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Abstract

Liquid films formed from nanofluids exhibit a ubiquitous, multiple stepwise thinning phe-
nomenon, where the film thins layer by layer. Under film confinement, the nanoparticles
experience a significant reduction in their degrees of freedom, inducing entropy-driven
structural transitions. The primary goal of this research is to model this oscillatory stepwise
thinning behavior and predict the associated film thickness transition time. To achieve
this, the oscillatory structural film free energy was quantified from the macroscopic contact
angle of the film meniscus, providing a physically grounded measure of the energy barrier.
As film thickness reduces, 2D in-layer structural ordering enhances, resulting in larger
energy barriers and prolonged transition times. We present a power-law model relating
the transition time to the corresponding free energy barrier. The fitted scaling exponent
indicates a super-linear dependence, demonstrating that progressively thinner films re-
sist thinning disproportionately due to confinement-induced cooperative ordering. This
framework establishes a quantitative, predictive basis for understanding stepwise thinning
(stratification) dynamics while offering practical insights for designing stable colloidal and
interfacial assemblies.

Keywords: film from nanofluids; oscillatory stepwise thinning; film free energy barrier;
transition time; power-law model; film-meniscus contact angle; film confinement; film stability

1. Introduction

Liquid films formed from monodisperse nano-colloidal suspensions exhibit a unique
oscillatory, multiple stepwise thinning phenomenon that is of fundamental importance and
has significant technological implications for the fabrication of nanostructured materials
with tailored electrical and optical properties [1-4]. Such stepwise film thinning is a
ubiquitous phenomenon that has been observed in foam, emulsion, and wetting films (see
Figure 1).
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Figure 1. Examples of the stepwise thinning phenomenon in films: (a) horizontal micellar foam
film [5] (micelle size = 11 nm, effective volume fraction = 0.3); (b) inclined micellar foam film [6]
(micelle size = 9.8 nm, effective volume fraction = 0.4); (c) vertical latex foam film [7] (particle
size = 156 nm, effective volume fraction = 0.44); and (d) horizontal silica particle film-meniscus on a
solid surface [8] (particle size = 19 nm, effective volume fraction = 0.4). The variations in interference
colors and grayscale contrast correspond to discrete differences in local film thickness resulting
from stratification. Reproduced with permission from Refs. [5-8]: (a) Copyright 2014 Elsevier;
(b) Copyright 2023 American Chemical Society; (c) Copyright 2023 Elsevier; (d) Copyright 2010
American Chemical Society.

However, the physical origin of the oscillatory, stepwise thinning behavior observed
in films formed from monodisperse nano-colloidal suspensions cannot be fully explained
within classical theoretical frameworks. The classical DLVO-based descriptions in this con-
text have been discussed in detail in a recent comprehensive analysis by Nikolov et al. [7].
These studies demonstrate that confinement-induced ordering of nanoparticles or micelles
gives rise to additional structural forces and associated free-energy barriers that are not
predicted by classical DLVO theory. In a notable theoretical description, Kralchevsky
et al. [9] modeled the metastable states of stratifying foam films within the classical DLVO
framework, utilizing the Carnahan-Starling equation to estimate the structural contri-
butions to the disjoining pressure. However, this approach fundamentally neglects the
macroscopic effect of film size, overlooking the fact that thinning transitions are physically
triggered by discrete in-layer particle organization within the confinement region. The
theory falls short of capturing the true physical reality of the film thinning. Direct measure-
ments of surface forces were enabled by the capillary force balance technique originally
proposed by Scheludko-Exerowa [10,11]. Subsequent optical improvements introduced by
Nikolov et al. [12,13] enabled high-resolution optical imaging of capillary surfaces, such
as the film—meniscus region under high capillary pressure for small film sizes, using a
long-working-distance, small-aperture M Plan 10x /0.14 Mitutoyo objective. These ad-
vances made it possible to resolve nanoscale thickness variations during film drainage
and thinning. Using these techniques, it was demonstrated that foam, emulsion, and solid
wetting films formed from colloidal suspensions undergo thickness reduction through
discrete transitions under confinement, reflecting nanoparticle or micelle layering and
in-layering structural transitions. Building on these advances, Nikolov and Wasan showed
that self-organization of micelles and nanoparticles in confinement between film surfaces
gives rise to oscillatory stepwise thinning governed by structural oscillatory forces [14,15].
Statistical-mechanical descriptions of these forces in confined colloidal films were subse-
quently developed, linking disjoining pressure concepts with particle-layer ordering [16].
Furthermore, theoretical simulations of hard-sphere fluids confined in wedge-shaped ge-
ometries, such as a film meniscus, have corroborated the structural layering phenomenon.
Boda et al. [17] demonstrated that such confinement induces distinct density discontinuities
and oscillatory pressure profiles due to the stepwise ordering of particle layers. These com-
putational findings provide a fundamental thermodynamic basis for the in-layer structural
ordering and oscillatory forces that govern the stepwise thinning process in macroscopic
films. Structural ordering induced by the liquid-film confinement was also demonstrated
in wedge-shaped colloidal systems, where discrete layering transitions were observed
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between confining surfaces [18]. Subsequent optical investigations of wedge-like film—
meniscus regions directly visualized two-dimensional nanoparticle ordering and showed
that the resulting structural disjoining pressure modifies film spreading and stability [19].
Monte Carlo simulations later reproduced these confinement-induced structural regimes,
confirming that electrostatic and excluded-volume interactions generate discrete layering
and oscillatory normal forces under confinement [20]. Together, these findings indicate
that geometrical confinement produces an oscillatory structural free-energy landscape in
colloidal films.

As the micellar concentration exceeds the critical micelle concentration (CMC), micelles
become confined between the two interfaces of the thinning film and undergo confinement-
induced ordering. With the increasing confinement, initially disordered micellar layers
evolve into layered and in-layered structures, leading to oscillatory, multiple stepwise
thinning. The formation of these ordered structures gives rise to an oscillatory structural
contribution to the film free-energy barrier, which alternates between repulsive and attrac-
tive regimes as the film thickness changes by approximately one micellar diameter [21,22].
Each thinning step corresponds to the expulsion of a single micellar layer and the crossing
of a structural free-energy barrier, whose magnitude increases with confinement and micel-
lar concentration, thereby opposing further thinning and stabilizing the film [23]. These
confinement-induced structural free-energy barriers therefore provide a natural basis for
interpreting the film thinning transitions in nano-colloidal films. However, despite exten-
sive experimental evidence, a quantitative description linking the dynamics of individual
thinning steps to the associated free-energy barriers remains incomplete.

The multiple stepwise thinning of foam, emulsion, and wetting films has motivated
investigations using advanced optical techniques such as monochromatic reflected light
interferometry, which provides direct insight into the mechanisms of liquid film stabil-
ity. Using light interferometric techniques, Nikolov et al. [14] demonstrated that oscilla-
tory, multiple stepwise thinning originates from nano- and micellar 2D layering within
the film, giving rise to successive layer-by-layer thinning transitions. Direct evidence
for oscillatory structural forces in supramolecular fluids was obtained by Kekicheff and
Richetti using the surface force apparatus (SFA) [24]. Kralchevsky et al. [25] proposed
the “vacancy-condensation mechanism” to describe discrete thinning transitions in micel-
lar and colloidal films. Related interferometric studies also demonstrated that increased
micellar polydispersity (for example, due to oil solubilization) reduces the free-energy
barrier associated with stepwise thinning, thereby decreasing the film oscillatory structural
forces and stability [5]. These light interferometric studies established the structural origin
of stepwise thinning, motivating further investigations of stratification and drainage in
specific surfactant systems.

Stepwise thinning of liquid films has been investigated over several decades using
a range of experimental approaches. Langevin [26] reviewed and summarized extensive
experimental studies on aqueous surfactant films, demonstrating that stratification and
multistep thinning in sodium dodecyl sulfate (SDS)-based foam films arise from the com-
bined effects of electrostatic interactions, micellar ordering, and surface rheology, with
oscillatory structural forces governing film drainage and stability. Bergeron et al. [4] in-
vestigated stepwise thinning and stratified drainage in foam films stabilized by aqueous
SDS, demonstrating that discrete thinning transitions occur via hole formation and sheet-
ing under the combined action of the oscillatory disjoining pressure and capillary forces.
Kristen and von Klitzing [27] showed that stepwise thinning in SDS-stabilized foam films
is strongly influenced by electrostatic interactions and surfactant-polyelectrolyte complexa-
tion, with oscillatory structural forces governing film drainage above the polymer overlap
concentration. In a related study, Zhang and Sharma [28] investigated stratification in foam
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films formed from micellar SDS solutions and showed that stepwise thinning proceeds via
the nucleation and growth of thinner circular domains governed by oscillatory structural
disjoining pressure and coupled hydrodynamic effects. This domain nucleation and growth
process can be comprehensively described by the vacancy-condensation model previously
proposed by Kralchevsky et al. [25].

In this study, we establish a quantitative framework that relates the structural free-
energy barrier to the transition time of individual thinning steps in nano-colloidal foam
films. The analysis is based on reflected-light interferometric measurements of oscil-
latory thinning in micellar films, from which the characteristic lifetimes of successive
layer-by-layer expulsion events are extracted. The corresponding free-energy barriers are
independently determined and correlated with the transition times through a power-law
relationship. This framework provides a physically constrained interpretation of stepwise
thinning under confinement.

2. Materials and Methods
2.1. Materials

Thin liquid films were formed from aqueous solutions of a nonionic surfactant, Enordet
AE 1215-30 (Shell Chemical Company, Houston, TX, USA), a commercial ethoxylated alco-
hol with a paraffinic chain (C12-C15) and an average of 30 ethylene oxide units. Aqueous
solutions were prepared using ultrapure water with a resistivity of 18.2 MQ-cm (Milli-Q
grade). The nonionic surfactant concentration was maintained at a fixed concentration of
5.2 x 1072 mol /L, which is above the critical micelle concentration (CMC) [15].

To validate the model across different surfactant charges, an ionic surfactant system
was additionally evaluated using sodium dodecyl sulfate (SDS) at a concentration of
0.1 mol/L, which is well above the CMC [14].

2.2. Thin Liquid Film Formation

Microscopic foam films were generated using a cylindrical ring capillary with a
hydrophilic inner wall (radius = 1.5 mm). A biconcave-shaped drop was formed inside the
ring, and liquid was withdrawn through a side orifice using a screw-driven piston pump to
produce a horizontal film [14,15]. The film radius, and thus the capillary pressure acting on
the film, was controlled by piston displacement. During the stepwise thinning process, the
capillary pressure was fixed, resulting in an effectively constant film radius. Any possible
radius variations associated with changes in disjoining pressure were below experimental
resolution. Small pressure variations do not measurably affect the time intervals between
successive transitions.

2.3. Monitoring of the Foam Film Stepwise Thinning

The stepwise thinning of the foam films was monitored using reflected light interfer-
ometry (Figure 2). An optical bench equipped with a custom-built Mach—Zehnder inter-
ferometer with an M Plan 10x /0.14 objective (Mitutoyo Corporation, Kawasaki, Japan)
was employed, in which monochromatic light (A = 546 nm) was focused onto the film
surface through the top of the thin ring with a hole from water-wet material (the cell).
Light reflected from the film and meniscus surfaces interfered and produced fringes, which
showed changes in the film thickness and meniscus profile during drainage.

The temporal evolution of the thinning film was continuously recorded using a CCD
camera connected to a digital video acquisition system. For the interferometric analysis,
the initial hydrodynamic drainage stage immediately following film formation was dis-
tinguished from the subsequent oscillatory stepwise thinning regime. The film thickness
transition time, T, is defined as the residence time of the film at a given thickness state prior
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to a discrete, step-like transition to the next thinner state. This transition time depends
strongly on the number of confined micellar layers (1), increasing exponentially as 7 dimin-
ishes. For multilayer films (1 > 2), the transition time corresponds to the period required
for the initial dark spot(s) to nucleate and begin expanding, triggering the subsequent
stepwise transition before the thinner domain fully covers the entire film area. In contrast,
for a film containing a single micellar layer (n = 1), the intrinsic transition time is defined as
the duration required for the dark spot to expand laterally across the entire film to reach the
rim, thereby establishing a completely uniform thickness and achieving the macroscopic
film-meniscus contact angle equilibrium.
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Figure 2. Schematic of the reflected light interferometric setup used to monitor the micellar foam
film’s multiple stepwise thinning [15]. The arrows indicate the optical path of the incident and
reflected light.

Film thickness values were taken directly from the interferograms reported by Nikolov
et al. [14,15], where thickness was determined using the Scheludko-Mysels interferometric
formulation with the refractive index of the aqueous film.

2.4. Micellar Size Distribution Measurement

Micellar solutions of the nonionic surfactant Enordet AE 1215-30 were characterized
using dynamic light scattering (DLS). Measurements were performed using a ZETASIZER
3000HSA (Malvern Instruments, Worcestershire, UK) equipped with a helium-neon laser
and integrated analysis software.

All measurements were conducted at a controlled temperature of 25 °C, with the
scattering angle fixed at 90°. The hydrodynamic micellar size distributions were analyzed
and are reported in terms of the z-average diameter and the polydispersity index (PDI).

3. Results and Discussions
3.1. Stepwise Thinning of Foam Films from Nanofluids Suspensions

The film thinning experiments analyzed in this work were reported previously. The
present study does not introduce a new parametric experimental campaign, but instead
reanalyzes well-resolved published interferometric data to extract transition times, effective
free energy barriers, and their quantitative correlation for the first time.

We first analyzed previously reported data from Nikolov et al. [15] concerning the
drainage behavior of horizontal foam films formed from micellar solutions of the nonionic
surfactant Enordet AE 1215-30. Specifically, we examined the time-resolved interferogram
presented in Figure 9a in Nikolov et al. [15], corresponding to a surfactant concentration of
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5.2 x 1072 mol/L. From this interferogram, the transition times between the discrete film
thicknesses were extracted.

The interferogram, recorded as the photocurrent signal directly proportional to the
intensity of light reflected from the stratifying film, reveals a characteristic sequence of
regular oscillatory, discrete thinning steps. Each plateau corresponds to the transition time
of a film state, whereas the abrupt transitions denote the displacement of the individual
micellar layer. The significance of this process arises from the combined effects of the
micellar volume fraction, collective micellar interactions, and geometric confinement within
the film. The film thickness represents a transient equilibrium configuration in which
micelles form a 2D layered structure. The discreteness of these film thickness transitions
demonstrates the robustness of micellar 2D self-layering under confinement [14].

Dynamic light scattering measurements yielded a z-average micelle diameter of
9.8 &+ 1 nm with a low polydispersity index (PDI = 0.09) (see Figure Al, Appendix A).
The average step height of the film thickness transition (~10 nm) is comparable to the
measured micelle diameter, consistent with a layer-by-layer thinning mechanism in which
each transition corresponds to the expulsion of a single micellar layer. This observation sup-
ports the interpretation that confinement-induced micellar ordering governs the stepwise
thinning process.

Under confinement, spherical micelles self-organize into 2D random layers and a 2D
structured in-layer, and drainage proceeds via sequential stepwise thinning [14]. Local
instabilities, described by the “vacancy condensation mechanism”, trigger the nucleation of
dark spots—regions thinner by approximately one micellar layer relative to the surrounding
film (Figure 3) [25]. The spot formation and expansion are governed by the balance
between the micellar osmotic pressure (Pysi;) and capillary pressure (Pc,p). Nucleated dark
spots initiate lateral expansion after reaching a critical radius of several micrometers. To
rationalize this observation, the relative magnitudes of the opposing pressures must be
considered. For a nonionic micellar film at a micelle concentration of 5.2 x 10~2 mol/L, the
osmotic pressure (P,s;;) of dislocation is on the order of 1.27 x 10° Pa. The capillary pressure
(Peap) required to initiate the formation of a dark spot—corresponding to a film with one
fewer micellar layer—corresponds to a critical radius of ~1.2 um. This is consistent with
interferometric observations showing that the dark spot’s radius (film’s local dislocation
size) reaches 2-3 pm before expansion begins. Thus, the balance between local osmotic
depletion and the opposing capillary pressure triggers the film’s stepwise thinning.

OO OOOQQOO Pcap<Posm

Figure 3. Local film instabilities are explained by the vacancy condensation mechanism. Dark spots
nucleate and expand, and their growth is governed by the balance between the micellar osmotic
pressure (Pysm) and capillary pressure (Peqp) within the dark spots. This pressure balance drives
the stepwise thinning of the foam film. The blue and purple arrows indicate the directions of
capillary pressure (Pzp) and micellar osmotic pressure (Posm), respectively, while r denotes the dark
spot radius.
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The dark spot expansion is driven by the diffusion of dislocations (vacancies) within
the micellar lattice [29]. Vacancies generated at the film-meniscus migrate into the film
and condense within the nucleated dark spot region, driving their lateral growth. Film
confinement, particle layering, and the vacancy condensation mechanism explain the
stepwise thinning of the film. Consequently, the stepwise thinning time of nano-colloidal
foam films depends on the magnitude of the film free energy barrier, which increases as the
film thickness decreases below three particle layers, where collective particle interactions
become a dominant factor in the film free energy. Interferometric measurements revealed
that the stepwise thinning transition time between successive thinning steps is governed
by the magnitude of the film free energy barrier, confirming its role as the determinant of
the film thickness transition time.

Nikolov et al. [15] reported that stepwise thinning in nonionic micellar films depends
on the film area, temperature, effective volume fraction of the micelles, and electrolyte
content. For example, at smaller areas or a higher micellar volume fraction, the film
remains in stable multilayer states for longer periods. As the film thins, the film free energy
barrier increases because the particles (micelles) become more ordered and form an in-layer
structure [21]. The particle density near the film surfaces (walls) is high. Experimentally,
it has been observed that films with smaller areas, thicknesses of two or one layers, and
an effective particle volume fraction of 0.4 ceased thinning [15,22]. In films with smaller
areas, the probability of dislocation (or vacancy) formation in the lattice is lower [30]. By
monitoring the spot expansion rate, it is concluded that the flow rate of vacancies from the
meniscus into the film drives the spot expansion and governs the film thickness transition
time, rather than the film tension gradient or the osmotic pressure gradient. Consequently,
reducing the film radius leads to a reduction in the spot expansion rate, thereby decreasing
the film thickness transition time. Once the spot expansion is completed, the value of the
film-meniscus contact angle directly depicts the state of the film free energy. Surface stresses,
including Marangoni stresses, may in principle affect film drainage by altering interfacial
mobility. In the present experiments, the surfactant concentration was maintained at
approximately 860 times the CMC, leading to effectively immobilized film surfaces due to
rapid micellar relaxation. Reflected light interferometry reveals a flat-shaped dimple with
a thickness of less than 140 nm which appeared for less than a second (see Appendix B).
Therefore, at a concentration 860 times the CMC, Marangoni-driven convection does not
need to be considered as a factor; surface diffusion and interfacial elastic properties remain
unchanged during a given thinning step. Consequently, the measured transition times
reflect the intrinsic stepwise thinning dynamics at fixed interfacial boundary conditions
rather than variations in surface stress.

3.2. Micellar/Nanoparticle Film Free Energy Isotherm

The film—meniscus contact angle used in the evaluation of the structural free-energy
barrier was determined from the film containing one particle layer. At this thickness,
the film represents a well-defined state in which gravitational distortion of the meniscus
curvature is minimized [31]. Because the film is thinner, hydrostatic pressure corrections to
the meniscus profile are smaller, reducing uncertainty in the extracted contact angle. In
addition, the interference fringes in the single-layer film are sharper and more symmetric
than those observed in thicker films, enabling more accurate determination of the film
thickness and curvature. For these reasons, the single-layer film provides the most reliable
reference for constructing the oscillatory structural interaction energy isotherm, from which
the free energy barriers of thicker films are obtained as relative quantities [29]. Furthermore,
the effect of line tension (LT) on the macroscopic contact angle is mathematically and
physically negligible for the macroscopic films (~100 pm radius) investigated in our study.
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As theoretically discussed by Gibbs and Bakker, LT is primarily significant for micron-scale
systems [32,33]. For macroscopic foam films, previous studies report that the LT values
are on the order of 107! N, which makes its contribution to the contact angle several
magnitudes smaller than our experimental measurement accuracy [34].

The relationship between the film free energy and the stepwise transition time reflects
the correlation between the lifetime of a thickness state and the structural free-energy barrier
associated with the stepwise thinning process. The film free energy isotherm constructed
from the measured film—meniscus contact angle represents the interaction free energy per
unit area arising from oscillatory structural forces within the confined film. Because the free
energy is defined per unit film area, it arises from the interactions within the confined film
and therefore does not depend explicitly on the size of the film. Instead, film size influences
the overall stability and dynamics of the thinning process (the mechanism of stepwise
thinning) through hydrodynamic drainage, capillary pressure, and the amplification of
thickness fluctuations, which determine the film stability, lifetime of film states and the
onset of thickness transitions [29,30]. In this sense, the power-law relation used in the
present model provides a relationship between the transition time and the corresponding
structural free-energy barrier. Therefore, the contact angle used in the energy calculation
should correspond to a well-defined reference state of the film, which in the present analysis
is taken as the film containing a single micellar layer.

The film free energy and corresponding barrier were calculated by applying the
following equation [35]:

Acos(27;h>exp(—z> = 20,/1(c0s0pac — 1) (1)

where A represents the film free energy oscillation amplitude, 8;,,c denotes the interfero-
metric measured macroscopic film-meniscus contact angle, / is the film thickness, and d is
the effective diameter of the micelle/particle corresponding to the mean step size of the
film thickness transitions. The surface tension, ¢, /;, was measured using the drop shape
analysis method, where the apex radius of the curvature of the drop was obtained by fitting
the drop profile with the Laplace equation [29]. Parameter A was determined by selecting
the film thickness and macroscopic film-meniscus contact angle that corresponded to a
single micellar layer, representing the nature of the phenomenon. The film free energy per
unit area (W) is expressed as follows [35]:

W= Acos(?)exp(—Z) 2)

The film free energy per unit area (W) was non-dimensionalized as VX—%Z The film free
energy barrier associated with each micellar layer was estimated by the film free energy
isotherm, considering the positive branch as representative of the repulsive contribution
(see Figure 4). Notably, as the number of micellar layers decreases, the repulsive component
of the film free energy barrier increases exponentially, and the stepwise transition times
become longer.

3.3. Modeling

The relationship between the film transition time (7) and the corresponding repulsive
AWd?

energy barrier (=) was modeled using the power-law equation:
AWd? 7\’
i <To> ©
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where AZVTd represents the dimensionless repulsive film free energy barrier, T is the film

thickness transition time, 1y is a characteristic time scale, defined from the initial thinning
behavior, a is a prefactor, representing the baseline of the energy barrier at T = 19, and b is
the power-law exponent, determined via nonlinear least-squares regression. The exponent

b defines the sensitivity of the normalized structural barrier (AZVT”Z ) to variations in the

transition time 7. When b > 1, the scaling is superlinear, indicating that even a modest
increase in 7 results in a disproportionately large rise in the barrier height. Physically, this
scaling means that thinner, more confined films resist further thinning. Particle layering
imposes cooperative constraints that cause the formation of a large energy barrier as the
film becomes thinner, explaining the enhanced stability observed experimentally.

1.5

10
Repulsive energy barrier ( v

05 f “

0.0
-05 f \/

)

Film free energy (Wd?/kT)

_25 1 1 1 1
0 1 2 3 4 5

Number of micellar layers (n)

Figure 4. Dimensionless film free energy (VX—%Z) versus the number of micellar layers (n) for

the 5.2 x 1072 mol/L Enordet AE 1215-30 micellar film Omac = 147°, 0,/ = 469 mN/m,

d = 9.8 nm) [15]. The repulsive energy barrier (AkWTd2 ) corresponding to one micellar layer is indicated.

3.4. Model Prediction, Fitting, and Validation

Building on the formulation presented in the previous section, we now evaluate the
model predictions against the experimental data and examine the physical implications of
the fitted parameters. The values of the film thickness transition time (7) and repulsive film
free energy barrier (AZVT‘ﬂ) for the 5.2 x 10~2 mol/L Enordet AE 1215-30 micellar film are

presented in Table 1. These effective free energy barriers were extracted from a previously

reported interferometric thinning trajectory; however, they were not reported or analyzed
in the original experimental study.

Table 1. Film thickness transition time (7), repulsive film free energy barrier (AkWTd2 ), and contact

angle (0yac) for the 5.2 x 102 mol/L Enordet AE 1215-30 micellar film.

Repulsive Film

‘ Number of Fil.nT Thic.kness Free Energy Contact Angle,
Micellar Layers,n ~ Transition Time, T (s) . AWR Oinac (deg.)
Barrier, =7
1 120 1.203 147 £ 0.1
2 66 0.443 -
3 42 0.163 -
4 32 0.060 -
5 12 0.022 -

In the case of the 5.2 x 1072 mol/L Enordet AE 1215-30 micellar film, the initial
thinning behavior was referenced to the film containing five micellar layers. The film with
five micellar layers was selected as the reference because, at this thickness, the particle
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structure of the film is similar to that of the bulk phase and serves as the baseline. The
characteristic transition time, 79, was assigned a value of 12 s, corresponding to the thickness
transition time of the film with five micellar layers, while the prefactor a was set to 0.022,
corresponding to the repulsive film free energy barrier of the same state. Substitution of 1y
and a into Equation (3) yields the following equation:

AWd?
kT

T\b
—0.022 (E) @)

The exponent b in Equation (4) was determined using nonlinear least-squares regres-
sion implemented with the Solver optimization tool in Microsoft Excel (Microsoft 365,
Microsoft Corporation, Redmond, WA, USA) by minimizing the sum of squared residuals
between the Table 1 data and model predictions. This optimization yielded b = 1.74 with
R? = 0.995. This result indicates a superlinear dependence of the film free energy barrier on
the film thickness transition time. Equation (4) expresses the dimensionless repulsive film
free energy barrier as a power law of the transition time for the 5.2 x 10~2 mol/L Enordet
AE 1215-30 micellar film. Accordingly, the barrier for each micellar layer can be evaluated
directly from its measured transition time.

It is noted that the five discrete transition time data points represent a direct reflection
of the physical phenomenon itself. The stepwise thinning process in these foam films
proceeds through the layer-by-layer thinning of stratified micellar layers within the film.
Each data point corresponds to a distinct, stable film thickness state characterized by a
specific number of structured micellar layers. Therefore, replicating the measurement
under identical thermodynamic and concentration conditions consistently yields the same
five thickness states.

The model prediction based on Equation (4) was evaluated across a range of transition
times and compared with the experimental data. As shown in Figure 5, the model captures
the superlinear trend observed in the experimental values, with the repulsive film free
energy barrier increasing rapidly as the film thins (i.e., as T increases). The fitted exponent
b = 1.74 reflects the sensitivity of the film free energy barrier to changes in the thinning
dynamics. This superlinear behavior suggests that thinner films (with fewer micellar layers)
experience disproportionately higher energy barriers, likely due to enhanced confinement
and structural ordering effects. The agreement between the model and experimental data
supports the validity of the power-law formulation.
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Figure 5. Repulsive film free energy barrier (AkWTdZ) versus film thickness transition time (7) for

the 5.2 x 1072 mol/L Enordet AE 1215-30 micellar film. Squares denote experimental values with
error bars for individual micellar layers (n = 1-5); the film with the five-micellar-layer reference is
indicated (n = 5; 19 = 12's; a = 0.022). Open circles represent the model prediction from Equation (4).
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To validate the general applicability of the proposed power-law model, we extended
our analysis to an ionic surfactant system using previously established interferometric
data for a 0.1 mol/L SDS micellar foam film. The extracted transition times (7) from
0.1 mol/L SDS interferogram—shown in Figure A3 (originally Figure 3 in Ref. [14])—and

corresponding dimensionless repulsive free energy barriers (AZVTdZ) for the SDS system are

summarized in Table 2.

Table 2. Film thickness transition time (7), repulsive film free energy barrier (2

angle (0yqc) for the 0.1 mol/L SDS film [14,25,36].

2
kWTd ), and contact

Repulsive Film

. Number of Fil.n} Thic.kness Free Energy Contact Angle,
Micellar Layers,n  Transition Time, T (s) . AWE Oinac (deg.)
Barrier, 27

1 630 (220 *) 1.110 0.906
2 112 0.405 0.790
3 56 0.150 0.685
4 24 0.055 0.665
5 12 0.021 -

(* Transition time by optical monitoring was 220 s based on direct visual observation, represent-
ing the actual duration required for the dark spot to fully expand to the film rim and establish a
uniform thickness).

For the 0.1 mol/L SDS system, the film containing five micellar layers was similarly
selected as the bulk reference state, defining the characteristic time scale T = 12 s and the
baseline energy prefactor a = 0.021. Based on the vacancy condensation mechanism, dark
spot nucleation and lateral expansion are highly dependent on the total influx of vacancies
from the film meniscus, which is a function of the macroscopic film area (or volume).
The 630 s transition time indicates that the finite size of the film restricted the vacancy
concentration from reaching the critical threshold necessary for final dark spot formation.
While reflected light interferometry accurately measures the vertical film thickness and
the onset of a transition, it does not independently capture the lateral completion of the
dark spot expansion. Visual observation is essential to confirm when the dark spot has
fully reached the film’s rim, thereby establishing a state of uniform thickness. Physically,
a film must achieve this stable, uniform thickness across its entire area before the next
stepwise transition can occur. During the experiment, it was visually confirmed that it takes
approximately 220 s for the dark spot to fully expand to the rim. Therefore, the first-layer
transition time was corrected to 220 s (see Appendix C).

To determine the revised scaling exponent (b), a nonlinear least-squares regression
was performed using the adjusted dataset. By substituting the bulk reference parameters
(0 = 12 s and a = 0.021) along with the corrected first-layer transition time (220 s) into
Equation (3), the power-law exponent is b = 1.36. The resulting model equation for the
0.1 mol/L SDS micellar film is expressed as follows:

AWd2
kT

T )1.36

— 0.021 ( .

)

As illustrated in Figure 6, the power-law model successfully captures the superlinear
relationship between the repulsive structural energy barrier and the film thickness transition
time for the 0.1 mol/L SDS film. The optimized scaling exponent of b = 1.36 demonstrates
that the film free energy barrier increases disproportionately as the film thins, driven by
enhanced 2D in-layer ordering and structural constraints. Remarkably, this superlinear
behavior closely aligns with the exponent obtained for the nonionic system (Enordet AE
1215-30) (b = 1.74), strongly implying that the scaling dynamics are fundamentally dictated
by the nanoscale geometry of confinement.
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Figure 6. Repulsive film free energy barrier (AkWsz) versus film thickness transition time (7) for the

0.1 mol/L SDS micellar film. Squares denote experimental values with error bars for individual
micellar layers (n = 1-5); the film with the five-micellar-layer reference is indicated (n = 5; 19 = 12s;
a = 0.021). Open circles represent the model prediction from Equation (5).

In summary, the multiple oscillatory stepwise thinning behavior of nano-colloidal
films is governed by collective particle interactions and confinement-induced structuring.
Under confinement, particles self-assemble into 2D layered and in-layered arrangements,
giving rise to entropic structural transitions within the layers. Local fluctuations in the
particle concentration within the film initiate stepwise thinning events (see Figure 3). The
power-law relation thus provides a physically grounded description of the energetics of
stepwise thinning, with the exponent b serving as a quantitative measure of the coop-
erative dynamics underlying confinement-induced ordering. Although this geometric
scaling physically applies to rigid, monodisperse colloidal particles under confinement, the
present model cannot be directly applied to films stabilized with Janus particles, where
distinct surface domains and directional interfacial orientations introduce complex bound-
ary phenomena. Furthermore, for soft, deformable colloids (such as dendrimers and
microgels), internal elasticity, steric compressibility, and shape fluctuations may alter the
quantitative scaling exponent. Therefore, extending the present framework to such complex
or deformable systems remains a subject for dedicated experimental verification under
comparable confinement conditions.

4. Conclusions

In this work, we have shown that the oscillatory multiple stepwise thinning of liquid
films formed from micellar dispersions originates from oscillatory variations in the film free
energy arising from confinement-induced particle layering. Under confinement, micelles
or nanoparticles self-organize into layered structures within the film, leading to a sequence
of metastable thickness states separated by discrete thinning transitions.

The oscillatory film free energy associated with these transitions was quantified using
the macroscopic contact angle of the film meniscus, providing a physically grounded mea-
sure of the free energy barrier corresponding to each thinning step. On this basis, a power-
law relationship was established between the film thickness transition time and the associ-
ated free energy barrier, enabling a quantitative kinetic description of stepwise thinning.

The fitted scaling exponent (b) reveals that confinement-induced collective particle
interactions drive entropy-driven structural transitions within the film, indicating that
progressively thinner micellar films exhibit a resistance to thinning as structural constraints
become increasingly pronounced. Overall, the present framework provides a quantitative
and physically interpretable description of the stability and thinning dynamics of stratifying
films formed from colloidal dispersions, elucidating how confinement-induced structural
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forces and cooperative particle ordering govern the lifetime of colloidal and interfacial
systems. While the underlying geometric scaling applies to rigid colloidal particles under
confinement, extending the proposed quantitative framework to films stabilized with
Janus particles (amphiphilic) or deformable soft-particle systems (such as dendrimers and
microgels) remains a subject for future experimental validation.
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Abbreviations

The following abbreviations are used in this manuscript:

DLVO Derjaguin-Landau-Verwey-Overbeek
CMC Critical Micelle Concentration

DLS Dynamic Light Scattering

PDI Polydispersity Index

SDS Sodium Dodecyl Sulfate

SFA Surface Force Apparatus

LT Line Tension

Appendix A. Dynamic Light Scattering (DLS) Analysis of
Micellar Solutions

Micellar solutions of the nonionic surfactant Enordet AE 1215-30 were characterized by
dynamic light scattering (DLS). Measurements were performed using a Zetasizer 3000HSA
(Malvern Instruments Ltd., Worcestershire, UK) equipped with a He-Ne laser and inte-
grated data analysis software. All measurements were conducted at 25 °C with a fixed
scattering angle of 90°. The hydrodynamic size distributions were analyzed in terms of the
z-average diameter and the polydispersity index (PDI). The results are shown in Figure A1.
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Figure A1. Hydrodynamic micelle size distribution of Enordet AE 1215-30 measured by dynamic
light scattering at 25 °C and a scattering angle of 90°. The z-average diameter is 9.8 nm with a
polydispersity index of 0.09.
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Appendix B. Evaluation of the Role of Marangoni Stresses via Dimple
Effect Monitoring

The dynamic influence of the Marangoni effect on thin liquid film drainage is typically
expected at surfactant concentrations below or around the CMC. To evaluate the interfacial
mobility, we monitored the dimple formation and evolution using monochromatic reflected
light interferometry for the 5.2 x 1072 mol/L Enordet AE 1215-30 film. As demonstrated
by the interferogram (see Figure A2), the confined liquid film exhibits a highly stable,
symmetric, and flat-shaped dimple configuration immediately following the initial hydro-
dynamic transition, displaying only one or two distinct geometric patterns. In the case
of the 5.2 x 102 mol/L Enordet AE 1215-30 solution, the concentration is approximately
860 times above the CMC, ensuring a Gibbs elasticity orders of magnitude above the immo-
bilization baseline. Rapid micellar relaxation instantaneously dampens any flow-induced
interfacial gradients. Consequently, the flat shape of the dimple confirms that Marangoni
stresses do not serve as a contributing factor to the stepwise film thinning.

Photocurrent (Film thickness)

Figure A2. Interferometric observation of the dimple configuration during the initial film formation
in the case of the 5.2 x 1072 mol /L Enordet AE 1215-30 film. The red arrow indicates the appearance
of the dimple stage during initial hydrodynamic drainage, and the inset photograph represents the
dimple formation in the film.

Appendix C. Photocurrent Versus Time Interferograms of a 0.1 mol/L
SDS Film

The stepwise thinning of the 0.1 mol/L SDS micellar foam film was evaluated by
coordinating monochromatic reflected light interferometry. As illustrated in Figure A3, the
total film thickness transition time for the film with 1 micellar layer (n = 1) approximately
630 s. Direct visual monitoring of the film, however, demonstrates that this total duration
encompasses two fundamentally distinct physical regimes. The first phase takes approxi-
mately 220 s, during which a nucleated dark spot undergoes active lateral expansion under
the driving force of the local micellar chemical potential gradient until it reaches the film'’s
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References

rim. At the end of this 220 s period, the film achieves a completely uniform single-layer
thickness over its entire area. Once this structural transition is completed laterally, the film
enters the second phase, remaining stable as a uniform equilibrium film for an additional
~410 s. This prolonged stability interval is governed by finite-size constraints, where the
restricted film area limits the localized vacancy accumulation necessary to fluctuate and
trigger the subsequent dark spot nucleation for the final transition. This correction applies
only to the film with 1 micellar layer (# = 1). For the film with multi-micellar layers
(n = 2-5), the interferometrically measured plateau duration directly corresponds to the
intrinsic thinning transition and therefore no correction was required. The n = 1 state is
unique because the measured plateau contains an additional equilibrium-stability interval
following completion of the lateral dark-spot expansion.

Therefore, by utilizing visual observation to decouple the actual lateral transition
duration (220 s) from the subsequent stability period, the intrinsic transition time can be
isolated to calibrate the superlinear scaling parameters in the power-law model accurately.
In essence, the 220 s expansion time was employed because it exclusively captures the true
structural resistance of micellar layer expulsion. Using the full 630 s interval would mathe-
matically distort the model by introducing finite-size stability delays that are independent
of the intrinsic thinning process.
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Figure A3. Photocurrent versus time interferogram of the 0.1 mol/L SDS film. Inset micrographs
illustrate the visual decoupling of the total 630 s plateau into the intrinsic 220 s dark spot lateral
expansion phase and the remaining 410 s uniform, equilibrium phase. (Reproduced from Nikolov
and Wasan [14] with permission from Elsevier).
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