The
modulations of both interfaces induce a Laplace and a dis-
joining pressure gradient in the HDA solution layer, leading
to some flow of both liquidsJ2 andJ1, as shown in Fig. 6sbd.

In the instability modelf24,25,27g, the thermally induced
thickness modulations grow exponentially in amplitude if
their wave vectorq is less than the critical vectorqc, while
the amplitude of the modulations withq.qc decreases with
time. The corresponding critical wavelength of the in-plane
surface modulations is determined aslc=2p /qc fsee Fig.
6sbdg. The fastest growing modulation, which will lead to
rupture of the HDA solution layer, occurs if the wavelength
l reaches the characteristic valuelm=lc

Î2 f24,25g. The cor-
responding characteristic timetm necessary to rupture the
HDA solution layer can be calculated asf24,28g tm
=48p2h2g2d2m

5 /A124
2 =0.1 s with d2m=3 nm, g2

=25.06 mN/m, h2=7.2310−3 N s/m2, and A124=4.39
310−22 J. That means the timetm=0.1 s is significantly
smaller than the total time spans15.35 sd during which the
HDA solution layer is in the unstable regime, i.e., the rela-
tion DG29,0 holdsfFig. 10sadg.

For DG29,0, the characteristic wavelengthlm and DG29
are connected via the equationf24,25g

lmsd2md = f− 8p2g2sd2md/DG29sd2mdg1/2. s7d

With DG29=−3.7831012 J/m4, which is valid during the
evaporation time from 0.646 s to 16 sfsee Fig. 10sadg, and
with g2=25.06 mN/msd2m=3 nmd, we obtain the character-
istic wavelengthlm=720 nm. The experimentally observed
value of the interdroplet distancelmd=1380 nm turns out to
be about a factor of 2 larger thanlm for the sample with the
droplet diameterDd=950 nm shf =2.7 nmd. One would ex-
pectfsee Fig. 6sbdg that the wavelengthlm must be equal to
the measured interdroplet distancelmd shown in Fig. 2sbd, if
the dynamical effects during decomposition are negligible.
The diameter of the fluid droplets formed directly after de-
composition of the HDA solution layer will be about the size
of the wavelengthlm, but subsequent evaporation of the sol-
vent from the droplets leads to a shrinking of their diameter,
i.e., the measured droplet diameterDd must always be

FIG. 10. sad Calculated second derivative of excess free energy
sDG29d versus evaporation time for the HDA solution layersfor the
sample withhf =2.7 nmd. The detailed analysis near the timet= t2 is
magnified in the inset.sbd Calculated Hamaker constantsA124 and
A0124 versus evaporation time.scd CalculatedDG29 as a function of
thicknessd2 of the HDA solution layer in the range where the
rupture of this layer occurs. The characteristic thicknessd2=d2c is
the thickness at which the relationDG29=0 is valid.
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smaller thanlm. Comparing the calculated and experimental
values, we assume that the difference betweenlm, lmd, and
Dd can be explained with a possible coalescence of HDA
droplets formed directly after rupture of the HDA solution
layer into larger droplets, which are the only ones we have
observed at the end of the evaporation processfFig. 2sadg.

In accordance with Eqs.s5d and s7d, the characteristic
wavelengthlm of the critical modulations at the moment the
HDA solution layer decomposes into droplets is proportional
to d2m

2 , which is in good agreement with the experimental
dependencelmd~hf

2.03 illustrated in Fig. 5sad. The experi-
mentally determined dependencelmd~Dd

1.21 indicates an ap-
proximately linear change oflmd with the droplet diameter
Dd fFig. 4sadg and supports our proposed mechanism of drop-
let pattern formation shown in Fig. 6sbd. The latter explains
the almost linear dependencehd~hf

1.19 fFig. 5sbdg. Taking
further advantage of the dependenceslmd~hf

2.03 and lmd

~Dd
1.21, we calculated the dependencehd~Dd

0.71, which is in
good agreement with the measured valuehd~Dd

0.86 fFig.
4sbdg. That means that the power-law fit used in Fig. 4sbd to
describe the stepwise dependencehdsDdd is more or less cor-
rect. The stepwise character of the change ofhd with the
droplet diameter derives from the fact that the HDA mol-
ecules form micelles. According to Eqs.s5d and s7d, lm
~d2m

2 and, therefore, the area per liquid droplet is propor-
tional to d2m

4 . Correspondingly, the droplet numberNd per
sample areasin our case, 100mm2d must be proportional to
d2m

−4. Comparing this prediction with the experimentally de-
termined dependenceNd~hf

−3.46 fFig. 5sddg, the agreement
appears reasonable. Conservation of the HDA mass, assum-
ing that a layer with thicknesshf and arealmd

2 is transformed
into a droplet with thicknesshd and diameterDd, is described
via lmd

2 hf ~Dd
2hd. With lmd~hf

2.03 and hd~Dd
0.86, it follows

that Dd~hf
1.75. The measured dependenceDd~hf

1.59 fFig.
5scdg is in good agreement with the expected one.

Our model for rupturing the HDA solution layer, as
sketched in Fig. 6, was further supported via a complemen-
tary experiment which must demonstrate an experimental
confirmation of the bilayer formation in a thin film of the
binary solution onto the water substrate. In other words, with
this experiment we want to register the formation of a bilayer
structure onto the water surface as a sequence of separate
layer formation. For that purpose, we used spin coating of
two- and one-phase solutions on the Si substrate, because the
separate HDA layer cannot be produced via the spreading of
the solution onto the water substrate, initially covered with
the NC film. First, we have spin-coated a mixed solution
containing 50% of a 0.1% NC solution in amyl acetate and
50% of a 0.1% HDA solution in hexane onto a Si substrate.
The AFM image in Fig. 11sad shows that a phase-separated
structure of HDA clusters has been developed on the cellu-
lose layer. The thickness of the clusters amounts to about
3 nm fFig. 11sbdg. Due to the removal of the HDA clusters
from the samplesby immersing the sample in hexaned, we
have found that the HDA clusters were located on the surface
of the cellulose layer and they have no contact with the Si
substrate. Second, we have spin-coated a 0.05% HDA solu-
tion in hexane onto a Si substrate covered first with a

nitrocellulose film. The resulting AFM image illustrated in
Fig. 11scd discloses a similarfcompared to that of Fig. 11sadg
structure of HDA clusters on the cellulose layer. The thick-
ness of the clusters amounts to about 3 nmfFig. 11sddg. The
obvious similarity between both structures in Figs. 11sad and
11scd can be explained only with the following effect. In the
first case, the initial thin layer of mixed solutions on the Si
substrate by spin coating transforms into a bilayer structure
which consists of a hexane/hexadecylamine solution layer at
the solution-air interface and an amyl acetate/cellulose solu-
tion layer at the solution-substrate interface. The total thick-
ness of the fluid film prepared by spin coating amounts to
about 1mm. That means, in the first case, that spin coating
of the mixed solution provides a thickness of the top HDA
solution layer of about 0.5mm and a thickness of the lower
NC solution layer of about 0.5mm. As a result, the mass of
HDA in the top layer of the first cases0.1% HDA solutiond
turns out to be about equal to the mass of HDA in the layer
of the second cases0.05% HDA solutiond, eventually pro-
ducing similar structures of the HDA clusters in both cases.
The latter finding agrees with those described above for
droplet formationssee Fig. 6d.

V. CONCLUSION

Phase separation of a binary solution on a water surface
leads to the formation of a bilayer structure which consists of
an HDA solution layer at the solution-air interface and a NC
solution layer at the solution-water interface. Evaporation of
the solvent from both layers gives rise to a fast thickness
decrease of the top HDA solution layer, while the lower NC

FIG. 11. sad AFM image of HDA clusters formed by spin coat-
ing of a blend that contains 50% of a 0.1% nitrocellulose solution in
amyl acetate and 50% of a 0.1% hexadecylamine solution in hexane
onto a Si substrate.sbd AFM profile of the scan line indicated insad.
scd AFM image of HDA clusters formed by spin coating of a 0.05%
hexadecylamine solution in hexane onto a Si substrate covered first
with a cellulose film.sdd AFM profile of the scan line indicated in
scd.
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solution layer changes much more slowly. The thermody-
namic stability of the HDA solution layer depends on the
sign of the second derivative of the excess free energyDG29
with respect to its thickness. ForDG29,0, the HDA solution
layer will be unstable such that it decomposes into droplets.
We found that the calculated wavelength of the thickness
modulations of the HDA solution layer is in good agreement
with experimentally determined geometrical parameters of

the resulting pattern such as droplet height, droplet diameter,
interdroplet distance, and number of droplets per unit sample
area.
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