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Ultrathin foam films containing supramolecular structures like
micelles in bulk and adsorbed surfactant at the liquid–air interface
undergo drainage via stratification. At a fixed surfactant concen-
tration, the stepwise decrease in the average film thickness of a
stratifying micellar film yields a characteristic step size that also
describes the quantized thickness difference between coexisting
thick–thin flat regions. Even though many published studies claim
that step size equals intermicellar distance obtained using scatter-
ing from bulk solutions, we found no reports of a direct compar-
ison between the two length scales. It is well established that step
size is inversely proportional to the cubic root of surfactant concen-
tration but cannot be estimated by adding micelle size to Debye
length, as the latter is inversely proportional to the square root of
surfactant concentration. In this contribution, we contrast the step
size obtained from analysis of nanoscopic thickness variations and
transitions in stratifying foam films using Interferometry Digital Im-
aging Optical Microscopy (IDIOM) protocols, that we developed, with
the intermicellar distance obtained using small-angle X-ray scattering.
We find that stratification driven by the confinement-induced layering
of micelles within the liquid–air interfaces of a foam film provides a
sensitive probe of non-DLVO (Derjaguin–Landau–Verwey–Overbeek)
supramolecular oscillatory structural forces and micellar interactions.

foams and emulsions | surface forces | X-ray scattering | soft matter |
structural forces

Molecules in simple liquids and supramolecular structures in
complex fluids can stratify or undergo confinement-induced

layering induced by symmetry breaking at a solid–liquid or a fluid–
fluid interface (1–8). In freestanding or foam films, the confinement-
induced layering of supramolecular structures including micelles
(9–17), lipid layers (18, 19), polyelectrolyte–surfactant complexes
(20, 21), nanoparticles (9, 22), and liquid crystalline assemblies (23)
can result in drainage via stratification. Due to thin film interfer-
ence, foam films visualized under white light illumination display
iridescent colors for thick films (h > 100 nm) (24–28), but ultrathin
films (h < 100 nm) exhibit shades of gray that get progressively
darker as the film gets thinner (9–21). In reflected light microscopy,
micellar foam films exhibit coexisting thick−thin regions with dis-
tinct shades of gray. Interferometry-based measurement of the av-
erage film thickness over time decreases in a stepwise fashion
yielding a step size, Δh (9–17). Many published studies argue
(9–12, 22, 29–34) that foam films containing charged micelles or
latex particles stratify analogously due to the formation of “ordered
colloidal crystals” (OCCs) and step size, Δh, equals the inter-
micellar distance, d, in bulk solutions. However, a comparison of
concentration-dependent Δh obtained from the dynamic foam
stratification studies (influenced by confinement effects) with d
measured using small-angle X-ray or neutron scattering (SAXS
or SANS) or other direct measurements of static equilibrium
structure, and related evidence for or against the formation of OCCs
in micellar foam films, are lacking in the literature. Thus, the mo-
tivations of this contribution are threefold: 1) contrast the step size,
Δh, obtained via stratification studies with the intermicellar distance,
d, and micelle dimensions determined using SAXS; 2) examine the

SAXS data for any evidence of OCCs; and 3) elucidate the in-
fluence of ionic micelles on foam film stability and topography,
as well as on colloidal forces, in multicomponent complex fluids.
Micelles, formed by self-assembly of soaps and detergents and

ever present in typical household foams, facilitate cleaning and
detergent action by solubilizing oils and oil-soluble dirt within their
hydrophobic core (2, 34, 35). Micelles formed by biosurfactants like
bile salt and rhamnolipids can be used for delivering nonpolar, bio-
active polyunsaturated oils, flavonoids, vitamins, and hydrophobic
drugs (36–38). Therefore, understanding the stability and lifetime
of micellar foams is essential toward molecular engineering of
formulations, controlling foams in industrial reactors, rivers, and
lakes and developing bio-surfactants (36–38). Foam film drainage
involves interfacial flows that are influenced both by bulk rhe-
ology and interfacial rheology as well as Laplace or capillary
pressure, Pc = σC (set by surface tension, σ and curvature, C)
(27, 28, 39–41). Additionally, thickness transitions and variations
in ultrathin (h < 100 nm) freestanding as well as supported (con-
taining one or two solid boundaries) films (41–43) depend on dis-
joining pressure, Π(h) = −(∂G=∂h)P,T,A,Ni

, defined as the free
energy required to change unit thickness at constant temperature,
T, pressure, P, surface area, A, and mole number, Ni (1, 34, 40–42).
Intermolecular and surface forces determine the strength and range
of disjoining pressure, Π(h), as well as of colloidal interaction
forces, F(h) (1–3, 35, 40–42). Physical properties of surfactant
solutions like surface tension and conductivity show distinct
change around a critical micelle concentration (CMC), beyond
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which spheroidal micelles can form (2, 34, 35), and rod-like micelles,
lamellar phases, etc., emerge at higher concentrations (44–46). In
foam films formed with ionic surfactant at c < CMC, drainage below
h < 30 nm often leads to the formation of relatively long-lived
common black (CB) film attributed to counterbalancing of Pc by
ΠDLVO(h), the disjoining pressure due to DLVO (Derjaguin–
Landau–Verwey–Overbeek) forces contributed by van der Waals
and electrostatic double-layer interactions (1–3, 35, 39, 40). Even
thinner Newton black (NB) films attest to the role of shorter-range,
non-DLVO surface forces (14, 25–27, 40, 41). In contrast, in mi-
cellar foam films (c > CMC), a non-DLVO, oscillatory structural
force, ΠOS(h), counterbalances Pc at multiple flat thicknesses,
manifested as distinct shades of gray in reflected light microscopy
(9–17, 21, 40, 47–50).
For micellar fluids containing charged micelles, the step size,

Δh, obtained using thickness–time plots from stratification ex-
periments, and periodicity, λ, of ΠOS(h) directly measured using
thin-film balance (47, 48) show that both periodicity and step size
exceed micelle size, a, implying λ> a and Δh> a. In 1971, Bruil
and Lyklema (51) were the first to report that the concentration-
dependent decrease in step size measured for sodium dodecyl sulfate
(SDS) solutions followed a power law of the form Δh∝ csoap−1=3 and
wrote that step size values “seem to be related to intermolecular
distance in the (unmicellized) bulk solution.” In 1988, Nikolov et al.
(9) reported that foam films containing latex particles stratified in a
fashion similar to micellar foam films and argued that diffusion-
driven, layer-by-layer removal of micelles or particles from an or-
dered colloidal crystal (OCC) structure drives stratification. In their
OCC or “micelle-vacancy diffusion” mechanism, they proposed that
the effective film viscosity increases with decrease in stratified film
thickness (9, 10, 29–31, 33). Contrastingly, in the “hydrodynamic”
mechanism, Bergeron and Radke (13, 47) described stratification
using a thin-film equation, by incorporatingΠOS(h) and bulk solution
viscosity. Nikolov et al. (9, 10, 29–31) suggested that the step size,
Δh, was equal to an effective diameter, deff = 2 lSDS + κ−1( ), com-
puted by adding the fixed length of SDS molecules, lSDS, to the
Debye length, κ−1, that captures the range of screened electrostatic
interactions. However, the step size Δh ∼ c−1=3 and the Debye
length κ−1 ∼ c−1=2 display distinct power laws, and the measured
step size exceeds the micelle size, a, as well as the computed effective
diameter, deff, for ionic micellar systems, or typically Δh> a and
Δh> deff .
Studies on charged nanoparticle dispersions find that the pe-

riodicity, λ, of the oscillatory structural force, F(h), measured
directly with surface force apparatus (SFA), or colloidal probe
atomic force microscopy (CP-AFM), correlates well with the in-
terparticle distance, d, obtained using scattering and simulations (4,
5, 52–55). Furthermore, the periodicity, λ ≈ d ≫ a, is primarily set
by the particle number density, ρ, and is relatively independent of
added salt, charge at solid surfaces, and particle size, a (4, 5,
53–55). Assuming that analogy between λ∝ ρ−1=3 in the nano-
particle studies and Δh∝ c−1=3 in stratified foam studies arises due
to similar underlying physics, Danov et al. (32) and Anachkov et al.
(11) argued that Δh ≈ d or step size equals the intermicellar dis-
tance, d, in bulk solutions and hypothesized that step size from
stratification studies could be used for determining aggregation
number as Nagg ≈ (c − CMC)(Δh)3. However, Yilixiati et al. (17)
showed that on salt addition, the measured Δh values for mi-
cellar SDS solutions do not collapse onto a single curve even if
plotted against micellar number density, ρ, as micelle number
and dimensions can change on the addition of salt (or surfactant)
(2), whereas nanoparticle dimensions remain constant. Further-
more, solid boundaries that can impact SFA and AFM measure-
ments are absent in stratifying foam films. However, the thickness
of stratifying films is rather heterogeneous, and the average thick-
ness changes in a stepwise fashion. Thus, the analogy between
stratifying micelles in foam films and stratifying nanoparticle dis-
persions under confinement between solid surfaces requires further

investigation. In particular, a comparison between multiple length-
scales including micelle dimensions, Debye length, intermicellar
distance, d and step-size, Δh, and the consequences of thickness
heterogeneities within foam films are warranted.
In this study, we contrast the concentration-dependent changes

in step-size measured in foam stratification studies with micellar
dimensions and intermicellar distances in bulk solutions obtained
using SAXS for aqueous solutions of SDS. For the range of con-
centrations (25 mM ≤ cSDS ≤ 250 mM) explored here, bulk rhe-
ology, interfacial tension, micelle shape and size, and interfacial
charge (or potential) are nearly constant. Hence, the observed
concentration-dependent changes in step-size and nanoscopic
topography in stratifying films are dictated by the corresponding
changes in intermicellar interactions and the resulting disjoining
pressure, ΠOS(h). We visualize and analyze nanoscopic thickness
variations and transitions in stratifying foam films using IDIOM
(Interferometry Digital Imaging Optical Microscopy) protocols
(16) (Fig. 1A) that provide requisite spatiotemporal resolution
(thickness ∼1 nm, in-plane < 1 μm, time < 1 ms). We analyze SAXS
data to compute micelle dimensions, volume fraction, and micro-
structure (order) in bulk solutions and obtain the intermicellar
distance from structure factor peak in SAXS data. Finally, we dis-
cuss the ramifications of the close comparison between step size
from the foam film stratification studies and micellar dimensions
and intermicellar distance determined using SAXS analysis on the
intermicellar interactions and the mechanistic basis of stratification.

Results
Drainage via Stepwise Thinning of Micellar SDS Foam Films. The ID-
IOM setup, shown schematically in Fig. 1A, is utilized for visuali-
zation of a single foam film undergoing drainage and simultaneously
for quantitative analysis of thickness variations and transitions
(15–17, 48–50). A high-speed camera attached to a microscope
captures the pixel-wise reflected light intensity that is determined
by interference between light reflected from the two liquid–air
interfaces of a single foam film, as sketched in Fig. 1B. The thick-
ness of micellar foam films is obtained by analyzing average inten-
sity from a square region (110 μm2). Thickness decreases in stepwise
fashion, as shown in Fig. 1C. The thickness profiles obtained for
four distinct surfactant concentrations, shifted horizontally to aid
clear visualization, feature two characteristic trends: the number of
steps increases, whereas the step size decreases with an increase
in surfactant concentration. For instance, the number of steps
increases from 4 to 7, whereas the step size, Δh, decreases from
Δh = 13 nm to Δh = 7 nm when SDS concentration is increased
from 50 to 250 mM.

Nanoscopic Topography of Stratifying Films, Characterized Using
IDIOM Protocols. Stratification in horizontal foam films visually
manifests as shown in Fig. 2: regions with distinct thickness appear
with contrasting shades of gray, and as thinner regions appear
darker, the average thickness of the entire film decreases over time.
Sharp contact lines demarcate the coexisting thick–thin regions,
and the number of thinner, darker domains nucleated and ob-
served decreases progressively. The concentration-dependent con-
trast in the number and duration of stepwise transitions and the
topography of the films is highlighted in Fig. 2 (and in movies in-
cluded as supplementary information). In addition to the snapshots
that show the contrast in grayscale intensity, here we include rep-
resentative thickness maps obtained by converting intensity into
pixel-wise thickness using IDIOM protocols, as detailed elsewhere
(16, 48, 49). Even though the measurements of step size are
routinely carried out by using monochromatic light sources and
photodiodes as detectors that measure the average reflected light
intensity (27), the visualization and analysis of nanoscopic topo-
graphical features shown in Fig. 2 only began with the advent of
IDIOM protocols (15–17, 48–50).
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The increase in the total number of flat regions that have distinct
gray color and reflected light intensity values for the two concen-
trations included here (50 and 250 mM) are correlated with in-
crease in the number of steps from 4 to 7 observed in Fig. 1C. The
topographical maps reveal that in addition to flat regions (e.g.,
circular thinner, darker domains that spontaneously nucleate and
grow during the stratification process), a spectrum of nonflat fea-
tures including nanoridges and mesas also form and grow over
time. For example, the necklace of bright, white spots observed in
Fig. 2H turns out to be a chain of mesas in the corresponding
thickness map whose the in-plane dimensions are in microns (see
scale bar), and thickness is in nm (see colormap). Even though the
hydrodynamic mechanisms predict the formation of nanoridge
around a growing domain due to local volume conservation, the
direct experimental evidence was lacking before Zhang and Sharma

used IDIOM protocols and analysis based on thin-film equation to
capture the shape evolution of nanoridges and nanoridge-to-mesa
instability (15, 16, 48, 49). Zhang and Sharma (48) also showed that
the nanoridge in the build-up region (going outwards from the
thinner domain) exhibits a quasi-steady shape. In contrast, in the
leeward region, the shape evolution is captured by a similarity so-
lution, based on thin-film equation amended with an oscillatory
structural disjoining pressure term, ΠOS(h), with periodicity matched
with step size. The topography observed here is dictated by the free
drainage from the plane-parallel film into the meniscus that occurs
under the influence of capillary pressure and is described in the
creeping flow limit, avoiding the contributions of evaporation or
Marangoni stresses on complex flows and fluxes associated with
actively squeezed thin films, evaporating films, deformed films, and
films with active withdrawal of the fluid (56–64).

Fig. 1. Schematic of the setup used for examining stratification using IDIOM protocols and illustrative examples of stepwise thinning. (A) The Scheludko-like
cell contains a plane-parallel film and surrounding meniscus that emulates a single foam film and its Plateau border. The cell is placed in a closed container
and stratification is visualized using reflected light microscopy. A finite volume of fluid is inserted into the cell using the side-arm connected to a syringe. No
liquid is added or withdrawn during the stratification experiment, and drainage from the film into the meniscus occurs freely and spontaneously. (B) Spa-
tiotemporal variation in interference intensity I(x, y, t; λ) is used for computing thickness transitions and variations in stratifying films. (C) Average film
thickness plotted as a function of time shows stepwise thinning for foam films made with aqueous SDS solutions. The spikes and dips in thickness plots appear
when mesas or domains emerge in the region selected for computing average thickness. The data are shifted horizontally for clarity.

Fig. 2. Coexisting thick–thin regions in stratifying foam films made with 50 and 250 mM SDS solutions. The grayscale snapshots for 50 mM SDS data included
in A–J and for 250 mM SDS in K–T obtained using reflected-light imaging, and the corresponding thickness maps based on four images (C, H, M, and R) are
obtained using IDIOM protocols. The images were acquired in raw format to enable accurate determination of thickness maps (height is in nm, and the in-
plane dimensions are in microns). The brightness and contrast of the grayscale snapshots are enhanced in ImageJ to discern distinct thickness regions easily.
The snapshots included here (and Movies S1 and S2) show that the film drainage involves nucleation, growth, and coalescence of thinner, darker domains, as
well as the appearance of brighter, white spots. The thickness maps show that domains are thinner, flat regions, whereas white spots can be nonflat and are
labeled as mesas. The number of domains nucleated decreases as the overall film thickness decreases (e.g., notice the contrast between images M and R).

Ochoa et al. PNAS | 3 of 9
Foam film stratification studies probe intermicellar interactions https://doi.org/10.1073/pnas.2024805118

EN
G
IN
EE

RI
N
G

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2024805118/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2024805118/video-2
https://doi.org/10.1073/pnas.2024805118


SAXS of Micellar SDS Solutions. The background-subtracted one-
dimensional SAXS data for the micellar solutions with SDS
concentration, cSDS, ranging from 25 mM ≤ cSDS ≤ 225 mM, are
shown in Fig. 3A. The overall scattering intensity, I(q), measured
as a function of wave vector q, can be described as a product of a
form factor, P(q), a structure factor, S(q), and the micelle volume
fraction, ϕ, such that I q( )∝ϕP q( )S q( ). Micelle dimensions (shape
and size) can be determined from form factor, P(q), whereas an
analysis of the structure factor, S(q), reveals information about
intermicellar interaction and correlations that depend on charge
and micelle number density (65). For SDS micelles, the hydro-
phobic core has a lower electron density than water, while the shell
comprising the hydrophilic group and counter ions possesses a
higher electron density than water. The combined influence of
P(q), S(q), and the scattering length density differences (between
solvent and shell and between shell and core) create distinct peaks
and valleys in the X-ray scattering profiles of SDS micelles in
contrast with the neutron scattering profiles (66). An analysis of the
features in I(q) and their corresponding length scale (∼1/q) reveal
that the I(q) peaks in the range 1 nm−1 < q < 3 nm−1 emerge owing
to the contribution of P(q), whereas the peaks in the range
0.4 nm−1 < q < 1 nm−1 are the contribution of S(q). Upon in-
creasing SDS concentration, P(q) peak shifts from q = 2 nm−1 for
cSDS = 25 mM to q = 1.7 nm−1 for cSDS = 60 mM, signifying a
marginal growth of micelle dimensions in solution. However, the
P(q) peak position remains nearly cSDS invariant at q ≈ 1.7 nm−1

upon further increasing cSDS up to 225 mM, denoting nearly
concentration-independent micelle sizes. Concomitantly, the S(q)
peak that appears in the q range 0.4 nm−1 < q < 1 nm−1 becomes
increasingly prominent as cSDS increases due to the strengthening
of intermicellar correlations with an increase in micellar number
density, ρ∝ϕ. This S(q) peak also shifts to higher q with in-
creasing cSDS, implying that the intermicellar distance, d, decreases
with concentration.
Fits to the scattering spectra, I(q) ∼ ϕP(q)S(q) depicted in

Fig. 3A with solid lines were obtained by combining a P(q) model
for oblate ellipsoidal core–shell micelles (67, 68) with a S(q)
model proposed by Hayter and Penfold (67, 69–71) based on the

rescaled mean spherical approximation (RMSA) for particles
interacting with screened Coulomb repulsion. The P(q) fits re-
veal that SDS molecules self-assemble to form core–shell ellip-
soids with the minor and the major axis radii Rp ≈ 1.3 nm and Re
≈ 2 nm, respectively (an aspect ratio of ≈0.65), and a shell
thickness ≈0.75 nm (see Fig. 3B), in good agreement with pre-
vious scattering studies on SDS micelles (46, 65, 66, 72, 73). The
computed values of total charge (Q < 30 e−) show that only a
fraction of molecules is ionized. Micelle dimensions and com-
puted charge are nearly independent of surfactant concentration
for cSDS ≥ 60 mM. The micelle volume fraction, ϕ, obtained from
the structure factor fit, increases nearly linearly with cSDS, as
shown in Fig. 3C.

Comparison between Step Size Obtained from Foam Stratification
Studies and Intermicellar Distance Obtained from Scattering. The
structure factor, S(q), extracted from the fits to I(q) data shown
in Fig. 4A for a range of SDS concentrations indicate that micelles
are arranged in a disordered structure in bulk. The intermicellar
correlations, correlated with the primary S(q) peak amplitude,
strengthen with increasing concentration. Estimates of intermicellar
correlation distance, an indication of the average intermicellar
distance, d, are obtained from the inverse of the position of the
primary S(q) peak, q*, as d = 2π/q* (Fig. 4A). The magnitude of q*
steadily increases with increasing cSDS, denoting a decrease in
correlation distance between micelles. The intermicellar distance, d,
estimated from the primary S(q) peaks, is found to be in excel-
lent agreement with the step size, Δh = hn+1 − hn, obtained from
stratification experiments using IDIOM protocols, and both are
found to display an inverse cubic root scaling Δh∝ c−1=3SDS and
d∝ c−1=3SDS (denoted by dashed line), as shown in Fig. 4B. The
agreement suggests that even though confining interfaces in thin
films lead to layering of micelles, the interactions between micelles
and their number density are not different from the bulk solution.
The schematics illustrate how micelles distribute themselves self-
consistently in bulk (Fig. 4A) and between interfaces under con-
finement (Fig. 4B) for micelles interacting pairwise with screened

Fig. 3. SAXS results and micelle characteristics. (A) SAXS intensity patterns and the corresponding typical fits for aqueous SDS solutions with varying SDS
concentrations. The fits use the form factor for oblate core–shell ellipsoids and the Hayter–Penfold structure factor, respectively. (B) Dimensions of the oblate
SDS micelles: core radius along the major axis, Re, and core radius along the minor axis, Rp, respectively, and shell thickness, δ. (C) Micelle volume fraction, ϕ, is
rather low (ϕ < 0.1) and is shown as a function of surfactant concentration, cSDS.
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Coulomb interactions (are not drawn to scale). Despite these
relatively low micelle volume fractions (ϕ< 0.1), micelles, together
with their Debye atmosphere, structure under confinement anal-
ogously to confined hard spheres of higher effective size and vol-
ume fraction (2, 3, 74–79). However, as the viscosity depends on
the real size and volume fraction of micelles, the viscous resistance
to drainage flows is not enhanced (4, 5, 76, 77).

Discussion
The step size obtained from IDIOM protocols, shown in Fig. 4,
shows reasonable agreement with the values obtained using con-
ventional interferometry studies (16). Here, step size is reported
for an extended range of concentrations (as high as 225 mM or c/
CMC ∼30). In contrast, most of the published studies were re-
stricted to concentrations below 100 mM, except for three mea-
surements, including a report by Krivchevsky and Stavans (78, 79)
and the 1971 dataset from Bruil and Lyklema (51) that reported
Δh∝ csoap−1=3. In the third dataset from 1984, Manev et al. (80)
postulated that micellar SDS foam films stratify due to liquid
crystallinity, following studies in the 1970s that found liquid crystal
films display stratification (23, 81–84). However, there is no evi-
dence for the formation of liquid crystals either in bulk solutions or
in stratified films at low SDS concentrations investigated (including
c/CMC < 5). Furthermore, for a fixed surfactant concentration,
Manev et al. (80) reported that the step size varies during pro-
gressive thinning. In this study, the step size is relatively constant,
consistent with the observations and analysis of Perrin (85, 86),
Nikolov et al. (9, 10, 29), and other published literature (9–22,
29–34, 47–50, 85–90). Though the existence of two black films was
well established by 1893 (91), Johonnott first reported the existence
of multiple blacks (as many as five) in 1906 (90). After that, Perrin
observed stepwise thinning with constant step size and cited strat-
ification as evidence for molecular reality in his Nobel lecture in
1926 (85, 86). Even though the concepts underlying DLVO forces
and the explanation for the two black films (NB and CB) emerged
by the 1950s, a direct comparison between step size determined
from stratification in micellar foam films and micellar dimensions
and interactions remained unexplored before this study. Here, we
discuss the import of our contributions on the longstanding de-
bate between two mechanisms advanced for describing the ther-
modynamic and hydrodynamic phenomena that drive stratification
in micellar foam films: 1) Stepwise thinning due to layer-by-layer
removal of micelles from an OCC structure, with formation and
growth of thinner, darker domains driven by diffusion of micelles
and vacancies (“micelle-vacancy diffusion” or OCC mechanism),
and increased viscosity of thinner films (9, 10, 29–31, 33); and 2)
Stratification governed by thin-film equation, the “hydrodynamic”

mechanism, wherein bulk viscosity describes fluid behavior, and
nanoscopic topography manifests due to an interplay of dis-
joining pressure and capillary pressure.
In several papers, Nikolov, Wasan, Kralchevsky, and coworkers

(9, 10, 29–31, 33) argued that ionic micelles undergo a phase
transition to form OCC phases in analogy with the phase transi-
tions reported by Hachishu et al. (92) for charged latex particles.
Formation of ordered phases by highly charged spheres at rela-
tively low volume fractions compared to hard spheres is observed in
innumerable studies (93–97) with evidence from Bragg diffraction
(92), scattering (95, 98, 99), microscopy [optical, total internal re-
flection, and confocal (99, 100)], among others. Since SDS micelles
are relatively small, visualization of local microstructure using any
optical microscopy techniques is ruled out, whereas SAXS facili-
tates investigation of the micelle arrangements and correlations. In
contrast to the ordered phases observed in charged sphere sus-
pensions, scattering spectra and the corresponding structure factors
for SDS solutions obtained in our SAXS studies (Fig. 4A) do not
show evidence of ordered colloidal (“micellar”) crystals, and in-
stead indicate disordered micelle arrangements with strengthening
intermicellar correlations with increasing cSDS. Previously pub-
lished SAXS and SANS studies for SDS solutions (in the range of
concentrations examined here) show a similar liquid-like structure
comprising macroions (micelles) and their counterion cloud
(70, 101–107).
Nikolov et al. (9, 10, 29–31, 33) assumed that interlayer spacing

in films was less than the intermicellar distance in bulk and relied
on the colloidal crystal picture to advance “micelle-vacancy diffusion”
as a mechanism for stratification, arguing that domain expansion
dynamics are governed by diffusion of micelles and vacancies. Fur-
thermore, the cell model used by Nikolov et al. yields a series of
disjoining pressures that arise due to the presence of certain layers of
micelles rather than generating a single, oscillatory structural dis-
joining pressure. Bergeron and Radke (47) first measured the oscil-
latory structural disjoining pressure, ΠOS(h), for SDS solutions and
articulated that ΠOS(h) is a continuous function of thickness. Ber-
geron and Radke (47) also showed that the step size obtained from
thickness–time plots (dynamic measurement) is correlated with
the periodicity, λ, measured for ΠOS(h) or the supramolecular os-
cillatory force, measured using a thin-film balance (equilibrium
measurement). In contrast with the OCCmodel, Bergeron, Jimenez-
Laguna, and Radke (47) numerically solved the thin-film equation
with oscillatory disjoining pressure term included to capture initial
domain expansion dynamics and postulated that nonflat ridges form
around growing domains due to mass conservation. Furthermore,
Pollard and Radke (77) also showed via simulations that viscosity in
micellar films is comparable to the bulk value (within 10%).

Fig. 4. Structure factor and concentration-dependent variation in step size and intermicellar distance. (A) Structure factor, S(q), extracted using Hayter–
Penfold model shows that the amplitude of the primary peak strengthens and peak position, q*, shifts to higher q with SDS concentration. (B) Step size
obtained by analyzing stratification in micellar foam films using IDIOM protocols is compared to the intermicellar distance estimated from the inverse of the
position of the primary (q) peak, q*, as 2π/q*. The dashed line for −1/3 power law correlates well with the concentration-dependent change in step size and
intermicellar distance. The schematics illustrate the distribution of micelles in bulk solution and in the thin film, respectively.
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However, using the thin-film equation, Langevin and coworkers
(89) argued that the domain expansion kinetics for stratifying
films containing polyelectrolyte–surfactant complex is effectively
determined by how quickly thickness changes diffuse away from
a ridge, and inferred film viscosity was 60 times higher than bulk
viscosity. Recently, Lee, Nikolov, and Wasan (12, 87, 88) reit-
erated the micelle vacancy-diffusion model and postulated that
the viscosity of stratified films is itself thickness dependent and
higher than bulk viscosity (nearly by an order of magnitude).
Even though the hydrodynamic models assume or predict that

nanoridge forms around a growing domain, characterization and
analysis of such nonflat structures began after the introduction of
IDIOM protocols (15, 16, 48, 49). The “micelle-vacancy diffusion”
or “colloidal crystal” mechanism does not explain the appearance
of ridges, observed as brighter halos around growing domains in
greyscale images obtained using reflected light microscopy, or in
some instances, subsequent appearance of bright circular spots at
moving front between expanding domain and its thicker sur-
roundings, identified to be relatively flat, pancake-like structures
we called mesas. Though Lee et al. (12) utilized the micelle-vacancy
diffusion model to discuss domain expansion dynamics, they invoke
Rayleigh instability to describe mesa formation, thus ignoring or
contradicting their arguments about thickness-dependent viscosity
and interaction energy, and the micelle-vacancy mechanism. Using
IDIOM protocols and thin-film equation amended with disjoining
pressure term, Zhang et al. (15, 16, 48, 49) recently showed that the
size and shape evolution of nonflat regions including nanoridges
and mesas is determined by the magnitude and periodicity of
oscillatory structural contribution to disjoining pressure. The
dynamics are indeed captured with the bulk viscosity values. Due
to the presence of a thickness-dependent oscillatory disjoining
pressure (or oscillatory free energy), the linear stability analysis
predicts the possibility of a spinodal instability leading to the spon-
taneous emergence of mesh-like thick–thin regions driven purely by
thin-film thermodynamics and hydrodynamics. Yilixiati et al. (50)
showed that micellar foam films underwent such spinodal stratifica-
tion and characterized the evolution of nanoscopic hills and gullies
experimentally using IDIOM protocols. Thus, additional cor-
roboration for the “hydrodynamic” mechanism can be attributed to
the self-consistent explanation for domain expansion, nanoridge
formation, nanoridge-to-mesa instability, and spinodal stratification
(15–17, 48–50). However, as the hydrodynamic models involve a
critical role for supramolecular oscillatory structural disjoining
pressure contribution, we summarize the key progress made through
the detailed studies of stratification.
Two non-DLVO, medium-mediated interactions arise in mul-

ticomponent colloidal dispersions due to structuring of smaller
molecules, nanoparticles, micelles, or solvent molecules between
larger, dispersed particles, bubbles, or drops: 1) depletion attrac-
tion caused by the depletion of smaller species from the confined
region (8, 108–110) and 2) damped oscillatory structural disjoining
pressure term, ΠOS(h), contributed by layering in the confined
region (4, 5, 21, 34, 40, 108–112). For simple fluids, Israelachvili,
among others, proposed a phenomenological expression of the
form ΠOS(h) = A exp(−h=ξ)cos(2πh=λ + B), with periodicity, λ,
and decay length, ξ, to describe damped oscillations (1–5, 8, 21,
42). For relatively short-ranged ΠOS(h), called solvation forces,
periodicity and decay length are both set by the molecular size,
λ = ξ = a. Such forces can be directly measured using force-based
techniques like SFA or CP-AFM (1–3). For micellar fluids con-
taining ionic surfactants and charged micelles, the step size, Δh,
obtained using thickness–time plots from the dynamic stratification
experiments, and periodicity, λ, directly measured using thin-film
balance under equilibrium conditions (47, 48) show Δh = λ> a and
ξ> a, implying that both periodicity (= step size) and decay length
exceed micelle size. Using equilibrium density functional theory,
Pollard and Radke (76) showed that oscillatory contribution to
disjoining pressure could be computed numerically by treating

micelles as hard spheres and interactions between them with
screened-Coulomb Yukawa-type interactions.
Subsequently, Kralchevsky and Denkov used Henderson’s theory

for bidisperse colloids made up of hard spheres with large size dif-
ference to derive an analytical formula for ΠOS(h) that depends on
micelle number density and uses Carnahan–Starling compressibility
factor computed using effective volume fraction (based on deff) (11,
32, 113). Yilixiati et al. (17) modified the phenomenological model by
using step size for periodicity as well as an experimentally determined
micelle number density and by computing compressibility factor for
effective volume fraction based on deff = 2(lSDS + κ−1), such that
κ−1 = [8πlB CMC + α=( 2( ) c − CMC( ))]−1=2, accounts for the influ-
ence of both concentration and degree of ionization, α, of micelles.
Here, lB is the Bjerrum length. Lastly, there are only a couple of
experimental studies that attempt to characterize structure within
micellar foam films directly, and these provide support for the
intermicellar distance comparable to the step size. Krichevsky and
Stavans (78, 79) used static and dynamic light scattering, in ad-
dition to reflectivity, and comparison with the bulk RMSA cal-
culations to show that the micellar fluid behaves analogous to
confined simple fluids, with a step size matched with intermicellar
distance. Denkov et al. (114) found a lack of order in cryoelectron
microscopy of vitrified micellar SDS foam films, even though
latex particles formed nicely ordered arrays. Thus, the current
state-of-the-art models for oscillatory structural contribution to
disjoining pressure in foam films are based on liquid-state theory
(8, 17, 34, 76, 113, 115), and these models provide a quantitative
analysis of the hydrodynamic processes underlying stratification
using thin-film equation (13, 15, 16, 48, 49).
The close comparison of intermicellar distance and micelle

dimensions determined using scattering with step size measured
in foam film stratification studies reveals that the micellar solu-
tions can be considered as (disordered) liquids in the concen-
tration range explored here. The corroboration from scattering
datasets presented by Figs. 3 and 4 implies that screened Cou-
lomb interactions that describe intermicellar interactions in bulk
solutions play the defining role for stratifying, micellar foam films.
The intermicellar distance and interactions present in foam films
correlate with those in bulk solutions for aqueous SDS solutions.
Thus, the comparison supports mechanistic description of stratifi-
cation using hydrodynamic models that consider micellar solutions
to be liquid like and incorporate confinement-induced layering via
ΠOS(h) term (13, 48, 49, 89). The thin-film equation amended with
disjoining pressure provides a quantitative and self-consistent de-
scription of thickness transitions and variations observed with a
high spatiotemporal resolution by IDIOM protocols (48–50) In the
concentration regime explored here for SDS solutions, micelle
dimensions, surface tension, interfacial charge, and rheology are all
nearly matched. Hence, the stratification studies reveal the influ-
ence of amplitude and range of supramolecular oscillatory struc-
tural disjoining pressure and underlying intermicellar interactions.
Therefore, a concentration-dependent increase in the number of
steps, observed in Figs. 1 and 2, implies an increase in the magni-
tude of supramolecular oscillatory structural disjoining pressure. In
contrast, a concentration-dependent decrease in step size can be
correlated with the corresponding decrease in periodicity of ΠOS(h).
Analogous changes in the magnitude and the periodicity of oscil-
latory structural force, F(h), are obtained from SFA or CP-AFM
measurements for nanoparticle dispersions and micellar solutions
(4, 5, 21, 52–55, 79, 107, 109).

Conclusions
In this contribution, we utilize foam film stratification studies in
combination with SAXS and address three longstanding, mech-
anistic questions about stratification. First, we show that the step
size, Δh, obtained from foam film stratification studies is equal to
the intermicellar distance, d, determined using SAXS. Step size
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obtained from discrete jumps in average thickness versus time
plots as well as from the difference in the thickness of flat regions
are correlated with the periodicity of supramolecular oscillatory
structural forces. Secondly, we find that the SAXS data does not
provide any evidence for the formation of ordered colloidal
crystals (OCCs). The microstructure can be described using
Hayter–Penfold liquid-state theory based on the RMSA. We find
that scattering datasets can be described using a model developed
for scattering by a disordered suspension of charged spheres. The
micelle dimensions (shape and size) remain nearly constant for the
concentration range explored in this study. The comparison of
scattering and stratification studies presented here suggests that the
electrostatic interactions between ionic micelles give rise to struc-
ture in bulk solutions, and oscillatory structural disjoining pressure
influence foam film stability and topography. The comparison also
supports the mechanistic description of stratification using hydro-
dynamic models that consider micellar solutions to be liquid like
and utilize the thin-film equation amended with disjoining pressure
to quantitatively and self-consistently model thickness transitions
and variations, observed with a high spatiotemporal resolution by
IDIOM protocols. We anticipate that our results will facilitate the
use of foam film stratification studies as a quick, frugal, and robust
characterization of the strength and range of interactions be-
tween dispersed supramolecular structures, including micelles,
macromolecules, and nanoparticles, especially in multicomponent
complex fluids, and to provide insights into molecular engineering
of formulations.

Materials and Methods
Drainage via Stratification Studies Using Scheludko-like Cell and IDIOM
Protocols. The setup, shown schematically in Fig. 1A, includes a Schedluko-
like cell (39) to create a foam film of diameter 1 to 2 mm, with the sur-
rounding thicker meniscus in contact with a glass or plastic tube emulating a
Plateau border in contact with the plane-parallel film. The surfactant solu-
tions were formulated with SDS (Sigma-Aldrich, L6026, purity > 99.0%) for
25 mM ≤ cSDS ≤ 250 mM in deionized water (resistivity of 18.2 MΩ · cm). CMC
of 8.2 mM was obtained from maximum bubble pressure tensiometry and
pendant drop tensiometry for these SDS solutions. The cell is placed in a
closed container filled with aqueous surfactant solution to create a satu-
rated atmosphere and minimize the influence of evaporation and air cur-
rents, which can influence drainage via stratification dynamics (25, 50). A
biconcave drop is initially formed within the cell, and then the liquid is
slowly withdrawn using a side arm connected to a syringe pump to create a
plane-parallel film with desired size and initial thickness (< 100 nm). The
drainage occurs under a constant volume and a constant Laplace pressure
condition. The cell diameter, dc, and plane-parallel film diameter, df, de-
termine the Laplace pressure Pc ≈ 4σdc= d2

c − d2
f( ), in which σ refers to the

surface tension value (39). As the capillary pressure depends upon both the
film size and the cell size, these sizes are kept similar for all stratification
experiments to have a meaningful comparison (39).

The thin film is illuminated by white light from a Fiilex P360EX portable
light-emitting diode light source, and a FASTCAM Mini UX100 high-speed
camera attached to a magnification system (Navitar Zoom 6000 with an
added microscope objective) is used for capturing intensity variations ac-
companying drainage in a single foam film. Every pixel in a color image

obtained by a digital camera can be read as a composite of three intensities
of red (wavelength λ = 630 nm), green (λ = 546 nm), and blue (λ = 470 nm)
light. Each color channel has values in the range of 0 to 4,095 (for RAW
image with 12-bit depth). The IDIOM protocols rely on white light illumi-
nation and use digital filtering to obtain simultaneous intensity maps for
three wavelengths, as detailed elsewhere (15, 16) and consequently obtain
thickness measurements by using the interferometry equation:

h = λ

2nπ
( )arcsin ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Δ
1 + 4R(1-Δ)/ 1 − R( )2

√( ) , [1]

where λ is the wavelength of light, Δ = (I − Imin)=(Imax − Imin) and

R = (n − 1)2=(n + 1)2. Here, I is the intensity value measured in each pixel, Imax

and Imin are the maximum and minimum intensity values, and n is the re-

fractive index of the bulk solution. The Fresnel coefficient R = (n − 1)2=(n + 1)2
is computed by using the refractive index n of the bulk solution [in this case,
we assume n = 1.33 and hence thickness is an effective measurement (13, 15,
47)]. The image analysis is carried out in MATLAB R2020a with specially de-
veloped codes. Experiments are carried out at room temperature.

SDS Intermicellar Distance and Micelle Dimensions Using SAXS. SAXS mea-
surements were performed at the Advanced Photon Source beamline 12-ID-B
of Argonne National Laboratory. The solutions were placed in 2-mm thin-
walled quartz capillary tubes (Charles Supper Company, Inc) and were
equilibrated at room temperature for at least 24 h prior to the scattering
experiments. The capillaries are placed in the linear path of 13 keV X-ray
beam to obtain the scattering measurements. The one-dimensional scat-
tering intensity, I(q), was obtained from the azimuthal averaging of the two-
dimensional scattering speckle data. Scattering from the solvent background
was subtracted to obtain I(q) from the SDS self-assemblies in the solution as

a function of the wave vector q = 4π sin θ
λ ranging from 0.3 to 3 nm−1. Here, 2θ

is the angle between the incident beam (and the sample) and the detector,
and λ is the wavelength of the radiation. As the intensity, I(q), profile de-
pends on the structure factor, S(q), set by intermicellar interference effects
and the form factor, P(q), determined by intramicellar interference, the
structural characteristics and the micellar charges are obtained by fitting the
product ϕP(q)S(q) to the experimental I(q) data using custom-written scripts
in MATLAB.

Data Availability. All study data are included in the article and/or supporting
information.
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