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Abstract: The stability, rheology and applications of foams, emulsions and colloidal sols 
depend on the hydrodynamics and thermodynamics of thin liquid films that separate 
bubbles, drops and particles respectively. Thin liquid films containing micelles, colloidal 
particles, liquid crystals or polyelectrolyte-surfactant mixtures exhibit step-wise thinning 
or stratification, often attributed to the layer-by-layer removal of the aforementioned 
supramolecular structures. Stratification proceeds through emergence and growth of 
thinner circular domains within a thicker film, and the domain expansion dynamics are 
the focus of this study. Domain and associated thickness variation in foam films made 
from sodium dodecyl sulfate (SDS) micellar solutions are examined using a Scheludko-
type cell with a novel technique we call Interferometry Digital Imaging Optical 
Microscopy (IDIOM). Below 100 nm, stratification and drainage cause a thickness-
dependent variation in reflected light intensity, visualized as progressively darker shades 
of gray. We show that the domain expansion dynamics exhibit two distinct growth 
regimes with characteristic scaling laws. Initially, the radius of the isolated domains 
grows with square root time, and the expansion rate can be characterized by an apparent 
diffusion constant. In contrast, after a section of the expanding domain coalesces with the 
Plateau border, the contact line between domain and the surrounding thicker region 
moves a constant velocity. We show that a similar transition from a constant diffusivity 
to a constant velocity regime is also realized when a topological instability occurs at the 
contact line between the growing thinner isolated domain and the surrounding thicker 
film. Though several studies have focused on the expansion dynamics of isolated 
domains that exhibit a diffusion-like scaling, the change in expansion kinetics observed 
after domains contact with the Plateau border has not been reported and analyzed before.  
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1. INTRODUCTION 

Liquid foams exhibit a range of complex and unique properties that make them 

nearly indispensible for numerous applications in our daily lives and in industrial 

processes 1-5. Foams are colloidal dispersions of tightly packed gas bubbles in a 

continuous liquid (or solid) phase. Structurally, as foams consist of thin films separated 

by gas pockets, the stability, lifetime, rheology and applications of liquid foams are 

intimately linked to the drainage and rupture kinetics of thin liquid films 6-10. Thus, foams 

are similar to emulsions and colloidal sols, as their stability and rheology also depend on 

the hydrodynamics and thermodynamics of thin liquid films that separate drops and 

particles respectively 6-11. In an absolute sense, foams (and in fact all colloidal 

dispersions) are thermodynamically unstable 11, though practically speaking, systems can 

be categorized as relatively short-lived or reasonably long-lived (timescale of minutes to 

hours to years). Slower drainage rates and more stable foams are desirable in firefighting 

12, 13, mining industry 14, certain foods and beverages 15, and cosmetics 16, 17 among others. 

In striking contrast, rapid drainage and disappearance of foams is preferred in 

champagnes 18, 19 and in undesirable aquatic foams created by water pollution 20, 21. 

Understanding and unraveling the physico-chemical mechanisms operative within thin 

liquid films that govern the lifetime and stability of aqueous foams is a longstanding 

challenge, and the underlying motivation for this study.  

Representative example of foam can be prepared simply by shaking an aqueous 

soap solution, or by blowing bubbles into it, or by pouring a glass of frothy beer! If such 

a foam head is allowed to stand for a while, on closer inspection, a transition from 

polyhedral-shaped bubbles of dry foam (low liquid fraction) at the top to the spherical 

bubbles of wet foam near bulk fluid can be recognized 5. In dry foam, nearly plane-
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parallel thin films are linked to each other through thicker channels and nodes called 

Plateau borders 5, 22, and the experimental studies described in this paper aim to mimic 

drainage in such foam films. The drainage of liquid within the dry foam structure is 

primarily driven by capillary forces 6-8, 22-28, and the foam lifetime is prolonged if the rate 

of drainage is reduced by viscous (interfacial or bulk) contributions 5, 7, 22. As film 

thickness approaches the molecular length-scales, or when interfacial regions begin to 

overlap, the drainage can be further enhanced or reduced by an additional contribution 

from surface forces 18, 29-31 that provide an excess pressure called disjoining pressure, 

which acts normal to the surface. The foam lifetime is also prolonged if inter-bubble gas 

diffusion is inhibited 5, 25. Several reviews 6, 32, 33, textbooks 5, 10, 11, 25 and a recent themed 

issue in Soft Matter published in 2014 (and papers therein 34-37) present a survey of the 

current state-of-the-art understanding in foams and emulsions; the mechanisms foam 

stability and drainage feature as challenging problems in each one of them.  

At the molecular level, foam films are often stabilized by amphiphilic surface-

active agents (or surfactants) that spontaneously adsorb to liquid/air interface, and 

typically, reduce the surface energy or tension associated with surfaces 25, 27, 32. The 

surfactants determine the magnitude of both capillary pressure and disjoining pressure 18 

and alter the rheological response of the interfaces as well as the bulk fluid 23-27, 32. 

Surface and bulk properties of surfactant solutions are concentration-dependent, though 

above a threshold value known as critical micelle concentration (cmc) 11, 38, added 

surfactants spontaneously self-assemble into supramolecular structures called micelles. 

For thin films containing micelles, drainage proceeds in a non-monotonic, step-wise 

fashion called stratification 28, 39-42, in contrast to the monotonic thinning behavior 
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exhibited by foam films made with surfactant concentrations below cmc. For the latter, 

the thickness variation of disjoining pressure can be described within the framework of 

DLVO theory 7, 18, 29, 38 (named after Derjaguin, Landau, Verwey, and Overbeek). The 

DLVO forces include destabilizing, attractive London-van der Waals dispersion forces 

and stabilizing, repulsive, double layer electrostatic interactions 29, 38. In contrast, the 

disjoining pressure of micellar fluids includes an additional contribution referred to as 

supramolecular oscillatory structural forces 18, 43. The latter forces can nearly 

counterbalance capillary pressure at substantially higher thicknesses (~80 nm) than 

DLVO forces (significant only below ~40 nm) 18. Mechanistically, stratification proceeds 

through expansion of thinner, visually darker, circular domains that spontaneously form 

within a thicker film of micellar fluid, and the overall drainage rate is reduced in 

comparison with non-stratifying films 43, 44. While many studies have focused on the 

equilibrium state of each thickness step and its relation to supramolecular structural 

components of disjoining pressure 43, 45-47, there are many unanswered questions 

regarding the physicochemical hydrodynamics underlying stratification 42, 44, 48-50. These 

are explored herein in the context of domain expansion dynamics.  

Stratification in thin films made with surfactant solutions was first reported by 

Johonnott 51 in 1906 and soon after was examined by Perrin 52. The domain expansion 

dynamics were first characterized by Kralchevsky, Nikolov, Wasan and Ivanov 44, who 

reported that the area of an isolated circular, thinner domain, Ad  increases linearly over 

time, t. Similar expansion dynamics with diffusion-like kinetics (for   Ad ~ t  leads to 

radius   R ∼ t0.5 ) is observed in studies on kinetics of domain expansion in micellar 44, 53, 

particulate 54, and polyelectrolyte-surfactant films 48-50. An isolated domain encounters 
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the same driving force and resistance in all directions. In contrast, the expansion of 

domain after contact with Plateau border takes place under non-centro-symmetric driving 

force. We observe that in this regime, the expansion dynamics are no longer diffusive.  

To the best of our knowledge, all the published studies 43, 44, 48-50, 53-55 have 

focused exclusively on the expansion of a single isolated domain, far away from the 

Plateau border. There is a sheer lack of any experimental data on if and how expansion 

dynamics change when the expanding domain comes in contact with the Plateau border. 

The present study aims to fill that gap by visualizing and analyzing stratification kinetics 

and domain expansion dynamics in thin films made with aqueous micellar solutions of an 

anionic surfactant called sodium dodecyl sulfate (SDS). A novel technique called 

Interferometry Digital Imaging Optical Microscopy (IDIOM) is introduced for 

simultaneous measurement of thickness variation accompanying drainage and 

characterization of domain expansion dynamics. The technique is described briefly in the 

next section. Experiments on domain expansion dynamics for isolated domains growing 

far from the Plateau border are presented thereafter, and in agreement with the previous 

studies, the domain growth appears to be diffusive for isolated domains. Finally, the 

dynamics observed after expanding domain coalesces with the Plateau border are 

characterized and we believe, these are described for the first time. 

 

2. MATERIALS AND METHODS 

2.1. Materials: aqueous SDS solutions 

Horizontal foam films are formed with aqueous solutions of sodium dodecyl 

sulfate (SDS) both below and above the critical micelle concentration (literature values 
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range between 7mM-10mM at 25˚C) 56. SDS (anionic, molecular weigh of 288 Daltons, 

Sigma-Aldrich Co., St. Louis, MO, L6026, >99.0%) is used without further purification, 

and all solutions are prepared with deionized water with resistivity of 18.2MΩ. It is well 

known that the presence of impurities or the presence of trace amounts of 1-dodecanol 

affect micellization, surface tension and interfacial rheology 57, 58. The concentration-

dependent surface tension of aqueous SDS solutions measured using a maximum bubble 

pressure tensiometer shows a smooth transition near a cmc value of c = 8.2 mM, 

indicating that the as-made solutions are relatively free of impurities 57, 58. No electrolytes 

are added to the solution, for it is well known that high ionic content leads to suppression 

of the stratification phenomena 28, 39.  

2.2. Thin film apparatus and imaging system 

Drainage and stratification experiments were carried out in a Scheludko-type cell9 

(see the schematic included as Figure 1). The test solution is loaded into a cylindrical cell 

of internal diameter = 1.6 mm. Liquid is then slowly withdrawn from the biconcave 

drop to create a circular thin film at the center with nearly plane-parallel interfaces 

(Figure 1 (b)). The withdrawal is stopped after the desired film diameter (
 
d f ≈ 0.6 mm) is 

reached, and the fluid volume is then maintained constant throughout the drainage 

process. The film holding cell is placed within a closed container, in which air is 

saturated with the same test solution to minimize the effect of evaporation. In analogy 

with a horizontal film in dry foam, the thin film formed within the cell always stays in 

contact with a thicker meniscus region (referred to as Plateau border). Assuming perfect 
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wetting of the inner wall of the cell holder and a small contact angle between the film and 

the border region, the capillary pressure can be estimated by39:   

  
Pc ≈

4γdc

dc
2 − d f

2
                                                             (1) 

Here  is the surface tension of the solution (γ ≈ 36 mN/m for SDS solutions above cmc, 

measured using a maximum bubble pressure tensiometer designed within the laboratory), 

 and  are the inner diameter of the cell and the diameter of the thin film, 

respectively, as shown in Figure 1 (b). The typical capillary pressure in experiments 

described in this study is Pc ≈ 100 Pa. In a series of papers, Wasan, Nikolov and 

coworkers 31, 54, 55 have argued that the stratification kinetics is itself influenced by the 

film size and curvature. To make a meaningful comparison between solutions with 

different surfactant and micellar concentration, we conducted experiments on films that 

are nearly plane-parallel and of similar size. 

Figure 1 

The reflected light intensity, I from a homogeneous film (after neglecting 

absorption, including multiple reflection and assuming zeroth order of interference) can 

be related to its thickness, h by using the following formula 9 :  

  

h = λ
2π

#
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&
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(arcsin Δ

1+ 4R 1− Δ( ) 1− R( )
2

#

$

%
%%

&

'

(
((

                                   (2)                                  

Here 
  
Δ = I − Imin( ) Imax − Imin( )  is computed using the reflected light intensity, I 

measured at a particular spot, and Imax and Imin are the maximum and the minimum 
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intensities measured for a given wavelength of light, λ .  In Equation 2, the Fresnel 

coefficient
  
R = n−1( )2

n+1( )2
is computed using the value of refractive index, n of the 

bulk solution (here n = 1.33). Prior studies 9, 59, 60 show that corrections based on the 

measured refractive index for different SDS concentrations, or based on calculations that 

treat foam as a multilayered structure are negligible and can be ignored.  Interference 

occurs between the light rays reflected from the two liquid-air interfaces present in thin 

foam films. The phase difference between the interfering rays arises due to: (a) the path 

difference between the two rays which is determined by film thickness, angle of 

incidence and number of reflections within the film, and (b) a phase shift of π  that 

always occurs on the reflection at air-liquid surface (where incident and reflected light lie 

in medium with lower refractive index). Even for black films that are only a few 

molecular-layers thick, light intensity modulated by interference provides a measure of 

film thickness.  

The thin film is illuminated by white light, and the reflected light is recorded by 

high resolution DSLR camera (Nikon D5200). The camera is equipped with a precision 

microscope lens system (Navitar Zoom 6000, with added microscope objective). High-

resolution videos and images of the stratification process are captured by this imaging 

system. The images are post-processed in MATLAB R2012a with specially written codes 

and using equation 2, changes in the film thickness are computed from the intensity of 

reflected light. Conventionally a photodiode is used for measuring the reflected light 

intensity. In this study we use a novel approach that we have developed and termed as 

Interferometry Digital Imaging Optical Microscopy (IDIOM); this relies on the high 

quality sensors of the digital camera for measuring I (the reflected light intensity).  
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The principle underlying thickness determination by IDIOM can be described in 

brief as follows. Every pixel in the color image can be read as a composite of three 

intensities of red (wavelength λ = 650nm), green (λ = 546nm) and blue (λ = 450nm) 

light, and each color channel has values in the range of 0-255. The intensities 

corresponding to the three channels correspond to the thickness-dependent reflected light 

intensity for each color, and these can be converted into the thickness of the foam film 

using Equation 2. While similar digital filtration and thickness determination using 

reflected light intensity has been used for measuring film thicknesses with thicker, 

colored soap films 61, 62, this is, we believe, the first application to thicknesses below 100 

nm. The thickness h obtained is called the “equivalent film thickness” 63, 64, which 

assumes refractive index in the thin film is homogenous and equal to the value of the bulk 

solution. A more detailed description of IDIOM, its resolution limits and detection 

efficiency, as well as improving the accuracy of thickness measurement will be presented 

in a separate article. In the present context, the technique allows us to map the thickness 

of the film with high spatial resolution (up to ~0.5 µm/pixel), which is advantageous in 

investigating the kinetics of the growth of circular domains of different thickness as 

described and discussed herein.   

 

3. RESULTS AND DISCUSSION 

3.1 Step-wise thinning of films formed with 100 mM aqueous SDS solution: 

Stratification within thin foam films formed from an aqueous micellar SDS solution (c = 

100 mM; c/CMC�12)  proceeds as shown in snapshots in figure 2a (see Movie 1 
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included as electronic supplementary information, ESI). Interference between light 

reflected from the two air-liquid interfaces of the foam film with thickness,   h > 100nm  

creates colorful rings. The vibrant interference colors disappear below   h ≈ 100nm . 

However, as the intensity of reflected light is dependent on thickness for   h < 100nm and 

various shades of gray can be perceived (see Figure 2a), right up to the nearly black color 

characteristic of the thinnest films. Remarkably, in these micellar fluids, the thinning 

films display distinct regions with different shades of gray implying regions of different 

thickness co-exist in the film (see Figure 2a). Thinner (hence darker) circular domains 

spontaneously form and grow within the thicker film (see Movie 1, ESI). The domain 

boundaries are sharp, and expansion of the domain continues till the thickness of entire 

film is reduced to the next thickness, smaller by a discrete value equal to the step size. 

The final black film formed after multiple thinning events can be stable for hours without 

rupturing.  

Figure 2 

The progressive thinning of foam film leads to intensity variations that provide 

quantitative determination of changes in thickness. The plot of thickness versus time 

reveals that thinning takes place in step-wise fashion (see Figure 2(b)). For 100 mM SDS 

solution, the measurement shows a final thickness h0 = 14.6 ± 0.6 nm, and the height of 

each step is found to be constant with Δh = 10.5 ± 0.5 nm. Intensities corresponding to 

red and green channels are analyzed separately, and a good agreement is found between 

the estimates made with the two different wavelengths, as shown in Figure 2. The data 

from the blue channel is quite noisy and is not shown. The experiments were repeated at 

least five times for each of the six different SDS concentrations. Step-size and final black 
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film thickness decrease with an increase in concentration and the number of steps 

increases with concentration. The concentration-dependence for step-size (Δh), thickness 

of black films (h0), as well as their measured values, are similar to those reported in the 

literature 65, 66. 

Domain expansion kinetics: influence of the Plateau border: Stratification proceeds 

through formation and expansion of thinner, darker domains (see Movie 1, ESI). At first, 

one or more domains grow without interacting with any neighboring domains or with the 

Plateau border. In many instances, a single darker domain emerges and grows till the 

thickness of the whole plane-parallel film is reduced to the next step in thickness. 

Domain area expansion dynamics was analyzed for five different concentrations, and a 

representative example of domain growth kinetics is shown in Figure 3 for a 100 mM 

aqueous SDS solution.  

(Figure 3) 

We find that the expansion process invariably involves at least two distinct 

regimes: Regime A, expansion as an isolated domain, and Regime B, expansion after a 

section of the domain is in contact with the Plateau border (e. g. see Movie 1 and 2, ESI). 

In Regime B, the moving front is located at the contact line between the thinner domain 

and thicker surrounding film.  The area of isolated thinner darker isolated domains, Ad 

increases linearly with time. The scaling of    Ad ∼ t has been reported and analyzed 

previously 44, 48. However, after the domain comes in contact with the Plateau border, the 

areal growth rate shows a marked increase (determined by the slope of curves in Figure 

3a). Though the areal growth rate changes, the linear dependence    Ad ∼ t  is preserved. 
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Since this linear dependence of area on time has been attributed before to a diffusion-like 

process 44, 48, the change in slope either suggests a faster diffusion or a change in the 

governing dynamics. As Regime B was not characterized in earlier experimental studies, 

none of the existing theoretical frameworks explicitly account for the observed change in 

domain expansion dynamics.  

Driven to investigate why the domain expansion speeds up on contact with the 

Plateau border, we plotted the domain expansion data in terms of the time variation of 

domain radius as shown in Figure 3b. Here, a clear scaling transition from   R∝ t0.5  to 

 R∝ t is observed. The distinction between the two regimes can be now characterized and 

distinguished by defining two appropriate rate constants: an apparent diffusivity 

  
D =

dR2

dt
=

1
π

dAd

dt  
for Regime A and an apparent contact line velocity 

 
V =

dR
dt

in Regime 

B. These rate constants were measured for five concentrations and are summarized in the 

Table 1. While the apparent diffusivity measured from domain expansion in Regime A 

increases with concentration, the apparent velocity decreases with concentration. 

Practically speaking, since these two regimes show markedly different concentration 

dependence and time dependence, it implies that it is not easy to formulate a simple 

corollary on how concentration influences foam film lifetime. 

(Table 1) 

Domain expansion kinetics: influence of rim instability: The radius of the expanding 

domain in foam films formed from a 25mM SDS solution is tracked over time and 

plotted in Figure 4. Unlike the 100 mM SDS solutions, here a transition from   R∝ t0.5  to 

 R∝ t  is exhibited in the expansion kinetics of the isolated domain itself. This change in 
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expansion kinetics occurs concomitantly with the spontaneous formation of thick white 

spots at the boundary between the thinner expanding domain and the surrounding film. 

These white spots are much thicker when compared to the surrounding film and hence 

appear whiter and brighter. Since their thicknesses (<100nm) are still much smaller than 

their diameters (>10 microns), the white spots are shape-wise similar to pancakes (or 

lenses or discs). Consistent with the concentration dependence exhibited in other studies, 

stratification kinetics of the 25 mM SDS solution (c/CMC�3) also show a larger 

minimum thickness with h0 = 25.2 ± 0.4 nm and a larger step size with Δh = 16.1 ± 1.4 

nm. Though the image included in Figure 4 shows nearly uniform sized white spots 

arrayed all around the domain border, our extended range of experiments show that one 

or more white spots can appear asymmetrically about the rim (see image included in 

Figure 5, for example and also see Movie 3, ESI). In all instances, the appearance of 

white spots results in a change in domain expansion kinetics. Though such a transition 

and white spot formation are seen for 32 mM and 50 mM solutions as well, the instability 

leading to their formation is less like to be occur in the more concentrated SDS solutions 

under the conditions imposed in our experiments.  

(Figure 4) 

Next we analyzed the domain expansion dynamics for the cases where both white 

spot formation and contact with Plateau border occur successively. Two cases can be 

identified: Figure 5a illustrates the case of domain expansion where rim instability 

leading to white spot formation occurs first, while Figure 5b shows a case where the rim 

stability is initiated after contact with periphery. The similarity between the expansion 

dynamics observed after white spots form and after domain coalesces with Plateau border 
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is clearly visible in Figure 5 for both cases. The apparent velocities of domain expansion 

in thin films formed with 25 mM and 32 mM SDS solution are found to be very close 

(Table 2).  

(Table 2) 

(Figure 5) 

The contrast between domain expansion dynamics in the constant diffusivity 

regime (Regime A) and the constant velocity regime (Regime B) can be highlighted by 

comparing how the locus of the contact line shifts with time as shown in Figure 6. Also 

shown is the change in the velocity vector. The expansion velocity varies with time for 

the diffusive regime (Regime A), and the magnitude of displacement is shorter in each 

successive (equal) time interval. In contrast, the rest of the contact line moves with a 

constant velocity after contact with Plateau border, and this leads to a linear growth in 

domain radius observed in the Regime B.  

(Figure 6) 

Discussion: The expansion of isolated domains in Regime A (constant diffusivity) has 

been observed and modeled before. Kralchevsky et al. 44 proposed a diffusive-osmotic 

mechanism, arguing that the chemical potential (or osmotic pressure) difference between 

the film and its Plateau border leads to generation of vacancies. In this model, the 

expansion of the thinner domains is considered akin to a phase transition, involving 

condensation of vacancies. Appearance of white spots, the associated change in 

expansion kinetics and the constant velocity regime observed here after domain coalesces 

with the Plateau border are not captured by the diffusive-osmotic mechanism. Both 
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Bergeron and Radke 42, and Heinig, Beltran and Langevin 48 argue that the excess liquid 

from the growing thinner domain accumulates and builds a rim at the domain boundary. 

Heinig et al. 48 proposed a local diffusive model that describes how a disjoining pressure 

gradient across the rim drives the outwards expansion of the rim.  The model arrives at a 

diffusive scaling for domain growth with   R∝ t0.5 . Many features of the diffusive growth 

are similar to the models for spreading and dewetting outlined by de Gennes, Joanny, 

Brochard and coworkers 67-69, among others. However this model is applicable only in 

Regime A, and dynamics observed after contact with the Plateau border as well as after 

formation of white spots are not captured.  

Even though many studies remark that the white spots emerge due to a Rayleigh-

like instability 42, 50, 64, 70, quantitative analysis of white spot formation and the 

concomitant change in domain expansion dynamics is somewhat lacking. The scaling 

transition  to  observed after white spot formation has been reported (we 

believe) only once before for polymer-free micellar dispersions. Sonin and Langevin 70 

observed this change in dynamics for a dodecyltrimethylammonium bromide (DTAB) 

solution (c/CMC�7). However, Beltran and Langevin 49, 50 observed similar white spot 

formation and change in expansion kinetics for polyelectrolyte-surfactant mixtures. By 

drawing analogy with spreading kinetics, Beltran and Langevin 50 posited that the 

constant velocity near the contact line could be a result of a balance between viscous 

dissipation and uncompensated Young force. However, the estimated values for velocity 

are nearly three orders of magnitude smaller than experimental measured values.  

Recognizing the discrepancy, Beltran and Langevin 50 argued that a better 

estimate of contact line velocity is obtained if the gain in surface energy associated with 

  R∝ t0.5  R∝ t
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white spot formation due to Rayleigh instability is considered as the driving force. 

Furthermore, it was argued that the effective viscosity of polyelectrolyte solution is two 

orders of magnitude smaller than the bulk viscosity. In contrast, the model for diffusive 

regime proposed by Heinig, Beltran and Langevin 48 captures the experimentally 

observed dynamics only if a viscosity enhancement (again by two orders) is assumed. 

Since these two studies from the Langevin group 48, 50 were carried out for 

polyelectrolyte-surfactant mixtures, it is possible that polymer viscoelasticity and shear-

rate dependent viscosity play a role. However, a self-consistent explanation of the 

contrasting dynamics observed in two regimes remains a challenge even for the polymer-

free micellar fluids. The complexity arises because both thermodynamic and 

hydrodynamic effects are involved and must be carefully considered for the case of 

confined fluids.  

In contrast to the previous studies 10, 36, 39-44, 48-50, 53-55, our experiments on domain 

expansion dynamics leads to three distinct observations that need to described by a 

theoretical framework self-consistently: (i) Change from constant diffusivity (Regime A) 

to constant contact line velocity (Regime B) that occurs after an isolated domain comes in 

contact with the Plateau border (see Fig. 3, 5 and 6). (ii) Though the apparent diffusivity 

increases with surfactant concentration in Regime A, the contact line velocity shows a 

decrease over the same concentration range (see Table 1). (iii) Even though the change in 

dynamics from constant diffusivity to constant velocity that is observed after the onset of 

topological instability has been reported a countable few times before 49, 50, 70, there is no 

indication that such a transition could occur after the domain contacts Plateau border, and 

even so, it remains to be explained why a similar contact line velocity is realized in both 
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cases (see Fig. 5 and 6; Table 2). We have developed a theoretical framework, which 

captures the scaling behavior displayed in both regimes, as well as the concentration 

dependence of growth rates (diffusivity and velocity respectively). The theory will be 

presented with necessary details in the next paper, but the key ideas are summarized next. 

The thin film hydrodynamics in both regimes can be described using the 

following thickness evolution equation 71-73:  

  

∂h
∂t
=

1
12ηr

∂

∂r
rh3 ∂P

∂r

#

$
%

&

'
(       (3)  

This evolution equation for foam film thickness h(r, t) is derived from the Navier-Stokes 

equation using a lubrication flow assumption (valid for h<<R). The relevant pressure for 

thin films is obtained from the Derjaguin equation 73:  P = γC +Π  that includes 

contribution by the capillary pressure (depends on surface tension and local curvature, C) 

and the disjoining pressure contributions,  
Π h( ) . In case of the stratifying foam films, the 

thickness-dependent interaction potential 
f h( )  (and disjoining pressure  

Π = −∂h f h( ) ) 

display a highly non-monotonic behavior. The nucleation and growth of successively 

thinner domains and the stepwise thinning can be understood as driven by transition from 

one metastable state to the next made possible by oscillatory nature of thickness-

dependent free energy isotherm 18, 44-47. Domains of different thicknesses can coexist 

within the same foam film as the thickness-dependent osmotic pressure generated by the 

surface forces (or disjoining pressure) can equilibrate with the global Laplace pressure 

(given by equ. 1, and set by the film size).  
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Initial growth of domains involves a rapid outflow, leading to an accumulation 

of fluid near the domain boundary, which creates an asymmetric, nearly flat rim. In this 

case, gradient in disjoining pressure makes the primary contribution to the driving force 

for the outflow and the dissipation within the rim controls the expansion dynamics (in 

analogy with spreading and dewetting literature 67-69). The height evolution equation 

resembles a diffusion equation 
  
∂th = Deff∇

2h  with 
  
Deff = −

h
∞
3

12η
∂Π

∂h
 where  is the 

viscosity and  h∞ is the thickness of surrounding film. The diffusive transport of fluid 

through the rim results in an increase in both rim height and rim width. We 

experimentally observe that beyond a critical height, the rim is unstable, and breaks-up 

into white spots (see movie 3). Due to non-monotonic nature of disjoining pressure curve 

and Laplace pressure associated with non-flat surfaces, the rim evolves towards this 

critical height, and dynamics gets progressively slower as the critical height is 

approached. We find that the apparent velocity of the contact line in regime A decreases 

with time as    VA ∼ t
− 1

2 and is the slowest before the onset of instability. Alternatively, the 

growing domain impinges on the Plateau border before the onset of rim instability. For 

both these scenarios, the transition is accompanied by a noticeable jump in the contact 

line velocity and the constant diffusivity regime is followed by a constant velocity regime.  

In the mechanism proposed by Beltran and Langevin 50, the growth of white spots 

by Rayleigh instability and surface energy as driving force are said to drive the constant 

velocity expansion. After a careful analysis of innumerable movies (see ESI movie 2), we 

find that the rim break-up is often not symmetric and the white spots (nearly flat, similar 

to pancakes rather than drops) do not display periodicity or growth rates associated by 
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Rayleigh instability. The emergence and growth of white spots show instability evolution 

and morphologies that are strikingly different from the Rayleigh break-up of toroidal 

rings into droplets 74, 75. Arguably the differences arise as the formation of white spots 

occurs near an expanding contact line, and unlike toroidal rings, the rims formed in foam 

films do not have a circular cross-section and are always connected to a thinner and a 

thicker film. The growing white spots can move along the expanding domain boundary, 

coalesce with each other, and their complex dynamics (see Movie 3, ESI for example) 

has not been described before. We infer that forces and fluxes responsible for rim 

evolution and growth, as well as the topological instability, require more scrutiny.  

We have pointed out in earlier sections that the transition to constant velocity 

regime after domain contacts Plateau border seems to display the same scaling law, and 

similar contact line velocity as observed after the topological instability that leads to the 

formation of white spots (see Table 2). In both instances, the thinner domain grows at the 

expense of the thicker domain, without any apparent outward flow from the thin domain. 

The rim instability and contact with Plateau border both trigger a change in dynamics 

such that diffusive term based on disjoining pressure plays a secondary role in regime B. 

Here the dissipation occurs within the transition region that connects the growing thinner 

domain to thicker, less metastable surrounding film. Though some similarity exists with 

dewetting dynamics and phase separation kinetics in thin films 67-69, 71-73, a detailed 

framework is needed that accounts for the rim shape and evolution in free-standing films 

with careful consideration of free energy and disjoining pressure that display a highly 

non-monotonic, thickness dependence. We will present the detailed model in a later 
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publication, and articulate how the choice of surfactant, micelle concentration and overall 

coupling of hydrodynamics and thermodynamics influences the domain growth dynamics.         

 

4. CONCLUSIONS 

We examined stratification in thin foam films containing sodium dodeycl sulfate 

(SDS) micelles using a novel technique, Interferometry Digital Imaging Optical 

Microscopy (IDIOM), which was developed as a part of this study. We successfully 

measured the thickness of the thin films down to ~10 nm with high accuracy from 

intensity mapping and interferometry analysis of images recorded by a digital camera. 

The technique IDIOM allows for a simultaneous measurement of drainage kinetics and 

domain expansion dynamics, providing a powerful tool for studying instabilities and 

dynamic processes that accompany stratification.  

Stratification or stepwise thinning in micellar fluids occurs through spontaneous 

formation and growth of thinner, hence visibly darker, circular domains. The domain 

expansion dynamics were analyzed by tracking the location of contact line between 

thinner domain and the surrounding thicker film.  In agreement with published studies, 

the radius of isolated domains grows as   R∝ t0.5  displaying a constant apparent diffusivity. 

After a section of the growing domain impinges on the Plateau border, the contact line 

between thin domain and thicker surroundings moves with a constant velocity. In contrast 

with the  behavior (Regime A) that has been observed and modeled before, this 

constant velocity regime with contact line displaying R∝ t  (Regime B) is identified and 

characterized for the first time. A transition from constant diffusivity to constant velocity 

  R∝ t0.5
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regime can also be observed in expansion of isolated domains, in some instances after a 

topological instability leads to formation of thicker white spots near the contact line 

between expanding domain and thicker surroundings.  

Several observations included in this study require a thorough investigation of 

hydrodynamic and thermodynamic effects that contribute to the domain formation and 

expansion in micellar films. In particular, a self-consistent theoretical framework is 

needed to capture the change from constant diffusivity to constant velocity regime and 

for a priori estimation of these growth rates in two regimes for different surfactants. On 

varying the concentration of SDS micelles, we observed that apparent diffusivity 

increases with concentration, while the apparent velocity decreases with concentration. A 

theoretical model that describes the mechanistic basis of the two regimes, as well as the 

concentration dependence of growth rates displayed in each case will be the focus of the 

second paper in this series.  
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                                 (a)                                                             (b) 

 

Figure 1. Introducing Interferometry Digital Imaging Optical Microscopy (IDIOM) 
Set-up for Characterizing Thin Film Hydrodynamics (a) Schematic of the 
experimental setup. A combination of digital imaging and high-resolution optics allow 
both visualization and characterization of the stratification and drainage processes within 
a thin film. (b) Schematic of thin foam film formed within a cylindrical Scheludko-like 
cell by withdrawing liquid out from the sidearm. Both plane-parallel region and Plateau 
region are shown. After the required initial thickness is obtained, the film is allowed to 
drain freely. The images captured are analyzed to measure spatial and temporal variation 
in thickness (see text for details).  
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Figure 2. Stratification  (step-wise thinning) of aqueous sodium dodecyl sulfate (SDS) 
thin film (100 mM; c/cmc=12) (a) Montage of images captured using IDIOM set-up, 
showing the stratified thin films, and the many coexisting shades of gray represent 
regions of different thicknesses. The onset time, t = 0 corresponds to the instant when the 
last interference maxima is reached. The scale bars correspond to 100 µm. (see Movie 
online, included as ESI) (b) Thickness variation at the center of the film, measured by 
image analysis of red and green channels using IDIOM (see text for details). Thickness 
plateaus are labeled in correspondence with layers labeled in (a). !

h0 

(a) 

(b) 
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Figure 3. Domain Expansion Dynamics observed in 100 mM aqueous SDS film: 
Time dependence of radii of a thinner (h1 = 26.2nm) domain on a thicker  (h2 = 40.3nm) 
film in SDS 100mM. (a) Domain area vs. time. The areal growth rate increases when the 
domain came in contact with the surrounding plateau border. (b) Domain radii vs. time. 
When the domain contacts the plateau border, the scaling changes from  R∝ t1/2 to  R∝ t . 
The snapshots demonstrates the two types of domain morphology and the radii R being 
plotted. They were taken at 5s and 20s respectively after the domain emerged. Scales bars 
correspond to 100µm.  

(a) 

(b) 
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Table 1 The domain expansion dynamics is characterized by two growth rates: apparent 
diffusivity, D (regime A) and contact line velocity, V (regime B) respectively. The 
diffusivity and velocity measured are listed here for a range of concentrations for aqueous 
SDS solutions. In each case, the thickness of expanding domain (hthin) and the thicker 
surrounding film (hthick) is also indicated. The thickness was determined using the IDIOM 
method (see text for details) and the growth rates were obtained from radius versus time. 
!

c (mM) hthick (nm) hthin (nm) D (µm2/s) V (µm/s) 

25 41.3 ± 1.3 25.2 ± 0.4 630 ± 17    31.7 ± 3.2 

32 36.5 ± 2.1 21.9 ± 1.4 710 ± 77 28.3 ± 0.9 

50 32.2 ± 1.8 19.0 ± 1.4 1022 ± 72 18.8 ± 0.9 

30.2 ± 1.6 17.7 ± 1.1 1229 ± 222 21.3 ± 2.5 64 
 
 47.9 ± 2.6 30.2 ± 1.6 522 ± 22 20.3 ± 2.7 

27.1 ± 1.9 15.3 ± 0.6 1636 ± 82 21.1 ± 3.4 80 
 
 38.9 ± 3.2 27.1 ± 1.9 567 ± 133 11.6 ± 1.1 

100 40.3 ± 3.6 26. 2 ± 2.1 1050 ± 48  15.4 ± 2.3 
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Figure 4.  Domain Expansion Dynamics in 25 mM aqueous SDS solution, with rim 
instability Time dependence of radii of a thinner domain (h0 = 25.8 nm) on a thicker film   
(h1 = 43.5 nm) in SDS 25mM solution. The scaling transition took place when white 
spots appeared around the domain. The snapshots were taken at 1s and 2s after domain 
emerged. Scales bars correspond to 100µm. 
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Figure 5.  Domain expansion dynamics illustrating dynamic similarity between rates 
after rim instability and contacting periphery Domain radii vs. time during domain 
growth event in (a) 32mM SDS and (b) 80mM SDS. The snapshots showing different 
growth scenarios in each part were taken at 2s, 8s and 11s after domain emerged. Scales 
bars correspond to 100µm.  

 

(a) 

(b) 
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Table 2 Comparison of the contact line velocity realized after: (a) white spots appear at 
the domain boundary and (b) after expanding domain contacts the film periphery (Plateau 
border). 

Concentration 
(mM) 

hthick 
(nm) 

hthin 
(nm) 

Vw/spots 
(µm/s) 

Vperiphery 
(µm/s) 

25 41.3 ± 1.3 25.2 ± 0.4 31.6 ± 1.2 31.7 ± 3.2 

32 36.5 ± 2.1 21.9 ± 1.4 25.2 ± 3.0 28.3 ± 0.9 
 

 

 

 

Figure 6. The time evolution of domain boundary in the two distinct regimes. Line 
traces showing the position of contact line between expanding domain and thicker 
surroundings are obtained by image analysis. Traces  with constant time interval Δt = 3s 
between them are shown. Red arrows demonstrate the change in the expansion velocities 
at various time. (a) In Regime A, the expansion velocity decreases as the domain grows. 
The circles are shifted to be concentric for clarity. Here growth rate is better 
characterized by a constant diffusivity. (b) In Regime B, the domain boundary expands 
with a constant velocity. Scale bars correspond to 100 µm. 

 

 

(a) (b) 
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