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Instability and droplet formation in evaporating thin films of a binary solution
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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
thicknessd,, the lower one of an amyl acetate/cellulose solution with thickdesBuring evaporation of the
solvents from both layers, their thickness, surface tension, and viscosity change continuously with time. The
thicknesdd, decreases significantly faster than the thickrilgsbecause the evaporation rate of hexane is much
larger than that of amyl acetate. Eventually, the top layer decomposes into droplets when its thighmass
only a few nm, while the thicknesd; 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 solution with thicknessd,. During evaporation of the sol-
o ) ) . vents out of both layers, their parameters such as thickness
For the fabrication of structures and devices with Sizégy, and d,, surface tension, and viscosity change with time.
below 30 nm, conventional electron-beam lithography be-The evaporation rate of hexane in the top HDA solution layer
comes exceedingly difficult. Therefore, nanoparticles ands sjgnificantly larger than that of amyl acetate in the NC
mesoscopic arrangements formed with nanoparticles havg,ytion layer. As a result, the thickness of the top layer just
ga_uned increasing interest. The ordgrlng of n.anopartlcles iNtQt the moment before it decomposes into droplets was only a
micrometer-size structures that retain the unique nanoparticle.y nm while the thickness of the bottom layer was still
properties can be used for the development of new functionalome 100 nm. In the following, we inspect the development
materials and for the fabrication of a wide variety of nanode-s¢ e instability in the ultrathin top HDA solution layer pro-

vices[1]. In this case, none of the traditional methods can bg;ging its rupture into micrometer-sized droplets in detail.
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- IIl. EXPERIMENT

ing the particles was reported by various a_utf'[@tsG]. Re- We have used a blenB) that contains 50% of a 1%
cently, we have presented experimental evidence for the foljyocellulose solution in amyl acetate and 50% of a solution
mation of self-assembled rings of CgRianoparticlesring  of Copy particles(with a diameter of 6 nmstabilized with
diameter ranging from 0.6 to 1am, particle diameter ppa and dissolved in hexangd]. The concentration of

6 nm) developed in an evaporating thin fili,8]. The latter  copg particles in solution amounts to 17 mg/mL. Addition
was formed on a water surface by spreading a binary mixturgs ypa (7 mg/mL) to the suspension of the CaRtarticles

composed of two solutions, namely nitrocellulose dissolvedy, peyxane leads to the formation of a clear stable colloidal
in amyl acetate and Cofparticles stabilized by hexadecy- ¢, ution of particles.

lamine dissolved in hexane. We found that phase separation Spreading a 3.L drop of the binary mixture of the solu-

in & thin spread film of the mixed solutions leads to a bilayeryjong on the water surface in a Petri dish of 90 mm diameter
and the subsequent solvent evaporation out of the top hex:(uéee in Fig. 1 was used for preparation of the thin film,

decylamine solution layer favors its decomposition into,,nich provided the basis for the droplet formatid®]. Total
droplets. Finally, evaporation of the remaining solvent fromspreading of a drop of the blend soluti@on the water

these droplets gives rise to a retraction of their contact lineg,iface is obtained due to the positive spreading coefficient

The CoPj particles located at the contact line follow its mo- 11  Ssyw=7w-7s-Yew=25.3 MN/m.  Here, my
tion and self-assemble along this line. _ N =72.5 mN/m,yg=22.8 mN/m, andyg,y=24.4 mN/m give
In the present work, we analyze such an instability phey,o g rface tension at the interfaces between water and air
nomenon in the thin bilayer structure of two_dn‘ferent |IC]LIIdS( ), between blend and aiB), and between blend solution
on the water surface: The top Iayer consists of a hexane{q water(B/W), respectively. The interfacial tensiop
hexadecylamine solutiofHDA solution) with thicknessdy, a5 derived from the difference between the surface tension
the lower one of an amyl acetate/nitrocellulose SOIUNIE 4 \yater 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 stalagmomét2}:
*Email address: leonid.govor@uni-oldenburg.de After evaporation of hexane and amyl acetate, the dry thin
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FIG. 1. Schematic illustration of the preparation procedure of a g “f/ W
hexadecylamine droplet patterta) Spreading of a drop of binary (C)‘ A M idne
mixture on the water surfacéb) Formation of a bilayer structure: 0 2 4pym 0 04 08 pm

HDA solution layer(dark above NC solution layetbright). (c)

Decomposition of the top HDA solution layer into droplets. The  FIG. 2. (@) Three-dimensional an¢b) two-dimensional AFM
droplet diameter corresponds to the thickness of the HDA solutiorimages of HDA droplets on a cellulose film with average diameter
layer. Dy=0.95um and average heighty=14.9 nm. The additionally
marked dashed curve iibb) indicates the arrangement of the drop-
H ts along this line\,q is the interdroplet distance within one line.
(¢) AFM profile of the scan line indicated irib). (d) Three-
dimensional ande) two-dimensional AFM images of the cellulose
layer after removal of the HDA droplet§) Profile of the scan line
indicated in(e).

film was transferred onto a glass substrate. The topograp
of these solid thin films was analyzed by atomic force mi-
croscopy(AFM, model Burleigh Vista 100 and the arrange-
ment of the CoRtparticles by transmission electron micros-
copy (TEM, model Zeiss EM 90R
is a selective solvent for HDA. Figuregd) and Ze) show
1. EXPERIMENTAL RESULTS typical AFM pictures of the remaining cellulose layer. We
have found that the thickness of the underlying cellulose film
We have found that a phase-separated structure of hexgras approximately constant, in the range of about 3—4 nm.
decylamine islands containing CgPparticles (hereafter  Figure 2f) clearly illustrates that the depth of depression,
called HDA droplety was formed on a thin cellulose film. which remains in the cellulose film after removal of the
The size of the HDA droplets depends on the distance fronHDA droplets, is only about 1 nm, and the height of a rim
the spreading center along the radRisf the spreading area. that surrounds the HDA droplet is about 5 nm. The latter
Within regions with a width of about 2—4 mm, located sym- indicates that the thickness of the cellulose film under de-
metrically around the spreading center, the size of the HDApression amounts to at least 2—3 nm. Consequently, the
droplets was approximately constant. Fx0, we observed HDA droplets have no contact with the substrate surface, i.e.,
the smallest HDA droplets with a heigh§j=5 nm and diam- the substrate is completely covered by the cellulose film.
eter D4=0.65um. For R=20 mm, we found the largest Our TEM investigations of the droplet structure demon-
HDA droplets with h4=23.5 nm andD4q=1.5um. For all  strate that the CoR{particles self-assemble into a ring pat-
other values ofR, hy was in the range from 5 to 23.5 nm tern located at the perimeter of the HDA droplet. Figu(a 3
(corresponding tdy in the range from 0.65 to 1.am). In  displays a TEM image of the droplet structure; Figh)3
Figs. 4a) and 2b), we present AFM image$AC mode, displays the single nanoparticle ring at the edge of a droplet
topography of a typical structure of the HDA droplets with with a diameter of 0.86:m and an arrangement of the nano-
the average droplet height=14.9 nm and the correspond- particles which we call one-dimension@ee inset Within
ing average diametdd,=0.95um. The average values of the spreading area, we can also observe regions where the
both droplet height and diameter have been estimated fromroplets are still in contact with an unperturbed solid HDA
the sizes of all droplets shown in Figl®2. Figure Zc) dem-  film, which by far surmount the droplet size. Figuréc)3
onstrates that the height difference of the neighboring dropexhibits a typical example of such a region where the goPt
lets can amount to up to 6 nm. particles assemble at its edge. Figutd)3lisplays an area of
In order to end up with a better understanding of the for-an unfinished process of droplet formation.
mation mechanism of the droplet structure, we have deter- Figure Zb) indicates that the droplets tend to be arranged
mined the penetration depth of the droplets into the cellulosen curved linegone of them is indicated by a dashed Jine
film. For this purpose, the HDA droplets were removed byWe have observed that the interdroplet distance within one
immersing the sample for a period of 5 min in hexane, whichline, \,q [see Fig. 2)], and the droplet heighty both de-
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words, it is necessary to find the dependences between the
FIG. 3. TEM images of the HDA droplet structure with CoPt jnjtial thicknessh; and parameters such as interdroplet dis-
particle rings formed at the edge of HDA droplg@. HDA droplets tance\q droplet heighty, droplet diameteD,, and droplet
on the cellulose layer; scale bar 2110 n¢h) Nanoparticle ring numberNy per area unit. For this purpose, we have calcu-
with one-dimensional assembling; scale bar 110 nm. The detailefhta the HDA film thickness; from the total volume of all
structure is magnified in the inset; scale bar 25 rio).Droplets dropletsNy which are located on a 100m? area of each of
located near the segment from which they were built; scale baf,e samples investigated. The resulting parameters as a func-
1430 nm.(d) HDA segment W|t_h Cogtpartlcles assembling at its tion of h; are plotted in Fig. 5. With the exception of the
edge; scale bar 300 0 nm in the insgt droplet heighthy, beginning from a “characteristic” film
) ] thicknessh;=2.4 nm all parameters significantly depend on
pend on the droplet diametd,. In total, a series of 13 1, i for smaller values off;, these parameters are almost
samples, with an average droplet diameter ranging fromygependent ofy. In the following, we concentrate our dis-
0.65 to 1.5um, has been analyzed. For each sample, the valsssion on the dependences in the range 2.4 nm. Figure
ues of the parametebs,q and hy of all droplets located in-  5(g) jjlustrates that the interdroplet distankgy undergoes a

side an area of about 1Qom? were measured a_nd 'the'cor— power-law dependenciqh™ with n;=2.03+0.21. The
responding average values determined. The distributions of

Amg @nd hy were centered around the corresponding average 3 @

value with a standard deviation of 12% and 27%, respec- T 2 n,=2.030.21
tively. The distribution width of each parameter turned out to =

be independent of the droplet diamekzy. The average val- < 1‘5@ --------------------------- L i ]
ues of\q and hy together with the corresponding standard _ 30{(p)

deviations in the distributiofbars in figuregas a function of E 4ol i
Dy are plotted in Fig. 4. We disclose the power-law depen- = 5 n=1.1940.05
dences\,q D and hyec D32 (the values of the exponents 16 i

m, andm, are indicated in Fig. 4 i.e., the parameters,q — @ n,=1.59+0.13
andhy change with the droplet diametBr;. We like to em- 5 1.0 1
phasize that, in general, the power-law dependendg oh o 0.6 aa P g

Dy is characterized by a stepwise increase of the droplet '

height with increasing diameter. Such steps can be clearly 10045 - 1
recognized in Fig. @) for Dy values in the ranges from >° .

0.7 to 1um and from 1.1 to 1.5um. A much stronger and (d) n,=-3.46+0.35
abrupt change ohy with increasingDy becomes visible in 101 5 4
the range from 0.65 to 0.4m. h, [nm]

In our experiments, we can observe only the droplet struc-
ture at the end of the evaporation process of a thin binary FiG. 5. Double logarithmic plots of the average values(@f
solution film. For the sake of understanding the droplet strucimterdroplet distanca,q within one line,(b) droplet heighthy, (c)
ture formation, it is interesting to know the relation betweendroplet diameteiDy, and (d) number of droplets\y located on a
geometrical parameters of the droplet structure and the thick:0o um? sample area as a function of HDA film thickndss The
nessh; of the corresponding unperturbed HDA film in solid bars at each data point denote the corresponding standard deviation
state, from which such droplet structure develops. In othein the distribution.
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4 air Ay (18.4 mN/m for the HDA solution and 24.6 mN/m for the
i . NC solution, respectivelywets the air surface, in order to
5 D o . minimize the free energy at the interface between air and
= = solution[13-16. The role of CoP¢particles in the formation
NC/amyl acetate solution of an HDA droplet structure was analyzed with a blend that
1]d, A contains 50% of a 1% NC solution in amyl acetate and 50%

of a 1% HDA solution in hexangithout the nanoparticles.
We observed a rather similar HDA droplet pattern. That is,
the CoP4 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 nanopatrticles in
the solution nor that between nanoparticles and HDA solu-
tion.
The HDA solution wets the layer of the NC solutifsee
Fig. 6(a)] if the condition for the spreading coefficieB;
=vy1—v,—v,1>0 is fulfilled. Here,y, and y, 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;y,, 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 pldtl7], where we determined the contact
N . angled, of the dropletgvolume 1-3uL) of water, glycerol,
measured power-law  dependenc@qoch>  with N, formamide, piridine, cyclohexanone, decalin, amdecane
=1.19+0.05 in the whole range bf investigated means that 5, the surface of thin HDA and NC films deposited onto a
the drqplet height increases about linearly with film thick-g|aSS substrate. We could not use alkanes as they would dis-
ness[Fig. 5(b)]. In contrast to that, the depender@gonhs  golve our layers. The choice of the fluids for capturing the
shows a change in behavior at the “characteristic” film thick-syitical surface tension was based on the following con-
ness and, n the range;>2.4 nm, the power-law depen- graints: first, we had to cover a large interval of surface
denceDg o h{® with n;=1.59+0.13 comes o{iFig. 5(c)]. For  tensjon values for the Zisman plot, and second, the liquids
the number of droplets per 1Qom® sample area, we unveil myst not dissolve HDA or NC solid layers. The resulting
the strong dependendsehf* with n,=-3.46+0.35[Fig.  yalues of the surface tension of both HDA and NC layers in
5(d)]. the dry state amount t@}pa=25.8+0.9 mMN/m andyyc
=28.6+£1.2 mN/m, respectively.
IV. DISCUSSION The relationyypa < e is valid for both Igyers in the dry
state. However, we do not know when in the course of
According to the experimental results shown in Fig. 2, weevaporation the above relation becomes valid and whether
conclude that the initial thin layer of mixed solutions on thethis inequality is applicable for the entire duration of the
water surface transforms into a bilayer structure which conevaporation process. Thus, in the following, we discuss the
sists of a hexane/hexadecylamine solution layer with thickalteration of both parameterg, and y; during evaporation.
nessd, at the solution-air interfacgayer 2 in Fig. @a)] and  First, we determined experimentally the evaporation rate of
an amyl acetate/cellulose solution layer with thicknésst ~ hexane(24 mL) by monitoring the mass losses versus time
the solution-water interfacdayer 1 in Fig. §a)]. Assuming under geometrical and temperature conditions similar to
complete phase separation, the thickness of both liquid layetbose for the experiment using the binary solutions, and we
can be determined from the thickndss the covered area, found 3.30+0.06 mg/fsee Fig. 7a)]. The analogous evapo-
and the concentration of HDA and NC in the initial blend ration rate estimated experimentally for amyl acetate
solutionB. Before evaporation, the HDA solution layer con- (24 mL) was 0.16+0.01 mg/s. Second, we derived the
tains 99.4% hexane and only 0.6% hexadecylamine; the coevaporation rate of the respective solvents from a mixture
responding NC solution layer contains 99% amyl acetate anthat contained 24 mL hexane and 24 mL amyl acetate. In the
only 1% cellulose. The number of CgRparticles in each latter case, the evaporation process is divided into two dis-
layer was about & 10'2 For example, the sample with tinct regimes: first, the evaporation of hexane at
thicknessh;=2.7 nm of the dry HDA layer could only be 2.45+0.11 mg/s, and second, that of amyl acetate at
formed after evaporation of the liquid HDA solution layer 0.13+0.01 mg/s. On the one hand, we found that the evapo-
with thicknessd,=381 nm. The thickness of the dry cellu- ration rate of hexane in the mixture is lower by 26% than
lose layer was about 3 nm in all samples investigated, resulthat of pure hexane. The corresponding decrease of the
ing from a liquid NC solution layer with thicknesd;  evaporation rate of amyl acetate amounts to 19%. On the
=390 nm. One reason for the formation of the bilayer is thaibther hand, we observed that the evaporation rate of hexane
the HDA solution with its lower surface free energy (pure orin mixtureis about 20 times larger than that of amyl

T H,0 A

FIG. 6. Schematic illustration of the development of the phase
separated structuréa) Formation of phase-separated layédiayer
structurg. The media 0, 1, 2, and 4 are water substrate, NC solu
tion, HDA solution, and air, respectively. The designatidgsefer
to the corresponding Hamaker constadgsandd; denote the thick-
ness of the HDA solution and NC solution layers, respectivly.
Development of the thickness fluctuations of the HDA solution
layer. The designations are explained in the text.
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t [s] FIG. 8. (a) Calculated surface tensions versus evaporation time.
The curve y, characterizes the evaporation process of the HDA
FIG. 7. (a) Time dependence of the evaporation of three sol-solution layer withy,=18.4 mN/m (hexang, yypa=25.8 mN/m
vents: two-phase solvent contained amyl acetate and hexane, pufigexadecylamine m,g=1.58 mg, myps=1.35% 102 mg, and B8
amyl acetate, and pure hexane. The corresponding slope of the apd. The curvey; describes the evaporation of the NC solution layer
proximation lines(evaporation rateis indicated in the figure(b) with y,=24.6 mN/m(amyl acetatg ync=28.6 mN/m(cellulose,
Calculated thickness of both HDA solutiqd,) and NC solution ~ myu=2.15 mg,myc=2.48x 1072 mg, andB=1. Values of the sur-
(dy) layers as a function of evaporation time for the sample withface tensionyyc, ¥Hpa, Ya @ndvy, are indicated additionally on the
h;=2.7 nm. The detailed analysis of the time dependence of thickright-hand side, respectivelyb) Calculated spreading coefficient
nessd, is magnified in the inset. The corresponding slope for theS,; and interfacial tension between two phasgs, as a function of
thicknessd, amounts 589 nm/s and that fdf amounts 23.5 nm/s. evaporation time, respectively.
t,=0.647 s is the time period necessary for complete evaporation of
hexane out of the top HDA solution layer, abg=16.58 s is the _ _
time period necessary for evaporation of amyl acetate out of the 72= ¥0Nn * YpaNHoA = BNaNHDA, (1)

lower NC solution layer. . . .
y where B is a semiempirical constant. Here\,=(1

-t/t,)/(1-t/t,+«a) and Nypp=a/(1-t/t,+a) are fractions
acetate. This observation allows us to assume that the evap8f thé corresponding component in the binary solution,
ration rates of hexane and amyl acetate in our bilayer exper?’—v erea=mypa/My andmyp, denotes the mass of hexade-

ment are almost identical to the rates observed for pure so Cylamine in the _top layer. Accordmgly, Eq1) can be used
or the NC solution layer that contains amyl acetate and cel-

o e i e b b Baorpalose. Figure & ispiays he resls calclted or ot
y P surface tensions, and y; versus evaporation time. The cor-

of amyl acetate from the bottom layer. From the data of theresponding spreading coefficieBt; and surface tensiofy,

e\{aporation. rate in the two-phase solvent., we have dete(/—ersus evaporation time are demonstrated in Fig). ©bvi-
mined the time dependence of both the thicknéssf the ously,S,, is positive untily,= v;. Only for negative values of

HDA solution layer and the thickness of the NC solution g, il the HDA solution dewet the underlying NC solution
layer in our experiment for each sample investigated. Figuréayer. The liney,, indicates the tension at the interface be-
7(b) shows these dependences for a sample With tween the two layers which was calculated Wia=y,+y;
=2.7 nm, wheret, andt; are the time spans necessary t0-2(y,y,)%5[19].

completely evaporate hexane and amyl acetate from the For the following discussion, it is necessary to know how
sample, respectively18]. For each solvent, the mass;  the viscosity of both layersy, and 7;, changes during
evaporated with time, for 0<t<t;, can be described as evaporation. The qualitative behavior of these changes in
ms=Mg(1-t/ty), wheremg denotes the mass of hexane or both binary solution layers can be determined via the Ein-
amyl acetate at=0, respectively. At the starting point of the stein limiting law[11] 5= 7,(1+2.5p). Here,¢ is the ratio of
evaporation process, for hexane, we hamg=m,y andt, the volume of HDA to that of hexane in the top layer, and the
=t, and, for amyl acetate, we hawey=m,, andt,=t;. The ratio of the volume of NC to that of amyl acetate in the lower
time dependence of the surface tensjgrof the binary HDA  layer, i.e.,¢,=Vypa/Vy, for the HDA solution layer andp;
solution that contains hexanéy,) and hexadecylamine =V,/V, for the NC solution layer. The change of the sol-
(Yupa) can be calculated 441] vent volume during evaporation can be evaluatedVas
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constantsiA;,, and Ag154 can be composed by the respective
Hamaker constants of each medi(iz®,27],

N T e ’,’_
Ar24= (VA1 = VAR (VAL — VAR, (3
Ao124= (VA= VAR (VAGe= VA1) (4)

The thermodynamic stability of the HDA solution layer de-
pends on the sign of the second derivativeA@, with re-
spect to its thicknessl, [23-23. If AG,=PAG,/dd3 is
negative, the HDA solution layer will be unstable, and spin-
odal decomposition of this layer occurs. From E®), it
follows that

A124 _ A0124
27ng 27T(d1 + d2)4.

AGy=- (5)

Equation(5) predicts that the behavior of the HDA solution

FIG. 9. (a), (b) Calculated viscosities of both layers as a func- layer depends on the sign of the effective Hamaker constants
tion of evaporation time and as a function of the surface tension of,,, and A,;,, Positive Hamaker constants lead to a desta-

the HDA solution layer, respectively. The ling characterizes the
evaporation process of the HDA solution withy,=3.26
X10* Ns/nm? (hexang, Vpo=2.4x103cm®, and Vypa=1.7

X 10°® ¢, The line 7, describes the evaporation of the NC solu-

tion with 7,=1.37x103Ns/n? (amyl acetatg Vg, =2.5
X 1073 e, andVyc=1.9x 10°° cn?®. Values of 7, and 7, are in-

dicated additionally on the right-hand side, respectively. The verti-
cally dotted line in(b) characterizes the evaporation time at which
the values of the surface tension of both HDA solution and NC

solution layers are equal, i.eyp="y;.

=Vg(1-t/ty), where the values of timg of both layers are
the same as in Eq1). Figure 9a) displays the results cal-
culated for the viscosity of both layersy, and »,, versus

evaporation time for the sample with=2.7 nm. The corre-

sponding dependences of both viscosities versus the surfa

tension of the HDA solution depicted in Fig(l9 illustrate
that the viscosity of the NC solution was small@bout a

factor 3 than that of the HDA solution at the point where

dewetting of the HDA solution layer stariwalue v,=7y,;
=24.6 mN/m indicated by a dotted line

For the thin HDA solution top layer in a multilayer struc-
ture shown in Fig. @), all interactions between the sur-

rounding materials across the HDA solution layRIC solu-

tion layer, air, and waterwill contribute to the total excess

free energyAG, of the HDA solution layer{20,21]. If the
interactions between the different thin layers in Fi¢p)@Gre

bilization of the HDA solution layer, independent of the
thickness valuesl, and d;. Negative values give rise to a
stable HDA solution layer, independent of the thickness val-
uesd, andd;. If the constant#\;,, and Ay;»4 have different
signs, the sign oAG; can vary withd, andd,.

For the study of the change of the sign&® during the
evaporation, we start by analyzing the behavior of the sign of
the constant®\;,, and Ag;»4 The individual Hamaker con-
stantsA; in Egs.(3) and (4) can be extracted from experi-
mentally determined data of the surface tensignas A;
=241vy;(D,)?, with a cutoff intermolecular separatio,
=0.165 nm[19]. At the beginning of evaporatiofi=0), the
excess free-energy derivativeG,=5.8x 10* J/nmf* with d,
=381 nm andd; =390 nm[26]. That means the top HDA
solution layer is stable a&=0. With the time dependences of
fife surface tension of both layess(t) and y(t) shown in
Fig. 8@ and of their thicknessed,(t) and d;(t) shown in
Fig. 7(b), we have determinedGj(t) during the evapora-
tion. Figure 10a) shows thatAG5(t) becomes negative for
t=1,.=0.646 s, which is 1 ms smaller than time AG)(t)
stays negative in the range 0.64&6<16 s via the simul-
taneous change of the parametBis,(t), Ag124t), dy(t), and
d;(t). Equation(3) shows that a change of the sign from
negative to positive values for the consténj, occurs when
A>,=Aq; becomes valid, which happens when the surface
tension values of both HDA and NC solution layers are equal

determined by Lifshitz—van der Waals forces only, the excesgnd dewetting of the top HDA solution layer starts. The ef-
free energyAG, can be evaluated as a sum of two termsfective Hamaker constamy;, is always negative, because
which describe the nonretarded interaction between the HDARe relation Ago>Ay; in Eq. (4) holds during the whole

solution layer and the surrounding medd],

L A, P )

2
127 dg (dl + d2)2 ( )

AGZ =

evaporation process. Figure (bp demonstrates the change
of the constant#\;,, and Ay;,4 @s a function of evaporation
time. In the range wher&;,,>0 andAy;,,<0, Eq.(5) dem-
onstrates that the stability of the top HDA solution layer
depends only on the ratidg;»4/ A2, Comparison of the

The first term describes the interaction between the NC sovalues of |Aq;,4 with that of A;,, indicates that the ratio
lution layer 1 and air 4 across the HDA solution layer 2, the|Ag;24/A124>1 is valid during the evaporatiofsee Fig.
second term the interaction between the water substrate I0(b)]. Accordingly, the HDA solution layer can be stable or
and air 4 across the layers 1 and 2. The effective Hamakarnstable depending only on the thickness valdgand d;.
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(@) 151 2 ' = The stability of thin films of nonvolatile liquids was theo-
. e NEEs ( retically considered, in general, by Vrij and Overbeek
g 107 o ° . [24,25, and later by Brochard-Wyast al.[27] also for the
=~ 2. t,. t, case of liquid substrates. The latter model predicts the devel-
o 51 9 IRV 1 opment of a peristaltic mode of a liquid film deposited on the
2 “o.0a ( 0.645\t[s] 0.65 other thin liquid if the thickness of both layers is small com-
0 _ pared to the wavelength of their modulations. The modula-
gN J tions of both interfaces of the top liquid film develop in

5 i antiphase. In a recent theoretical wgg8], the stability of

01 ] 10 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
O [ | are in antiphase. On the contrary, if the top layer is thicker

—dA | than the lower one, the modulations of the two interfaces are
124 in phase. Taking advantage of these redi#ii2§, in order
-21 1 to describe the thickness modulations of the HDA solution
Ao ] layer in our bilayer structure where the thicknésss essen-

\ ] tially smaller thand,, the corresponding modulations of the
4 , : thicknessd, can be illustrated as shown in Fig(bg. The

0.1 1 10 modulations of both interfaces induce a Laplace and a dis-

t[s] joining pressure gradient in the HDA solution layer, leading

to some flow of both liquids, andJ;, as shown in Fig. ®).

In the instability mode[24,25,21, the thermally induced
thickness modulations grow exponentially in amplitude if
their wave vector is less than the critical vectay., while
the amplitude of the modulations witi™> g, decreases with
time. The corresponding critical wavelength of the in-plane
d,=32nm surface modulations is determined Rs=2w/q. [see Fig.

¢ 1 6(b)]. The fastest growing modulation, which will lead to
rupture of the HDA solution layer, occurs if the wavelength
-3 ; ; ; - \ reaches the characteristic valug=\\2 [24,25. The cor-
0 3 6 9 12 15 : i g
d. [nm] respondmg_ characteristic time,, necessary to rupture the
2 HDA solution layer can be calculated 424,28 i,

FIG. 10. (a) Calculated second derivative of excess free energy:43”2 225! AT=0.1 s 3Wlth dop, =3 nm, )
(AGY) versus evaporation time for the HDA solution layéor the ~ =25.08 mMN/m, 7,=7.2xX10° Ns/n?, and A;»=4.39
sample withh=2.7 nm. The detailed analysis near the titvet, is X 10%2). That means the time,=0.1s is significantly
magnified in the insettb) Calculated Hamaker constams,, and ~ Smaller than the total time spdt5.35 3 during which the
Ag124 Versus evaporation timéc) CalculatedAG) as a function of ~ HDA solution layer is in the unstable regime, i.e., the rela-
thicknessd, of the HDA solution layer in the range where the tion AG;<<0 holds[Fig. 10@)].

—_
o

~

-

Asp Poizg [10-20 J]

_—
O

~
-

" 12 4
AG," [10™)/m*]

rupture of this layer occurs. The characteristic thicknessd,, is For AG,<0, the characteristic wavelengiy, and AG)
the thickness at which the relatidnG5=0 is valid. are connected via the equatif2d,25
Nm(0am) = [~ 872 y5(Cor)/AG () 2. (7)

The thicknessd,=d,. at which Eq.(5) becomes zero and, - . _
correspondingly, the relatioAG), becomes negative can be With AG;=-3.78x 10" J/nf, which is valid during the

calculated from Eq(5) as evaporation time from 0.646 s to 1€ see Fig. 18], and
with y,=25.06 mN/m(d,,,=3 nm), we obtain the character-
d, istic wavelengthh,,=720 nm. The experimentally observed
Oy = W' (6) value of the interdroplet distaneg,q=1380 nm turns out to
(M) -1 be about a factor of 2 larger thanp, for the sample with the
Ai24 droplet diameteD4=950 nm(h;=2.7 nm). One would ex-

pect[see Fig. @)] that the wavelength,, must be equal to
With AG5(t) shown in Fig. 10a) and d,(t) shown in Fig. the measured interdroplet distancgy shown in Fig. 2b), if
7(b), we determined the dependenceAd®; as a function of the dynamical effects during decomposition are negligible.
d,. Figure 1Qc) shows that the thicknes=d,., whereAG;  The diameter of the fluid droplets formed directly after de-
becomes negative, amounts to 3.2 nm for the sample witBomposition of the HDA solution layer will be about the size
h{=2.7 nm. That means the thickneds=d,, at which the  of the wavelength, but subsequent evaporation of the sol-
decomposition of the HDA solution layer takes place is lo-vent from the droplets leads to a shrinking of their diameter,
cated in the range from 2.7 nm to 3.2 nm. i.e., the measured droplet diametBy; must always be
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smaller than\,,, Comparing the calculated and experimental
values, we assume that the difference betwegn\,,q, and

Dy 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 pro¢€ss. 2(a)].

In accordance with Eqs5) and (7), the characteristic
wavelengthi,, of the critical modulations at the moment the
HDA solution layer decomposes into droplets is proportional
to dgm, which is in good agreement with the experimental
dependence ¢ h#% illustrated in Fig. %a). The experi-
mentally determined dependerikgy= D% indicates an ap-
proximately linear change of,,q with the droplet diameter
Dy [Fig. 4(@)] and supports our proposed mechanism of drop-
let pattern formation shown in Fig(l§). The latter explains
the almost linear dependentgoht® [Fig. S5b)]. Taking
further advantage of the dependendggh? and \q
«DL?% we calculated the dependenigg= D3, which is in

good agreement with the measured 'vahu)@c E_>8 86. [Fig. ing of a blend that contains 50% of a 0.1% nitrocellulose solution in
4(b)]. _That means t_hat the power-law f't used in Figo)4o amyl acetate and 50% of a 0.1% hexadecylamine solution in hexane
describe the stepwise dependehg®g) is more or less cor-  ony5 4 Sj substratéb) AFM profile of the scan line indicated if).
rect. The stepwise character of the changehgfwith the  (c) AFM image of HDA clusters formed by spin coating of a 0.05%
droplet diameter derives from the fact that the HDA mol- hexadecylamine solution in hexane onto a Si substrate covered first
ecules form micelles. According to Eg¢5) and (7), \,,  with a cellulose film.(d) AFM profile of the scan line indicated in
ocdgm and, therefore, the area per liquid droplet is propor-(c).
tional to d;‘m. Correspondingly, the droplet numbbi; per
sample aredin our case, 10:m?) must be proportional to njtrocellulose film. The resulting AFM image illustrated in
doe Comparing this prediction with the experimentally de- Fig. 11(c) discloses a similaicompared to that of Fig. 14)]
termined dependendllyoh;>*® [Fig. 5d)], the agreement structure of HDA clusters on the cellulose layer. The thick-
appears reasonable. Conservation of the HDA mass, assuess of the clusters amounts to about 3[ifig. 11(d)]. The
ing that a layer with thickneds; and area} 4 is transformed  obvious similarity between both structures in Figsialnd
into a droplet with thicknes, and diameteDy, is described  11(c) can be explained only with the following effect. In the
via N3 e Dihg. With Npgech?%® and hy D3, it follows  first case, the initial thin layer of mixed solutions on the Si
that D™ The measured dependen8ghi®° [Fig.  substrate by spin coating transforms into a bilayer structure
5(c)] is in good agreement with the expected one. which consists of a hexane/hexadecylamine solution layer at
Our model for rupturing the HDA solution layer, as the solution-air interface and an amyl acetate/cellulose solu-
sketched in Fig. 6, was further supported via a complemention layer at the solution-substrate interface. The total thick-
tary experiment which must demonstrate an experimentatess of the fluid film prepared by spin coating amounts to
confirmation of the bilayer formation in a thin film of the about 1um. That means, in the first case, that spin coating
binary solution onto the water substrate. In other words, withof the mixed solution provides a thickness of the top HDA
this experiment we want to register the formation of a bilayersolution layer of about 0.xm and a thickness of the lower
structure onto the water surface as a sequence of separd€ solution layer of about 0.zm. As a result, the mass of
layer formation. For that purpose, we used spin coating oHDA in the top layer of the first cas@®.1% HDA solution
two- and one-phase solutions on the Si substrate, because tigns out to be about equal to the mass of HDA in the layer
separate HDA layer cannot be produced via the spreading @ff the second casé.05% HDA solution, eventually pro-
the solution onto the water substrate, initially covered withducing similar structures of the HDA clusters in both cases.
the NC film. First, we have spin-coated a mixed solutionThe latter finding agrees with those described above for
containing 50% of a 0.1% NC solution in amyl acetate anddroplet formation(see Fig. 6.
50% of a 0.1% HDA solution in hexane onto a Si substrate.
The AFM image in Fig. 1(a) shows that a phase-separated
structure of HDA clusters has been developed on the cellu- V. CONCLUSION
lose layer. The thickness of the clusters amounts to about
3 nm|[Fig. 11(b)]. Due to the removal of the HDA clusters Phase separation of a binary solution on a water surface
from the samplgby immersing the sample in hexaneve  leads to the formation of a bilayer structure which consists of
have found that the HDA clusters were located on the surfacan HDA solution layer at the solution-air interface and a NC
of the cellulose layer and they have no contact with the Ssolution layer at the solution-water interface. Evaporation of
substrate. Second, we have spin-coated a 0.05% HDA soldkhe solvent from both layers gives rise to a fast thickness
tion in hexane onto a Si substrate covered first with adecrease of the top HDA solution layer, while the lower NC

FIG. 11. (a) AFM image of HDA clusters formed by spin coat-
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solution layer changes much more slowly. The thermody+the resulting pattern such as droplet height, droplet diameter,
namic stability of the HDA solution layer depends on theinterdroplet distance, and number of droplets per unit sample
sign of the second derivative of the excess free end@y  area.
with respect to its thickness. FA&G, <0, the HDA solution

layer will be unstable such that it decomposes into droplets.

We found that the calculated wavelength of the thickness This work was financially supported by the Energiever-
modulations of the HDA solution layer is in good agreementsorgung Weser-Ems Foundati@Project 04.041and by the
with experimentally determined geometrical parameters oEuropean Science Foundati@OST P12.
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