Downloaded via CARLETON UNIV on November 29, 2020 at 02:36:55 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

LANGMUIR

pubs.acs.org/Langmuir

Hydrodynamic Process in the Langmuir-Blodgett Film Method
Wenjie Ji, Wenjing Zhao, Weibin Li, Yuren Wang, Jin Wang, and Ding Lan*

Cite This: https://dx.doi.org/10.1021/acs.langmuir.0c02975

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations

| @ Ssupporting Information

ABSTRACT: Preparing organic coatings in a very controlled
manner through the spreading of organic molecules on the water
surface is one of the emphases for research in Langmuir-Blodgett
(LB) technology. For preparing a homogeneous film and
improving the quality of the film, it is our concern to have a
deeper understanding of the dynamic process involved in
spreading. Here, we present an overview of the hydrodynamic
process under the influence of assisting the spreading solvent,
which mainly focuses on the mechanical mechanisms of related
phenomena. A typical spreading experiment of two-component
mixed droplets on water substrate for the purpose of preparing LB
films was carried out in this research. We perform the spreading of
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a liquid of silicone oil and oleic acid mixture on the horizontal surface of another immiscible deep water substrate, where the volatile
silicone oil is the assisting spreading solvent with low viscosity. We find that it needs to exceed a certain critical value (60% in our
experiment) to achieve a uniform and centrosymmetric spreading process, which is a key factor for getting a homogeneous film. We
observe that the evolution of a large droplet into liquid film and then into small droplets under the action of surface tension gradient
in experiments. Gravity-viscous and surface tension-viscous dominate successively in the whole spreading process, with its spreading
radius 7(t) o t/* and r(t) o« t/* respectively. However, we also obtain singular values of scaling exponents —0.033 and —0.180,
which is attributed to nonuniform distribution of the Laplace pressure caused by different curvatures near the capillary wave.

Bl INTRODUCTION

Langmuir-Blodgett (LB) technology is considered to be an
effective method for preparing thin films or monolayers. In this
method, a Langmuir film at the air/water interface can be
prepared using amphiphilic molecules, which is then trans-
ferred to a given substrate. The LB method can be applied to
assembling the materials at the air—water interface by
spreading a dispersion previously dissolved in an organic
solvent. Besides, to complete a LB film, several steps including
evaporation of solvent and compression of the monolayer are
also required. Next, two transfer methods are the most
common including Langmuir—Blodgett (LB)'~* and the
Langmuir—Schaefer (LS)® methods corresponding to vertical
and horizontal transfer to a substrate, respectively. The LB
technique is widely used in the preparation of monolayer films
of liquid-exfoliated graphene,” * monolayer of polymers,”’
and nanomaterials,"'~'* which have applications in functional
coatings and thin-film electronics. Several conditions influence
the quality of the monolayer in the LB process, such as pH
values, ionic strength of the subphase, temperature, and the
nature of the solvent. In addition, the influence of spreading on
film formation is discussed in this article, which is usually
driven by the surface tension gradient associated with a
hydrodynamic phenomenon called the “Marangoni ef-
fect”.>7"7
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Firstly, the ionic strength and pH of the subphase are
important factors that researchers are interested in. It is
electronegativity difference of ions that determines the
interaction strength with the monolayer. For example, the
interaction between Cd>* and the monolayer is stronger
because of the bigger electronegativity difference of Cd**
compared with other ions with a smaller electronegativity
difference. Langmuir film properties depend on the pH of the
experimental environment.'* >° Besides, there is also an
experimental study about the structure and stability of LB
films which is closely related to the subphase pH. A distorted
rough surface films is prepared under the condition of
subphase with low pH, while the film has a smooth surface
at higher subphase pH. It is also found that the multilayer
structure is more ordered and stable at a higher pH compared
with a low subphase pH.”'

The second factor is temperature that physical adsorption
depends on. Taking the simplest Langmuir adsorption model
as an example, the lower the temperature, the larger the
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adsorption capacity, because the Langmuir adsorption constant
increases with decreasing temperature. Moreover, the
structures of some solutes are temperature-dependent. For
instance, the hydrophilic—hydrophobic structural transition of
poly(N-isopropylacrylamide) with increasing temperature was
found by W. Saito et al. They study the difference between
polyfilms spreading at the air—water interface from chloroform
solution and that for water-spread polymer. The influence of
temperature on layer thickness is analyzed in their experi-
ment.””

Thirdly, the nature of the spreading solvent is one of the
most crucial factors. In terms of physical properties, there are
two types of spreading solvents including “water-soluble
volatile solvents” and “insoluble volatile solvents”. Gericke et
al. studied the influence of the spreading solvent on the
properties of monolayers at the air—water interface, such as
surface viscosity, the homogeneity of the monolayer, etc.”* For
water-soluble volatile solvents, like ethanol, ethanol molecules
would be preserved in the hydrophobic area. As a result, the
properties of the spread film would be influenced by ethanol.
Considering the solubility of ethanol, the mixtures (1-
hexadecanol, for example) containing ethanol are more likely
to lose in the water subphase, but it leads to a more ordered
film with a higher surface viscosity.”’ For insoluble volatile
solvents, such as hexane and chloroform solvent which is a less
water miscible solvent, solute spread from chloroform is more
likely to stay on the subphase compared with that from
water.”

In addition, using different solvents would lead to different
structures of solute. Ringard-Lefebvre and Baszkin found that
the difference in the orientation of the hydrophobic methyl
groups in lactic acid at the air—water surface would lead to
different interfacial structure at the air—water surface.”* N. Vila
Romeu et al. reported that the structure of PLA/GA at the
air—water interface depends on the nature of solvents which
leads to different structures in its bulk phase.”® The other
situation is that the interaction between spreading solvent and
solute in the subphase would also make effects on the
properties of the spreading film. Related studies demonstrate
the interaction between the solute (cyclodextrins) and the
monolayer, which alters the monolayer arrangement at the
air—water interface.”®

These factors mentioned above directly determine the LB
film quality, including subphase pH, ionic strength, temper-
ature, and the nature of the spreading solvent. However, we
notice that these physical parameters are all related to
mechanical parameters. For example, pH values and ionic
strength would alter the viscosity of spreading solvents by the
alteration of the monolayer configuration under the interaction
between ions and the monolayer. Mechanical parameters such
as density, viscosity, and surface tension are all temperature
dependent. The nature of spreading solvents is a main factor,
which closely links hydrodynamic process with the formation
of the LB film. Firstly, faster spreading processes are attributed
to a greater surface tension gradient of the solvents, which
leads to a better distribution of the surface-active material at
the water surface. Secondly, different solubility of solvent
would lead to different flow patterns. For example, the
spreading solvent containing ethanol would cause the down-
ward flow and film loss into the subphase except for the
Marangoni flow on the surface.”” Thirdly, considering the
different viscosities of spreading solvents, a higher viscosity is
usually related to a more ordered molecular arrangement.”

From the point of view of mechanics, the LB film formation
process, especially the spreading process, can be considered as
a hydrodynamic process. For the spreading process, several
hydrodynamic phenomena would occur such as fingering
instability,””*®* Marangoni flow, viscous shear, capillary
waves,”” and even a vortex in the subphase, which would
make effects on LB film formation. Therefore, the first task of
this paper is to analyze the spreading process of LB film
preparation from the perspective of hydrodynamics. However,
in a process of fabricating the LB film, related hydrodynamics
mechanisms are not well known and systematically studied.
What needs to be pointed out here is how the series of
hydrodynamics processes in Marangoni-driven spreading make
an influence on film morphology and distribution, which is still
an issue worth studying.

Based on the previous hydrodynamic studies, the spreading
process is mainly related to the surface tension between phases
and substrate depth. For describing the mechanisms of
spreading, the definition of spreading coeflicient is given § =
o, — (6, + o,,) (6, 0, and o, refer to air—water, air—oil,
and oil—water interface tensions, respectively). We could get
different wetting situations using this thermodynamics
criterion. S > 0 stands for a complete wetting, while § < 0
means a partial wetting droplet.”””" In the process of LB film
preparation, two solvents are mixed as a spreading liquid. The
spreading coefficient of one solvent may be less than 0 (called
“liquid lens” or “partial wetting”), but the other solvent as
assisting spreading agent is greater than 0. A “partial wetting”
droplet (S < 0) can be mixed with an assistant spreading
solvent (S > 0). The mixture would spread on the substrate
and be evenly dispersed on the liquid substrate for S > 0, which
is an important method to prepare the LB film.

The spreading driven by the “Marangoni effect” can be
categorized into two cases according to the substrate depth
with different approximations.”” The differences between the
two cases mainly lies in the flow profile in the substrate. For
spreading on thin films, a velocity gradient exists in the whole
thin film with the liquid in the vicinity of the liquid—solid
interface standing still.*>" However, for spreading on deep films,
the velocity gradient only exists in the viscous boundary layer
but nearly no flow beneath it.”” Compared with the thin-layer
substrate, the viscous resistance of the fluid in the deep-layer
substrate is smaller, so the spreading rate of the deep-layer
substrate is faster.”> Therefore, in a spreading process, the
depth of substrate is a key factor which could make effects on
the flow profile. For spreading on thin films, lubrication
approximation is appropriate while the viscous boundary layer
(Blasius boundary layer) approximation applies for spreading
on deep substrate.?” A time T = HOZ/I/ could be used to
distinguish different approximation types in a hydrodynamics
process, where H, and v stand for the fluid depth and its
viscosity, respectively. We can determine which type of
approximation is suitable by comparing the spreading time t
and T. For t < T, i.e, we could think of it as a spreading on a
deep substrate. Otherwise, we could think of it as a thin film
regime.” These two cases involve different flow profiles, so a
reasonable control of the substrate thickness helps to quickly
disperse the droplets to be spread. Considering that a thin
substrate is not conducive to rapid spreading, we have adopted
a deep substrate here to disperse droplets more quickly and
evenly, thereby obtaining a high-quality LB film.

Here, our purpose is to analyze the related hydrodynamics
processes in the LB film preparation and reveal its mechanical
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Figure 1. Experimental device for observing droplet spreading. This observation device is composed of a coaxial parallel light source, a telecentric
lens, and a CCD camera. A petri dish with water is set above the observation device.
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Figure 2. Successive four states (a-d) in the first spreading stage (stage 1) are shown here and outer boundary is shown in the insert. The scale bar
is 10 mm in this picture. The positions of outer and inner boundary in the first spreading stage and the positions of a, b, ¢, d is marked in rectangle
boxes shown in (e).

mechanism. In the hydrodynamics study, the previous solvent droplet and perform the spreading of a liquid of
experimental system is mainly built on pure liquid spreading silicone oil and an oleic acid mixture on the horizontal surface
on the other liquid substrate, which is different from the LB of another immiscible deep water substrate, and the volatile
process where mixed liquids are usually used. Here, we silicone oil is the assisting spreading solvent. We observed a
introduce an assisting spreading solvent to prepare the mixed series of phenomena including spreading, capillary wave,
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Figure 3. Schematic diagram of the drop configuration with a main drop, interference zone, band, and small emitted droplets around it. Leading
edge and contact line are marked here. We show the direction and range of action of the surface tension gradient (“ST gradient”) here. (Phase 1
refers to the oil phase, Phase 2 refers to the air, and Phase 3 refers to the water substrate).

instability, etc. In this paper, we give a whole scene of the
hydrodynamic process in the LB method and a deep physical
and mechanical mechanism.

B EXPERIMENTAL SECTION

A spreading process is described by spreading coefficient S. As far as
we know, a substance with a spreading coeflicient less than 0 cannot
spread on substrate. In order to spread the “partial wetting” liquid
with S < 0, we need to introduce an assisting spreading agent with S >
0. Under the effect of an assisting spreading solvent, the “partial
wetting” substance can be pulled out all around along the radial
direction by a surface tension gradient. After a series of hydrodynamic
processes, a film composed of a “partial wetting” substance is formed.
It is an important method to fabricate the LB film. However, the
spreading hydrodynamics makes effects on the LB film preparation
which are worthy of further experimental study.

We perform the spreading of a liquid of silicone oil and the oleic
acid mixture on the horizontal surface of another immiscible deep
water substrate. The volatile silicone oil is the assisting spreading
solvent with low viscosity. Oleic acid (purity AR 99%, p = 0.8900 g/
cm?®, surface tension ¢ = 33.8 mN/m, viscosity 26 mP s at 20 °C) was
purchased from Aladdin Industrial Corporation in Shanghai China.
The de-ionized water was produced by the Milli-Q Academic filtering
system, Millipore Inc. Silicone oil was purchased from Shinetsu with

model KF-96-0.65CS, which is highly volatile, its surface tension ¢ =
15.9 mN/m at 20 °C and an evaporation rate of 0.228 g/mz s.

The oleic acid was mixed with silicone oil to obtain a two-
component mixed liquid with different proportions. We used a pipet
gun to inject the mixed drop of about 10 uL softly onto the water
surface with the tip as close to the surface as possible. The
experimental setup is shown in Figure 1. We recorded the spreading
process by the camera. In order to realize the continuous spreading
process of the mixed drop, the content of the silicone oil (assisting
spreading solvent) should be higher than 60%. When the content of
silicone oil is lower, the mixed droplet is quickly broken up into
several small droplets. In this paper, we study the spreading process
with a silicone oil content of 60%.

B RESULTS AND DISCUSSION

Marangoni-Driven Spreading Process. Marangoni-
driven spreading is usually realized by a surface tension
gradient with a low-surface-energy substance spreading on a
high-surface-energy surface. For example, surfactant solution is
one of the most common low-surface-energy liquid. A
surfactant molecule is amphiphilic, which is composed of a
hydrophobic tail and a hydrophilic head group. After surfactant
molecules adsorb onto the free surface, a monolayer forms.
The surface tension depends on the distribution of surface
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concentration of surfactants. Therefore, surfactant solution will
spontaneously spread until the concentration gradient is
eliminated.”* The main feature of low-surface-energy substance
spreading is that their surface tension is low with a spreading
coeflicient S > 0, and spreading processes are driven by the
surface tension gradient owing to its non-uniform distribution
on the substrate surface. However, some substance would form
a liquid lens on the surface of the substrate for S < 0 but not
spread. So it is a key issue of how to spread it on the surface.
Here, we add an assisting spreading agent (silicone oil but not
surfactant) (S > 0) into the substance (oleic acid) to get a
mixture with S > 0 to spread the “partial wetting” substance on
the surface.

We have observed a series of phenomena in the experiment.
As soon as the droplet is deposited on the surface of the water
substrate, the droplet is going to form a concentric ring
structure with trains of the capillary wave emerging (shown in
Figure 2a). The initial state of the droplet is shown in Figure
2a, and the structure of the droplet evolves into a double
concentric ring structure, which is shown in Figure 2b—d. We
name the two concentric rings which are distributed from the
outside to the inside in Figure 2b—d as “outer boundary” and
“inner boundary”, respectively. With the droplet spreading
rapidly, the outer boundary is unstable and irregular. We
observe the Plateau-Rayleigh instability of the outer boundary
in the insets of Figure 2c,d, and small droplets were emitted
outward. In similar experimental systems, the Plateau-Rayleigh
instability phenomena was found before.”® Here, we observe
four different forms of the outer boundary (shown in the insets
of Figure 2). In Figure 2a, an unclear, jagged border appears
while the droplet just touches the water surface. After 20 ms,
the boundary expands and becomes clear shown in Figure 2b.
Until 240 ms, new small droplets form around with the outer
boundary becoming smooth in Figure 2c,d. We recorded the
position of the outer and inner boundary, and the length
between the outer and inner boundary is defined as “band
width” which is marked in a dotted rectangle in Figure 2e
(points “a”, “b”, “c”, “d”). We notice that band width gradually
increases from 11.5 mm at point “a” until 19.5 mm at point “c”
turns and it decreases from point “c” to 15.1 mm at point “d”.

According to the observation of the top view, we infer the
shape of its cross section as shown in Figure 3. There is a
spreading droplet which could be separated into three parts
including the main drop, thickness transition region with
interference fringes, and a band around the droplet (shown in
Figure 3). A submicron layer or even a monolayer may exist
ahead of the band according to the related reports.**™ For
the spreading at the air—liquid interface, the spreading front is
often termed as a leading edge. The liquid substrate ahead of
the leading edge is uncontaminated and exhibits the maximum
surface tension 0,;. The fluid layers behind the inner boundary
have a finite concentration of spreading fluid forming two new
interfaces with ,, and 0,5.”’ By experimental observation, we
give the definition of the inner boundary, which is the
transition boundary from the thick bulk layer to the band, and
there is no molecular interaction between the oil-water and
oil—air interfaces with its net force value of o;, + 6,5.°  We
notice that there are interference fringes in the vicinity of the
inner boundary, which shows the thickness transition from a
thick layer to a thin band and is named the “interference zone”,
which is marked in Figure 3. It also indicates that the thickness
difference of the oil film in this region is comparable to the
wavelength of the light source. Ahead of the inner boundary,

there is a thin band whose outer boundary is named the
contact line (for convenience of description, we also call it the
“outer boundary” here). It is worth noting that the outer
boundary is a phase boundary of the air, oil, and water phases.
However, the inner boundary is an interference fringe observed
in the experiment, which means the transition of oil film
thickness distribution. Considering that the instability of the oil
film occurs at the contact line, there is little difference between
the leading edge and the contact line in this experiment. We
approximately think that the positions of the two are consistent
in data analysis.

The surface tension gradient is assumed to be distributed
along the band. The net force o of the band-covered substrate
varies from a value of 6}, + 65 at the inner boundary (between
the thick oil layer and the band) to o,; at the leading edge.
Outside the range, the air—water surface is oil-free, which is
shown in Figure 3. In Figure 2e, we notice an increase of the
band width from point “a” to point “c”, which is attributed to
the surface tension gradient within the band. The band is
stretched by the surface tension gradient from Figure 2e (point
“a”) to Figure 2e (point “c”) with its width increasing. Next,
the surface tension gradient decays significantly along with the
spreading process, and the band width decreases from Figure
2e (point “c”) to Figure 2e (point “d”).

Scaling Relation of Spreading Diameter. Based on the
analysis of evolution of spreading diameter and time, the
process of spreading can be divided into five stages shown in
Figure 4. We observed the four transition points in Figure 4. At
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Figure 4. Five successive evolution stages after the droplet touches
the surface of the substrate. The position of the inner and outer
boundaries are shown here (content of silicone oil is 60%).

transition points, the spreading speed of the diameter changes.
The series of transitions are attributed to the reciprocating
oscillation of the capillary wave when it is passing by. The
transition point between Stagel and Stage2 is attributed to the
capillary wave returning back from the container wall, which
compresses the contact line inward (the same reason for the
transition between stages 3 and 4). The transition point
between Stage2 and Stage3 is also caused by the capillary wave.
It pushes the outer and inner boundary outward when passing
by. Finally, the spreading film breaks up suddenly at the
transition point between Stage4 and StageS.
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For further analysis, we plotted the diameter of the outer
boundary versus time on logarithmic scales as Figure S, and we
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Figure 5. Scaling law of the outer boundary which is shown in double
logarithmic coordinates. There are five stages in the whole spreading
process. The average scaling exponents « for each stages according to
linear fitting are 0.267, —0.033, 0.751, —0.180, and —3.05,
respectively.

observed a series of scaling laws during this spreading process.
Usually, due to the interaction of various forces, physical
phenomena usually occur at the same. To reveal the physical
mechanism of spreading, we introduce the power law analysis.
This data is fitted linearly over a finite time interval, which is
convenient for us to compare it with the previous conclusion of
the spreading scale. Here the diameter of the outer boundary is
D « t% and average exponents o are equal to 0.267 for Stagel;
—0.033 for Stage2; 0.751 for Stage3; —0.180 for Stage4; and
—3.05 for StageS.

We can contrast these scaling values with existing results,
where r(t) o £/* (surface tension-viscous regime) and r(t)

t'/* (gravity-viscous spreading regime) for droplet spreading on
a deeply viscous substrate. The spreading is usually driven by
gravity and surface tension gradients, while inertial and viscous
forces are usually resistance. Here, gravity and inertial forces
are volume forces that are proportional to the volume of the
droplet, but surface tension and viscous force are proportional
to the line length and area, respectively. At the beginning of
spreading in our experiment, surface tension is negligible due
to the hemispherical shape of the droplet, while inertia is also
negligible for the small volume of the droplet (10 uL). As a
result, gravity-viscous spreading works. Then the droplet
quickly spreads out into an extremely thin film, and the
surface tension gradient is considered to be the main driving
force and viscous as resistance with r(t) o t/4'7?

Compared with our experiment results, Stagel is dominated
by gravity and viscous forces, but Stage3 is the surface tension-
viscous regime. Due to the capillary wave passing through, the
outer boundary is pushed outward in Stage3. We notice
singular values —0.033 and —0.180 for Stage2 and Stage4,
respectively, because capillary waves return from the wall and
restrain the outer boundary spreading with average scaling
exponents equal to —0.033 and —0.180, respectively. In Stage$,
the whole film breaks rapidly with average scaling exponents
equal to —3.05.

Capillary Wave. The capillary wave is a kind of common
phenomenon in the spreading process which would influence
the scale of the spreading diameter. We notice that there are
two different spreading scaling laws for Stage2 and Stage4
caused by the capillary wave. In Stage2, the capillary waves are
produced by the disturbance caused by the droplet touching
the water surface. The capillary waves go backward from the
wall of the petri dish and influence the process of spreading,
which is shown in Figure 6. In the process from Figure 6a—d,
the contact line is kept in the vicinity of the same location
because of the capillary waves returning. In Stage3 shown in
Figure 6e—h, the capillary waves spread from the center of the
droplet to the surroundings. When the capillary waves pass
through the inner boundary and contact line, it suddenly

D O &

Figure 6. Process of capillary waves going through the spreading droplet. From parts a to d, the capillary waves go backward from the edge of the
petri dish corresponding to Stage2. From parts e to h, the capillary waves go through the spreading droplet outward from the center corresponding

to Stage3. The scale bar is 10 mm in this picture.
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Figure 7. Distribution of Laplace pressure on the crest of the wave and on the flat surface. The directions of capillary wave propagation and
direction of driving pressure are indicated here. Here, part i represents the inward direction of wave propagation, and part ii represents the outward

direction of it.

expands to a large size (shown in Figure 6f,g). Similarly, when
the wave returns back, the droplet retracts slightly again in
Stage4. However, there is a film instability phenomenon in
StageS shown in Figure S1 of the Supporting Information.
Finally, the film breaks and disperses into several droplets.

The influence of the capillary wave on the spreading scaling
laws depends on the surface curvature. The Laplace pressure is
closely related to the interface curvature. According to the
Young—Laplace equation, the pressure is lower under the flat
surface than it is under the crest (with the curvature pointing
towards the liquid substrate).”’ The curvature of the crest is
large, but that of the flat surface is very small (shown in Figure
7). We define the pressure difference between the crest and the
flat surface as the “driving pressure”. When the capillary wave
passes by the contact line inward in Stage2, the driving
pressure is also inward along the diameter from the crest to the
flat surface (shown in Figure 7i).

Considering that the curvature of the flat surface is almost 0,
the Laplace pressure is also close to 0. Therefore, the driving
pressure between the crest and the flat surface is the same as
the Laplace pressure at the crest, which could be estimated by

« »

the Young—Laplace equation P, = % ~ 50 pa at the crest (“r

is radius of curvature on the crest in Figure 7). Similarly, when
the capillary wave passes by the contact line outward in Stage3,
the driving pressure is also outward along the diameter from
the crest to the flat surface (shown in Figure 7ii) which pushes
the contact line outward.

Here, the capillary waves are reflected inwards after reaching
the periphery of the Petri dish and will cause the interface
deformation when it passes by. When the capillary waves
returns to the contact line, the contact line is squeezed inward
under the action of driving pressure and keeps still (shown in
Figure 6a—d and Figure 7i), corresponding to Stage2 in Figure
S. The same is true of Stage4. Similarly, when the capillary
wave spreads outward in Stage3, the contact line is pushed
outward due to driving pressure acting on the contact line
(shown in Figure 6e—h and Figure 7ii).

B CONCLUSION

We have carried out a typical spreading experiment of two-
component mixed droplets for the purpose of preparing LB
films. We perform the spreading of a liquid of silicone oil and
oleic acid mixture on the horizontal surface of another
immiscible deep water substrate. The volatile silicone oil is

the assisting spreading solvent with low viscosity. In the
process of LB preparation, the concentration of assisting
spreading agent is very important. It needs to exceed a certain
critical value (60% in our experiment) to achieve a uniform
spreading process, which is a key factor for getting a
homogeneous film. In this article, we present an overview of
the hydrodynamics process under the influence of assisting
spreading solvent, which will help us to understand the process
of film formation and find methods to improve its quality. At
60% concentration, we have observed the evolution of a large
droplet into a liquid film and then into small droplets under
the action of a surface tension gradient. The spreading is
separated into five stages. The whole spreading process is
dominated by gravity-viscous and surface tension-viscous, with
its spreading radius r(t) « t'/* and r(t) o £/% respectively.
However, singular values of scaling exponents —0.033 and
—0.180 are obtained, which is attributed to non-uniform
Laplace pressure caused by curvature distribution near the
capillary wave.
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