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ABSTRACT 

We report the discovery of a hitherto unreported mechanism of drainage and 
rupture of micellar foam films that presents unexplored opportunities for understanding 
and controlling the stability, lifetime and properties of ubiquitous foams. It is well-known 
that ultrathin micellar foam films exhibit stratification, manifested as stepwise thinning 
and coexistence of thin-thick flat regions that differ in thickness by a nanoscopic step size 
equal to the intermicellar distance. Stratification typically involves the spontaneous 
formation and growth of thinner, darker, circular domains or thicker, brighter mesas. 
Mechanistically, domain expansion appears similar to hole growth in polymer films 
undergoing dewetting by nucleation and growth mechanism that can be described by 
considering metastable states resulting from a thickness-dependent oscillatory free 
energy. Dewetting polymer films occasionally phase separate into thick and thin regions 
forming an interconnected, network-like morphology by undergoing spinodal dewetting. 
However, such thick-thin patterns, that we term spinodal stratification, have never been 
reported for freestanding films. In this contribution, we show that spinodal stratification 
can occur in both single foam films and in bulk foam. We visualize and characterize the 
nanoscopic thickness variations and transitions by using IDIOM (Interferometry Digital 
Imaging Optical Microscopy) protocols to obtain AFM-like exquisite thickness maps of 
freestanding films. We show that the origin of spinodal stratification is the thickness-
dependent oscillatory contribution to free energy that arises due to confinement-induced 
layering of micelles, and we find that evaporation and enhanced drainage in vertical films 
play a critical part in driving the process.    
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Design, System, Application 

We pursue an understanding of molecular principles that are critical for 
understanding and controlling the stability and lifetime of foams. Foam films typically 
consist of fluid sandwiched between two surfactant-laden surfaces that are ~ 5 nm - 10 
microns apart, and the drainage in films occurs under the influence of viscous, interfacial 
and intermolecular forces, including disjoining pressure. Drainage in foam film formed 
by surfactant concentrations above the critical micelle concentration proceeds in a non-
monotonic, step-wise fashion called stratification. Using unprecedented experimental 
insights obtained from the interferometry, digital imaging and optical microscopy 
(IDIOM) protocols we developed recently, we elucidate the role of supramolecular 
oscillatory structural force contribution in causing stratification that typically occurs by 
nucleation and growth of thinner darker domains. Such thinner domains are thinner than 
surrounding flat film by a step-size proportional to intermicellar distance, and the 
coexisting thick-thin regions are considered to be multiple metastable states that arise as a 
consequence of thickness-dependent free energy functional. Thermodynamically, such an 
oscillatory free energy functional ought to make the freestanding films susceptible to 
spinodal-like phase separation into thick and thin regions, though such patterns have 
never been reported before. In this study, we report the discovery and analysis of spinodal 
stratification, outline the role of micellar interactions and disjoining pressure, and 
highlight the opportunities and challenges for molecular engineering of foams.  
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INTRODUCTION 

In 1966, Vrij1 examined the theoretical expression for the free energy of ultrathin 

films (thickness <100 nm) and argued that ultrathin films can form spinodal-like patterns 

with distinct thick and thin regions due to non-monotonic dependence of free energy on 

film thickness. Vrij1 suggested an analogy with liquid mixtures undergoing compositional 

phase separation by spinodal decomposition (first described by Cahn2 in 1965). It is well-

established that supported ultrathin films can undergo dewetting3-7 can form thick-thin 

network-like patterns anticipated by Vrij.1 Indeed, controlling, analyzing and 

understanding dewetting pattern formation are problems of continued technical interest 

for creating nanoscopic films (or structures) for application in microelectronics, medicine 

and photovoltaics7-16 and of fundamental curiosity and interest due to the role played by 

confinement, nanofluidics and intermolecular and surface forces.1-26 However, the 

formation of such spinodal thick-thin regions in foam films or freestanding films have not 

been reported in the literature for the last fifty-one years, and the mechanism for rupture 

of foam films proposed by Vrij1 remains uncorroborated. Using experiments and theory, 

Derjaguin and coworkers27-30 in the 1940s and 1950s first recognized that the free energy 

change associated with differential change in thickness gives rise to a measurable 

disjoining pressure that influences flows, stability and lifetime of freestanding and 

supported ultrathin films. Vrij1 considered the free energy expression for thin films by 

accounting for disjoining pressure contributed by van der Waals and electrostatic double 

layer surface forces (known together as DLVO forces27, 31, 32).  However, Vrij1 never 

considered the possibility of spinodal-like patterns arising in the presence of the non-

DLVO, supramolecular oscillatory structural contribution to disjoining pressure that 
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arises in foam films containing supramolecular structures like micelles, nanoparticles, 

liquid crystalline phases, lipid bilayers or polyelectrolytes.33-40 In this study, we report the 

discovery, visualization and analysis of spinodal stratification, associated with the 

spontaneous appearance of thick-thin regions, or nanoscopic ‘hills and gullies’ in freely 

draining, micellar foam films. Due to analogies with both spinodal dewetting and 

spinodal phase separation, we have christened the process as spinodal stratification. 

The fragile beauty of bubbles, foams, and soap films fascinates scientists, poets, 

painters, children, and the curious alike.41-46 For example, Carl Sandberg’s three line 

poem titled Bubbles says: Two bubbles found they had rainbows in their curves./ They 

flickered out saying:/ “It was worth being a bubble just to have held that rainbow thirty 

seconds.” A freshly created soap bubble (or a soap film) displays iridescent colors under 

white light illumination due to thin film interference; however, the interference colors 

disappear below 100 nm, and progressively thinner films manifest with progressive 

darker shades of gray.30, 41-45 The underlying problem of stability, flow (drainage) and 

rupture in thin liquid films is of immense practical importance for understanding 

properties of foams and emulsions,41-48 and for quantifying the magnitude and influence 

of intermolecular and surface forces.27, 30, 31, 34-36, 49-54 In ultrathin foam films, 

intermolecular and surface forces contribute a thickness-dependent disjoining pressure 

that can counterbalance the suction flows created by Laplace pressure, and stabilize films 

against rupture, extending foam stability.27, 30, 31, 34-36, 42-54 Scientists like Hooke,55 

Newton,56 and Brewster57 (also see the classical soap film references41-46) had observed 

that drainage of soap films leads eventually to appearance of black films. Even though 

the existence of two blacks was well-known by the end of the nineteenth century, it was 
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not known that soap films contain surfactants that spontaneously adsorb to liquid-air 

interface reducing surface tension and altering interfacial rheology response, and also 

self-assemble within bulk fluid to form supramolecular structures called micelles above a 

critical micelle concentration (CMC).58 It is now well-understood that the two blacks 

(common black and Newton black) thicknesses can arise in foam films formed with ionic 

surfactants, with concentrations below CMC, 31, 42, 43, 59 and the thicknesses can be 

computed using DLVO theory. 

Johonnott60 in 1906 first reported the existence of multiple blacks, and determined 

that the coexistence of regions with distinct shades of grey implies that soap films are 

stratified. Johonnott used interferometry to determine the drainage involved step-wise 

thinning with time, and a decade later, Perrin61, 62 too observed stratification in 

experiments with soap films, and cited stratification as an evidence for molecular reality 

in his Nobel lecture. Decades later, Bruil and Lyklema63 rediscovered stratification in 

1971, and reported that concentration-dependent step size for sodium dodecyl sulfate 

(SDS) shows   Δh ∝ c−1 3 scaling. Subsequently, stratification in liquid crystals films was 

attributed to the influence of structural contribution to disjoining pressure.37, 64-68 

Subsequently, starting in 1988, a series of papers by Nikolov, Wasan, Kralchevsky and 

coworkers33, 35, 69-77 showed that films made with latex particle suspensions also stratify, 

and attributed stratification to confinement induced layering of micelles or latex particles. 

Stratification typically proceeds by nucleation and growth of one or more thinner, darker 

domains and the number of spontaneously formed domains and their thickness 

progressively decreases.31, 33-36, 49-54, 59-62, 69, 78-83 Since disjoining pressure is defined as the 

free energy associated with thickness change,27, 30, 31 it is well-accepted that the thickness-
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dependent free energy functional is also oscillatory, and the coexisting thick-thin regions 

represent metastable states. Thermodynamically, such an oscillatory free energy 

functional ought to make the freestanding films susceptible to spinodal-like phase 

separation into thick and thin regions through the spontaneous growth of unstable 

thickness fluctuations, just as is observed in supported films that undergo spinodal 

dewetting.1-26  

However, in addition to the lack of reports on the formation of spinodal-like 

thick-thin patterns, it must be emphasized that the characterization techniques like AFM 

(Atomic Force Microscopy) that allow thickness mapping in supported films3-8, 18, 84 are 

unsuitable for thickness mapping in freestanding films. Likewise, the conventional 

interferometry-based thickness measurements in foam films measure an average 

thickness that is deduced from reflected light intensity from a 30-50 µm region.30, 36, 49, 69 

Such interferometry measurements lack the spatial resolution necessary for characterizing 

thickness variations in stratifying foam films. However, we recently showed that IDIOM 

(Interferometry Digital Imaging Optical Microscopy) protocols50-52, 54 allow thickness 

mapping with exquisite spatial resolution (thickness ~ 1 nm, in plan < 1 µm). The IDIOM 

protocols rely on the use of a digital camera with its large array of photodiodes to 

measure the pixel-wise intensity variation, that yields highly spatially-resolved 

visualization of thickness variations with much better time resolution (< 1 ms).  

In the present contribution, we utilize the IDIOM protocols to obtain the high 

resolution, thickness maps of spinodal-like, thick-thin regions in stratified micellar foam 

films. We find that spinodal structures appear only in studies carried out in vertical 

configuration and in experiments carried out in open cells implying that enhanced 
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drainage in vertical films, as well as evaporation effects help in driving spinodal 

stratification. In this report, we first contrast the thickness transitions in stratifying foam 

films in open and closed cells using horizontal foam films. Thereafter we visualize and 

analyze the spinodal stratification patterns in individual vertical films as well as three-

dimensional foams, and we find that the thickness-dependent, oscillatory free energy 

results in nanoscopic hills and gullies as well as hierarchical layered structures. The 

discovery and analysis of spinodal stratification, and related discussion of the role of 

micellar interactions and thickness-dependent disjoining pressure, are expected to inspire 

new directions in research and applications targeting molecular engineering of foams. 

MATERIALS AND METHODS 

Aqueous surfactant solutions are formed at room temperature by dissolution 

sodium dodecyl sulfate (SDS) into a glycerol-water mixture. Glycerol (molecular weight 

of 92.1 Daltons, rpi, >99.0%) is used as received and is added with volume fraction 

( glycerol glycerol solution/V Vφ = ) below 10%. Even though the solution properties like surface 

tension and viscosity with <10% glycerol added are quite close to aqueous surfactant 

solutions, addition of glycerol is said to decrease the evaporative losses. A rectangular 

steel frame was used to form the thin foam films with 0.66 mm  thick square wire frame, 

with two horizontal and two vertical wires separated by 10 mm. The steel frame was 

extended with two wires and affixed to a steel column. Foam films were formed by 

moving the container filled with SDS solution in vertical direction with a motorized 

linear stage (Velmex XSlide) using a Velmex VXM-1 stepping motor controller, while 

keeping the frame stationary. The container was painted black to reduce any reflection 

from the surrounding walls and to allow for better imaging and cleaner images for 
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analysis. The schematic of the experimental setup is shown in Figure 2a. The film is 

illuminated with the white LED light source (Fiilex P360EX ) with adjustable color 

temperature (set to 5100K for most experiments), and the changes in reflected light 

intensity are captured by using a high-speed, color FASTCAM Mini UX 100 camera with 

12 bit RAW imaging capability, and suitable magnification optics. The thickness of the 

film is calculated from pixel-wise intensity by using interferometry equation, and relying 

on the high spatio-temporal resolution of IDIOM protocols51, detailed elsewhere. The 

relation between interference intensity and thickness accounts for the phase shift 

contributed both by difference in the path length of light reflected from the two interfaces 

and the additional 1800 phase difference due to reflection at the first air-liquid interface.  

 

RESULTS AND DISCUSSION   

Drainage of horizontal foam films: evidence for stratification 

Aqueous 70 mM SDS solutions (containing 8 vol.% glycerol) display two most 

notable features of stratification as shown in Figure 1: (a) the stepwise decrease in 

thinning observed in the plot of average thickness vs. time data and (b) the coexistence of 

thick-thin regions that appear as iso-intensity gray regions in snapshots. The experiments 

were carried out in a Scheludko cell, such that the foam film drainage emulates the 

drainage from a horizontal foam film. Since the experiments are carried out for SDS 

concentrations well above the CMC= 8.2 mM, we observe evidence for stratification, 

including the spontaneous formation of thick-thin regions by nucleation and growth of 

thinner, darker domains. Unlike most of the previous studies that utilize a closed system 

to minimize evaporation effects,31, 33-36, 42, 45, 49-54, 59, 69, 78, 79, 81-83 here we compare the 
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drainage kinetics in an open and closed system. In the open system, as the cover of the 

cell is removed, the foam film has the possibility of enhanced drainage due to 

evaporation as well as flows driven by ambient air currents.45, 85 The comparison of the 

two datasets reveals the following salient features. The number of layers during 

stratification is not affected by the evaporation; both open and closed systems exhibit five 

layers. However, the rate of drainage is faster in the open cell compared to the closed 

one. The step size hΔ  in a closed system is 11.3 nm (except the last layer transition from 

1h  to 0h ), however, in an open system, the step size decreases continuously during each 

transition, such as 3 2 10 nmh h− = , 2 1 9.2 nmh h− =  and 1 0 6 nmh h− = .  

 

Figure 1 Drainage in horizontal foam films in an open system contrasted with 
behavior in a closed system.  (a) Schematic of the IDIOM (interferometry digital imaging 
optical microscopy) set-up. A high speed camera is used for capturing reflected light 
images from a stratifying, single foam film, formed within a 1-2 mm pore within a glass 
tube (Scheludko cell), as shown. (b) Drainage and stratification in aqueous 70 mM SDS 
(and 8 vol% glycerol) foam films in horizontal foam films in a closed (first row) and open 
system (second row). The scale bar corresponds to 50 µm . (c) Thickness evolution with 
time for an open and closed system is calculated and plotted for 25µm  a side square 
region. In the closed system, the thickness transition appear progressively, but the last 
thickness transition from 1h  to 0h  is achieved by opening the cover of the container.   

Most of the published experimental studies, (including our previous papers),49-51, 

54, 75, 86-90, utilize a closed cell for measurement of the step-size and stratification 

dynamics, though several papers38, 73, 91, 92 do mention that the experimental cell was 
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opened for few seconds to trigger the stepwise transition(s) in the last stage or two of 

stratification. Our current results suggest that the evaporation leads to lower step-size, 

which is correlated with higher effective surfactant concentration.38, 53 The formation and 

expansion of nearly circular domains, the decrease in the relative number of such 

domains formed as film thickness decreases or concentration increases, and the quantized 

difference in thickness of flat regions, all suggest that stratification as visualized in Figure 

1 represents the progressive descent of the system from one metastable state to the next, 

each with lower energy well, each requiring a larger activation energy. Next we 

investigate how these transitions change when experiments are repeated using vertical 

films. 

Drainage of vertical foam films: evidence for spinodal stratification  

Freshly formed foam films exhibit iridescent colors under white light illumination 

associated with the thickness-dependent constructive or destructive interference between 

rays reflected from the two liquid-air interfaces. The simplest experiment carried out 

using the set-up shown in Figure 2a typically yield multicolored, iridescent films. The 

montage in Figure 2b emulates countless experiments carried out in a closed cell that 

yield films that display nearly uniform interference color bands at a given height, and 

color changes in the vertical direction due to height-dependent thickness variations 

detailed in many studies.45, 93-95 The appearance of soapy shades of gray in the later stages 

is associated with drainage to thicknesses below 100 nm, and nearly black films are 

observed below 20 nm. The image sequence included in Figure 2b shows snapshots for a 

foam film containing 70mM SDS in glycerol-water mixture (8 vol. % glycerol) 

undergoing free drainage in a closed cell, and Figure 2c shows the snapshots that 
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correspond to an open system. The open cell shows the existence and appearance of 

remarkably distinct network-like patterns shown in Figure 2c. Such patterns are visible 

neither in experiments carried out using the horizontal configuration (in Scheludko cell) 

described in Figure 1 (both open or closed cells) nor in experiments that visualize and 

analyze drainage in vertical foam films in a closed cell (Figure 2b).  

 

Figure 2. Drainage of vertical foam films in closed vs. open cells. (a) Schematic of the 
experimental setup used for visualizing and characterizing spinodal stratification. The 
frame, illumination and camera are kept fixed. The frame is dipped into a soap solution 
placed within a container, and soap film gets created when the container placed on a motion 
stage is moved down. (b) Snapshots show drainage of a vertical foam film in a closed setup 
( SDSc  = 70 mM, glycerolφ  =8% ). The vibrant interference colors arise in for 100 nmh >  and 
gray regions correspond to h  <100 nm. (c) Bi-continuous network structure with distinct 
gray scale intensity regions forms due to spinodal stratification in experiments carried out 
in an open cell. (d) Thickness evolution over time data for the open and closed system 
acquired using the IDIOM protocols reveal that drainage in a closed system is slower and 
thickness decreases monotonically. The film thickness decreases at a much faster rate due 
to evaporation and possibly influence of air currents, and the measured thickness shows 
dramatic fluctuations after the onset of spinodal stratification.  

To contrast the drainage kinetics between the open and closed cell, we first 

compare the average thickness as a function of time at the center of the film by utilizing 

interference intensity from a 25 µm  side square as shown in Figure 2d. Unlike stratified 

horizontal foam films, the average thickness at a spot within vertical films exhibits a 
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monotonic decrease with time. The drainage kinetics for a closed system is noticeably 

slower than that observed for the open system. Thus, a rapid reduction in thickness in an 

open system induces the film thickness to reach an unstable state and results in the 

emergence of a polygonal, bicontinuous, network-like morphology in the freely draining 

vertical foam film. The dotted line is chosen to represent the initial time where 0t t=  after 

which the thickness fluctuations begin to increase (see Figure 2d). We find that spinodal 

patterns only appear for concentrations above 60 mM (see montages included in Figure 

S1 in supplementary document online). 

Mapping nanoscopic thickness variations due to spinodal stratification using 

IDIOM protocols 

The thickness variations associated with the evolving pattern are analyzed using 

the IDIOM protocols that convert the pixel-wise reflected light intensity to a highly 

spatially resolved measure of thickness. Such AFM-like thickness maps of vertical foam 

films have never been constructed or reported before; we display the maps in Figure 3, 

for demonstrating the non-flat landscape associated with network patterns observed in the 

gray scale images. The thickness evolution associated with spinodal stratification is 

examined in Figure 3, by focusing on a 1.2 mm a side region. The color bar on the right 

shows the thickness range in nanometers, while the horizontal scale is in 1- 1200µm , 

thus implying all the features are relatively flat or small slope approximation applies. The 

film is driven to spontaneously separate into the regions of distinct gray scale iso-

intensity, and for each image, the corresponding thickness map is reconstructed using the 

interferometry formula with intensity measured from images acquired in the unfiltered, 

unprocessed RAW format. While the typical size of the plane-parallel film in a 
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Schedulko cell is 1-2 mm, the vertical foam film experiments utilize a wire frame that 

allows investigation of a 10 mm by 10 mm freestanding film. The size of the film is 

chosen to be large enough such that the pattern formation described here is not directly 

influenced by marginal regeneration,43, 45, 96, 97 a term used to refer to the highly complex 

flows that arise in the margins, where the thinner liquid film connects to the curved, 

thicker Plateau border region. 

 

Figure 3. Thickness map for spinodal stratification obtained by IDIOM protocols in 
foam films made with 70 mM SDS + 8 vol.% glycerol. Snapshots show the evolution of 
spinodal stratification in the foam film. Bright and dark regions indicate coexistence of 
thick-thin regions in the bicontinuous network structures. The thickness map of the film 
with distinct colors shows that the film separates into different thickness. The thickness of 
the film varies between 10 and 80 nm, while the in-plane scale bar shows domains are 1-
1200 µm. 

Experiments carried out at a slightly higher SDS concentration (80 mM), shown 

in Figure 4, share the network-like pattern structure corresponding to the nanoscopic hills 

and gullies revealed in thickness maps. On a closer glance, the morphology evolution 

reveals the coexistence of multiple steps (see Figure 4d-f) within the thicker domains, 
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implying sequential stratification events can take place. Furthermore, in contrast with 

Figure 3, we intentionally show a larger section of the film undergoing spinodal 

stratification in Figure 4 to highlight the thickness-dependent variation in morphology 

evolution in vertical direction, for vertical foam film is known to get thinner as a function 

of height. Therefore, the spinodal structure first appears within the lower half of the 

images at a later time instant, and the same snapshots show early and late stage of 

morphological evolution. The different stages in morphology evolution are discussed in a 

subsequent section, after examining the mechanism that drives spinodal stratification. 

 

Figure 4. Spinodal stratification and the corresponding thickness maps for vertical 
foam film formed with aqueous SDS solution (80 mM SDS with 8 vol.% glycerol). 
Bright and dark regions indicate coexistence of thick-thin regions for the spinodal 
stratification. The thickness of the film varies between 10 to 80 nm, while in-plane scale 
bar shows domains are 1-1200 µm. 
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Oscillatory free energy drives spinodal stratification in foam films 

The theoretical analysis and arguments made by Vrij using a thickness-dependent 

free energy functional form the basis of several theoretical and experimental studies in 

the context of spinodal dewetting studies.1, 5-8, 17, 84 In unstable thin films, thickness 

fluctuations play a role analogous to the role played by composition fluctuations in 

unstable binary mixtures. Recently Zhang and Sharma54, 88 utilized a nonlinear thin film 

equation model   ∂t h+∇. M∇P⎡⎣ ⎤⎦ = 0
 
to model nanoridge growth and shape, as well as 

nanoridge-to-mesa instability in stratifying micellar films. The partial differential 

equation for thickness h includes the effective mobility term   M = h3 3η  that is 

determined by the fluid viscosity, η and the equation explicitly accounts for the total 

pressure   P =σ Κ +Π(h)  contributed by: (a) Laplace pressure arising from the local 

surface curvature, K and the bulk surface tension, σ and (b) disjoining pressure,   Π(h)  

contributed primarily by the supramolecular oscillatory surface force contribution. The 

nonlinear thin film equation that captures the complex spatio-temporal evolution of 

nanoscopic thickness variations and transitions in stratifying films (in closed system) can 

be considered to be a manifestation of dissipation dynamics8, 17 with the form 

  ∂tφ +∇. M∇(δ F δφ)⎡⎣ ⎤⎦ = 0 . Thus, the thin films model treats thickness as the 

conserved order parameter   φ(r,t)  with evolution governed by the surface energy 

functional   F(φ)  (a Lyapunov parameter in this case), and thus belongs to the same class 

of problems as the Cahn-Hillard model for phase separation in which case energy 

functional is composition based.1, 8 In Figure 5, we contrast the free energy functional, 

and its first and second order derivative with respect to the respective order parameter 
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(composition or height) as obtained for compositional phase separation in binary 

mixtures and thickness-based spinodal stratification in stratifying films.  

            

Figure 5. Comparison between spinodal decomposition in binary mixtures, and 
spinodal stratification in foam films. (a) Composition-dependent free energy of mixing is 
constructed from Flory-Huggins equation for polymer solution, and (b) – (c) respectively 
show the first and the second derivative of free energy of mixing. (d) Surface free energy of 
the micellar foam films is calculated for 70 mM SDS foam films, using (e) the 
supramolecular oscillatory structural force contribution to disjoining pressure. The second 
derivative of the free energy (f) is then calculated and shows the potential for hierarchical 
spinodal stratification, due to existence of multiple extrema in free energy term as shown in 
(a). 
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In Figure 5a, a composition-dependent free energy curve calculated by using the 

Flory- Huggins model that accounts for both entropic and enthalpic changes on mixing is 

shown. The single curve is shown for a temperature for which the binary mixture with 

intermediate compositions is susceptible phase separation by spinodal decomposition. 

The phase space for a binary mixture is extracted from a family of such curves that can 

be drawn by accounting for temperature-dependent change in interactions. It is well-

established experimentally and theoretically that a binary mixture that is unstable to 

composition fluctuations phase separates by forming bicontinuous structures due to 

spinodal decomposition98-101 if the second derivative of the free energy with respect to 

composition is negative, i.e. 2 2/ 0G φ∂ Δ ∂ < . Such compositional phase separation is 

often driven by a temperature jump into the thermodynamically unstable state, and the 

unstable range of concentrations can be identified using Figures 5a-c. Both experimental 

and theoretical studies on phase separation of simple liquids and polymer mixtures show 

that the quench depth and interaction parameter determine the structure and dynamics of 

resulting patterns.2, 99-102  

In contrast, the thickness-dependent surface energy functional, shown in Figure 

5d, for thin film case is computed using  
ΔF = Π∫ dh  by utilizing a phenomenological 

expression for disjoining pressure contributed by supramolecular oscillatory structural 

forces (plotted in Figure 5e) we developed recently,53 and and summarized here. The 

phenomenological expression includes a pre-factor that depends on thermal energy (kBT), 

the number density of the micelles (
  
ρ = (c − cmc)N A Nagg ), and a compressibility factor 

derived by Carnahan and Starling for hard spheres103.  
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Πos =

(c − cmc)N A

Nagg

f (ϕ )kB T cos(
2πh
Δh

)exp[((
d
Δh

)3 − h
Δh

)g(ϕ )]
 (1a)

 

  
f (ϕ ) =

1+ϕ +ϕ 2 −ϕ 3( )
(1−ϕ )3 ; g ϕ( ) = 2 3 + a1Δϕ + a2(Δϕ )2

b1 Δϕ( )− b2

   (1b) 

Here, the pre-factor explicitly shows the dependence on surfactant concentration, critical 

micelle concentration, aggregation number, temperature, and the effective volume 

fraction,ϕ  of the micelles that is defined as   ϕ = ρπd 3 6 using an effective micelle 

diameter   d = 2(lSDS +κ
−1)  computed by adding the characteristic size of counter-ion 

atmosphere or Debye length,  κ −1  to the micelle size, 2.3 nmSDSl =  determined from the 

length of SDS molecules.92 we used. The values of parameters  Δϕ = π 3 2 −ϕ  and the 

values for   a1 = 0.24,a2 = 0.63,b1 = 0.49,b2 = 0.42  are based on the formulas and values 

determined by Kralchevsky and Denkov74. The plot in Figure 5f shows the corresponding 

second derivative of free energy functional, and here we find that the presence of 

supramolecular oscillatory structural forces makes the thin films susceptible for phase 

separation into spinodal-like thick/thin regions for multiple values of thickness. Thus 

unlike spinodal dewetting that results in creation of two coexisting thick–thin regions, 

spinodal stratification can be expected to show hierarchical coexisting thick-thin regions. 

Even though compositional phase separation via spinodal decomposition is usually 

triggered by temperature jump, we posit and find that the unstable region in stratifying 

films is accomplished primarily through a thickness-jump, as discussed next. 
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Evolution of spinodal stratification in free-standing foam films 

Unlike horizontal films, the thickness variation and transitions in vertical foam 

films are harder to analyze due to additional flow contributions from (a) the influence of 

buoyancy and gravity that cause lighter, thinner regions to rise and heavier, thicker 

regions to sink in the vertical direction,45, 104 (b) marginal regeneration near the Plateau 

borders43, 45, 96, 97, 105, 106 (mechanism is still under debate) and (c) the influence of the 

ambient air currents in an open cell. In Figure 6, we show the gray scale intensity images 

of a region of interest by following and tracking a constant size square area (with 0.77 

mm side). As the evolving spinodal stratification patterns are advected by flow, we 

include spatial coordinates to visualize the relative displacement of the region of interest. 

In each micrograph from Figure 6 (a) - (d), the y-axis represents the vertical position of 

the square region, and the x-axis represents the horizontal position (the film itself is 10 

mm size). For each selected region on the left in Figure 6, the corresponding variation in 

film thickness is plotted on the right as a line profile. The thickness as a function of 

distance is defined in the moving coordinate to make the comparison shown in Figure 6 

(e)-(h). The increase in the amplitude of thickness variation as a function of time, as well 

as the change in wavelength over which thickness variations manifest themselves can be 

directly read from these graphs. The line profiles for thickness variation look quite 

similar to the concentration-distance evolution profiles of spinodal decomposition in the 

binary mixture, observed and reported Hashimoto et al.102 (see their Figure 11), Bates et 

al.,99 among others. The film spontaneously starts to develop sinusoidal capillary waves 

as shown in Figure 6, signaling the onset of instability.  
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Figure 6. The thickness evolution during spinodal stratification in the foam films. (a-d) 
Regions with similar thickness are observed to have similar gray scale intensity in reflected 
light microscopy images. As the spinodally stratifying regions are advected by the complex 
flows within the vertical foam film, change in thickness is determined over a particular 
region that is tracked over time. The micrographs show the movement of the pattern in 
horizontal and vertical direction, and also the evolution of the pattern. (e-h) Thickness is 
measured over a same horizontal line for the micrographs presented in (a-d). Thickness 
profiles show three different stages of spinodal stratification including the initial regime 
associated with growth of thickness fluctuations, an intermediate regime with constant 
wavelength and thickness saturation and coarsening in the late regime. 

The spatio-temporal variation in thickness is captured well by the form 

  h− h0 = H sin 2π x / λ( )exp αt( )  for 70 mM SDS solutions (also see supplementary 

information for similar analysis for 80 mM case, and plot of peak height vs. time), and 

the values obtained are 0 30 nmh = , 108 µmλ = ,  α = 0.25 s−1  and 3 nmH =

respectively. Thereafter the peak amplitude of the thickness variation progressively 

grows, even though the wavelength stays the same in Figure 6e-f, and this intermediate 
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regime of growth is similar to similar change in composition observed in phase 

separation studies. Subsequently the thickness of the film saturates at maximum values 

(see Figure 6g-h), and the pattern continues to coarsen, leading to an increase in the 

wavelength of the instability and coalescence between thinner regions. Since such 

features are present only in open films, evidently the faster drainage in an open cell, 

pushes the system into the unstable thickness that is susceptible to spinodal stratification.  

The criteria for instability can be obtained by analyzing the thin film equation and 

accounting for the thickness-dependent the free energy of thin films per unit area. Vrij1 

argued that thickness fluctuations grow if their wavelength  Λ > Λc  exceeds a critical 

wavelength 
  
Λc = −2π 2σ / d 2ΔF / dh2( )

0
⎡
⎣

⎤
⎦

1/2
that depends on the value of surface tension, 

σ  and intermolecular and surface forces that contribute to the free energy of thin films 

per unit area. The fluctuations with wavelength cΛ < Λ  are dampened, and the most 

unstable mode is typically manifested. The critical wavelength is similar to the critical 

lengthscale postulated by Scheludko.30 To evaluate this critical wavelength for the 

stratifying micellar foam films requires the assumption that the kinetics of spinodal 

stratification involve the role supermolecular structure forces (and any additional effect 

of evaporation). If we can make a simple estimate, following the arguments for effective 

value of 
  

d 2ΔF / dh2( )
0
= dΠ dh ≈ 4Pc Δh  as decribed by Zhang and Sharma,52 the 

wavelength estimate for the SDS foam film comes out to be 50 micron, which is within a 

factor of two of the observed wavelength. The dominant growth rate, 

  
α ≈ h0

3 24ηγ( ) ∂Π ∂h( )2
can be estimated to be 0.3 s-1 and agrees well with the observed 
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value of 0.25 s-1 obtained from data shown in Figure 6. In the late stage, the contact angle 

between thin regions (gullies) and thicker regions (hills) approaches a constant value, 

quite reminiscent of the shape and contact angles of nanoridges observed around the 

expanding domains in stratifying horizontal micellar foam films.52 We posit that the 

coaresening dynamics, are governed by the velocity scale set by the ratio of change in 

surface energy at the foothill to the viscosity of the micellar solution, in analogy with 

constant velocity mode (v ~ 50 µm/s) observed in the late stages in domain expansion 

dynamics.50-52, 54 However, the discussion of oscillatory free energy functional and the 

phase diagram outlined in Figure 5 exclude evaporation effects that can change both the 

proportion of glycerol present in the fluid and the absolute concentration of surfactant 

within the fluid. In analogy with the related experimental and theoretical studies on 

spinodal dewetting of volatile films, the inclusion of evaporation effects will lead to non-

conserved order parameter, need for comparison between additives of different volatility, 

and closer examination of how supramolecular structural forces change with 

composition; related experimental studies are underway.  

The supramolecular oscillatory structural forces are oscillatory and therefore it is 

expected that spinodal stratification can show a hierarchical step-wise structure, as 

discussed in the previous section in connection with the features observed in Figure 5d-f. 

Likewise, it seems plausible that the spinodal stratification mechanism would manifest 

itself in actual three-dimensional foams, and in many applications, foams are indeed in an 

open system. Furthermore, it can be anticipated that the features appearing in each 

vertical film would display nuanced differences corresponding to the difference in local 

drainage rate, evaporation rate, film orientation, and capillary pressure that itself depends 
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on film size. Figure 7a-b show the thickness map of the coexistence of multiple layers of 

spinodal stratification. Close examination of the thickness map shows that three different 

thicknesses exist simultaneously. Similarly, simultaneous appearance of nucleation and 

growth mechanism and spinodal stratification can also be seen in foam films as shown in 

Figure 7b. Formation and evolution of these intermediate layers are quite fast (in 

milliseconds), and one reason why we are able to visualize these is the use of a color 

high-speed camera. The presence of oscillations in free energy of micellar foam films 

allows multiple windows of thicknesses where the spinodal parameters are negative. In 

contrast, there is only one hump or oscillation in the free energy functional used in 

describing concentration-dependent spinodal decomposition in binary mixtures and 

thickness variations associated with spinodal dewetting.  

 

Figure 7. Multistage spinodal stratification in a single vertical foam films and 
evidence of spinodal stratification in 3D foam (a) Thickness map of formation of 
multiple layers of spinodal stratification in one instance in the film due to non-monotonic 
oscillatory free energy. (b) Thickness map of formation of spinodal stratification and 
nucleation of thinner domains in the film at the same time.  (c) Spinodal stratification in a 
three-dimensional foam, showing the single film experiments provide insights into rupture 
process that can influence the stability and lifetime of foams relevant in industry and daily 
life.  
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Lastly, in Figure 7c we show spinodal stratification in foams made with aqueous 

solutions of SDS (70 mM SDS, and 8 vol. % glycerol). Patterns formed by spinodal 

stratification are simultaneously visible in many different films in this three dimensional 

foam. The image highlights the importance of investigations into spinodal stratification as 

a mechanism for film drainage and rupture, and also shows that the pattern formation 

observed in single vertical foam films is representative of the thickness variations and 

transitions in real foams. Even though the Laplace pressure acting in each film depends 

on the film size, the effect of gravity depends on the film alignment, and flows driven by 

gravity/buoyancy as well as evaporation vary from one film to another, we find that the 

spinodal stratification patterns show characteristics similar to the patterns observed in 

single vertical films and analyzed in Figures 2-4, 6 and 8. 

The spatiotemporal variation in thickness of films undergoing spinodal 

stratification, and the emergence of nanoscopic hills and gullies can be visualized more 

easily in thickness maps shown using an oblique perspective, as shown in Figure 8. The 

observed thickness variation between hills and gullies ranges from thickness  hh ≈ 35nm  

to   
hg ≈ 20nm . In the late stages (see Figure 8c), the thinner, darker domains become 

more circular. Without the use of IDIOM protocols to resolve the entire pattern formation 

process, such late stage patterns can be construed to be a result of nucleation and growth 

of a large number of domains. The topographical color maps in Figure 8d-f show that the 

emerging structures grow, merge, and coalesce and also get advected by the flows within 

the soap film throughout the different stages of the spinodal stratification process. The 

drainage via stratification eventually leads to film rupture, and understanding the 

topological transitions thus can help in designing less or more stable foams.  
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Figure 8. 3D view of thickness map for spinodal stratification patterns.  (a)-(c) The iso-
intensity gray scale regions correspond to same thickness regions. The network-like 
structure of patterns, and coarsening over time can be visualized in unprocessed images. 
(d)-(f) IDIOM protocols allow a reconstruction of a 3D thickness map, and the oblique 
view allows the visualization of hills and gullies in their different stages of evolution. The 
scale bar corresponds to 500µm .   

CONCLUSIONS 

To summarize, we report the discovery, visualization and analysis of spinodal 

stratification, i.e. network-like pattern of thick-thin regions or “hills and gullies” in 

ultrathin free-standing micellar foam films. In 1966, Vrij predicted the possibility of the 

formation of spinodal patterns in both freestanding and supported thin films by 

accounting for the role of van der Waals forces and electrostatic double layer forces 

(together refered to as DLVO forces) in dictating the free energy of the thin films. 

However, Vrij never considered the case of micellar films and the influence of non-

DLVO forces. Though the observation of spinodal dewetting in thin films of metals and 

polymers deposited on substrates followed Vrij’s mechanism, in the last fifty one years 

(and datasets recorded over centuries!), there seem to be no reports of spinodal patterns in 

foam films.  
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We find spinodal stratification in ultrathin free-standing micellar foam films can 

be observed in both single foam film as well as in a three-dimensional foam. The 

morphology and evolution of the pattern are qualitatively similar to the different stages of 

fluctuation growth, intermediate growth at constant wavelength, and late stage growth by 

coarsening as is observed in the spinodal decomposition from in binary mixture that leads 

to the creation of compositionally-distinct regions. We contrast the composition-

dependent free energy calculated using the Flory-Huggins theory for binary mixtures 

with the corresponding plot for the thickness-dependent free energy functional, evaluated 

by integrating disjoining pressure expression. In both cases, the spinodal patterns appear 

if the initial composition or thickness corresponds to a higher free energy for the system, 

than possible with the segregated regions formed after spinodal decomposition and 

spinodal stratification respectively.  

Historically, stratification in micellar foam films is associated with nucleation and 

growth of thinner domains that grow at the expense of surrounding thicker films and it is 

well-established that the stepwise thinning is manifestation of transition from one 

metastable thickness to the next. More recently, we have examined the formation of  

thicker white spots, that we term mesas as they are pancake like structures, and we 

postulate that these structures are also sculpted by the supramolecular oscillatory 

structural forces through a nucleation and growth mechanism. The observation of 

spinodal stratification appears to complete the thickness-dependent phase diagram of 

micellar foam films, though a more quantitative analysis will be needed to account for the 

critical role played by evaporation. The thickness maps and localized thickness evolution 
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data show that the faster drainage in evaporative system forces the films into reach to an 

highly unstable thickness.  

We anticipate the present study will lead to further investigation into spinodal 

stratification, establishing it as mechanism than can determine and control foam stability 

and lifetime. We find that carrying out the experiments in an open cell was critical to 

creation and observation of the unexpected spinodal-like pattern formation. Furthermore, 

we recognize that the use of high-speed imaging allowed us to capture these transient 

patterns in both single vertical foam films and in bulk foam, but in spite of hundreds of 

trials and repeats we have not yet observed the spinodal patterns in horizontal foam films 

even for an open system. The present investigation also highlights the success and 

significance of the IDIOM protocols we developed, for the use of IDIOM protocols 

provide thickness maps with exquisite spatio-temporal resolution, enabling visualization 

of nanoscopic hills, gullies and valleys, as well as hierarchical stratified structures. 

Experimental studies on the visualization and analysis of spinodal stratification presented 

here are also critical steps towards an understanding of the role of supramolecular 

oscillatory structural forces in driving flows, instabilities and controlling the lifetime of 

micellar foam films, and advance the ability for molecular engineering of foams with 

desired lifetime and stability.  
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