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ABSTRACT: Freestanding films of soft matter containing micelles,
nanoparticles, polyelectrolyte−surfactant complexes, bilayers, and
smectic liquid crystals exhibit stratification. Stepwise thinning and
coexisting thick−thin regions associated with drainage via strat-
ification are attributed to the confinement-induced structuring and
layering of supramolecular structures, which contribute supra-
molecular oscillatory structural forces. In freestanding micellar
films, formed by a solution of an ionic surfactant above its critical
micelle concentration, both interfacial adsorption and the micelle
size and shape are determined by the concentration of surfactant and
of added electrolytes. Although the influence of surfactant
concentration on stratification has been investigated before, the
influence of added salt, at concentrations typically found in water
used on a daily basis, has not been investigated yet. In this contribution, we elucidate how the addition of salt affects
stepwise thinning: step size, number of steps, as well as the shape and size of nanoscopic nonflat structures such as mesas in
micellar foam films formed with aqueous solutions of anionic surfactant (sodium dodecyl sulfate (SDS)). The nanoscopic
thickness variations and transitions are visualized and analyzed using IDIOM (Interferometry Digital Imaging Optical
Microscopy) protocols with exquisite spatiotemporal resolution (thickness ∼1 nm, time <1 ms). In contrast to nanoparticle
dispersions that show no influence of salt on step size, we find that the addition of salt to micellar freestanding films results
in a decrease in step size as well as the number of stepwise transitions, in addition to changes in nucleation and growth of
mesas, all driven by the corresponding change in supramolecular oscillatory structural forces.
KEYWORDS: micelles, foams, thin films, disjoining pressure, imaging, DLVO theory, surface forces

Intermolecular and surface forces contribute a thickness-
dependent disjoining pressure, Π(h), that influences the
stability of colloidal dispersions.1−3 Early work by

Derjaguin,3,4 Scheludko,5 Vrij,6 and Mysels,7 among
others,1−9 established that the surface forces also determine
the stability of ultrathin freestanding2,8,10,11 or supported12−15

(at least one solid−liquid interface) films. Contributions due to
dispersion forces (van der Waals, attractive), Πvw(h), and
electrostatic double layer forces (repulsive), Πel(h), are often
referred together as the Derjaguin−Landau−Verwey−Over-
beek, or DLVO, forces.2−8,10 Typically DLVO forces are said to
delay or prevent the aggregation of proteins, macromolecules,
particles, drops, bubbles, or lipid layers. In micelle-free foam
films of ionic surfactants (concentration, c < CMC, or critical
micelle concentration), drainage is marked by a monotonic
decrease in thickness, culminating in the appearance of the
“common black” (CB) films, as the thickness-dependent DLVO
forces eventually counterbalance the capillary suction pres-
sure.3−7,10 Additional non-DLVO, shorter ranged, solvation
forces are operative at nearly close contact1 in colloidal

dispersions, and in micelle-free foam films, these can lead to the
appearance of a second black film called the “Newton black”
film (h ≈ few nm). In contrast, drainage in micellar foam films
proceeds via stratification that involves nonmonotonic, stepwise
thinning10,16−20 attributed to the role played by non-DLVO,
supramolecular oscillatory structural forces.10,19−22 The supra-
molecular oscillatory structural forces can be longer ranged
than DLVO forces and can stabilize successive layers with a
quantized difference in thickness of flat regions. In this article,
we elucidate how the addition of salt affects stratification as well
as the supramolecular oscillatory structural forces in micellar
foam films formed by aqueous solutions of sodium dodecyl
sulfate (SDS). The goals of the study are threefold: (a) analyze
the variation of step size and the number of steps, (b) visualize
and characterize the shape and size of nanoscopic nonflat
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structures like nanoridges and mesas, and (c) develop a
phenomenological expression for supramolecular oscillatory
structure forces, to further elucidate the thermodynamics of
stratifying thin films.
Nikolov et al.18 postulated that stratification in freestanding

films containing micelles and latex particles has a similar origin.
Furthermore, Nikolov et al.18 observed that stratification in
films containing charged micelles could be suppressed by
adding a relatively high concentration of salt; for example, no
stratification was observed above 90 mM NaCl for 30 mM SDS
and 100 mM NaCl for 60 mM SDS. This single dataset (which
is presented in multiple papers16,18,23,24) utilized salt concen-
trations that exceeded surfactant concentration; however,
detailed datasets on change in step size or number of steps
were not presented. In contrast, measurements for charged
nanoparticles using stepwise thinning in freestanding
films,16−18,25 X-ray scattering,26 electron cryomicroscopy,27

and colloidal probe atomic force microscopy (CP-
AFM)26,28−31 as well as simulations26,30 have established that
the interparticle distance in bulk fluid, the step size in thin film
drainage, and the measured period of oscillation in force−
distance curves, are all equal to each other. Furthermore, for the
charged nanoparticle dispersions, the step size depends only on
the particle number density and is not affected by the addition
of salt, even though the electrostatic interactions are dependent
on the electrolyte concentration. Surprisingly, hardly any
studies investigate or describe the influence of added salt on
thickness transitions and variations in stratifying micellar films
for lower salt concentrations, even though water samples from
natural resources say river or lake water have salt concentration
cs < 50 mM, and salty human sweat contains cs < 80 mM.
Practically, an understanding of the influence of salt added at
intermediate salt concentrations of 1 mM < cs < 60 mM is
crucial for controlling and characterizing the stability, lifetime,
rheology, and properties of aqueous foams, as these are
determined by stability and drainage in freestanding liquid films
(and their junctions, called Plateau borders)32−36 that keep gas
pockets apart in a foam. The rheological response of foams,
including viscous dissipation, depends upon film thickness, and
elasticity depends directly on overall foam microstructure.36−38

Quantifying and controlling the variations in film thickness over
time are critical for designing foams with suitable shelf-life and
flow behavior, and in this study, we make crucial progress
toward elucidating the influence of salt or surfactant
concentration on supramolecular oscillatory structural forces.
In reflected light microscopy, stratified micellar foam films

show coexisting regions with different shades of gray due to
thickness-dependent interference intensity. Furthermore, the
stratified films display a stepwise decrease in thickness over
time in conventional interferometry-based measurement of
average film thickness, as was first reported39 by Johonnott
(1906). The conventional measurement uses monochromatic
laser light and a photodiode for measuring reflected light
intensity from a 30−50 μm region16−18,39 and lacks the spatial
resolution necessary for characterizing thickness variations in
stratified film along the plane of the film. We recently
developed IDIOM (Interferometry Digital Imaging Optical
Microscopy) protocols40−42 with exquisite spatiotemporal
resolution (thickness ∼1 nm, in plane < 1 μm, time < 1 ms)
for visualizing and analyzing the nanoscopic thickness variations
and transitions in stratifying films. In the present contribution,
we utilize the IDIOM protocols to obtain AFM-like visual-

ization of topography of ultrathin stratifying foam films (h <
100 nm), as a function of added salt concentration.
The step size obtained from thickness−time plots and from

the height difference between distinct, coexisting flat domains
are shown to be correlated with the periodicity of supra-
molecular oscillatory forces,10,11,16−21,40−44 and the absolute
magnitude of their contribution to disjoining pressure can be
measured using a thin film balance.20,42 The step size is also
correlated with the interparticle or intermicellar distance.
Relatively short-ranged oscillatory structural forces, Πos(h),
also called hydration or solvation forces, with a period set by
the molecular diameter (typically <5 nm), were first detected in
simple fluid films confined between two solid substrates using a
surface force apparatus (SFA)1,9,45,46 and were observed in
ionic liquids more recently.47−50 The hydration or solvation
forces influence interactions between lipids, proteins, bio-
macromolecules, and nanoparticles1,9,51−53 and also lead to
stratification or layering during spreading of ultrathin wetting
films of simple fluids.54−57 In multicomponent complex fluids,
addition of “smaller” supramolecular structures such as
polymers, particles, or micelles at low volume fraction causes
the well-known, non-DLVO, depletion interaction,58−62 which
acts to flocculate the “larger” colloidal dispersed objects by an
osmotic attraction. However, at relatively high concentration of
the “smaller” supramolecular structures, longer ranged, supra-
molecular oscillatory structural forces (or surface forces) can
arise due to confinement-induced layering of mi-
celles,11,16−21,40−42,63,64 nanoparticles,16,18,25,26,28−30,65 polyelec-
trolyte−surfactant complexes,21,43,44,66−68 bilayers,69,70 and
smectic liquid crystals.71,72 Even though the influence of
supramolecular oscillatory structural forces is most distinctly
visualized in stratifying foam films, such forces must arise
universally in all multicomponent colloidal dispersions,
including foams and emulsions, and influence their stability,
lifetime, rheology, and applications.
The present article aims to contribute critical experimental

and conceptual advances to address the influence of electrolyte
type and concentration on stratification in micellar foam films
and is organized as follows. First, we present a comprehensive
dataset and discussion of the effect of adding salt on step size
and number of steps in micellar foam films. Thereafter we
describe a phenomenological model for supramolecular
oscillatory structural force that captures the influence of adding
surfactant or salt, by including known results for how CMC and
aggregation number change on the addition of salt. Our results
show that the effect of salt on step size, number of steps, and
topography on stratification in freestanding films containing
charged micellar systems is fundamentally and strikingly
different from the influence of salt on stratifying charged
nanoparticle dispersions. Using the IDIOM technique for
exquisite thickness determination and topography mapping, we
report, recognize, and elucidate the effect of added electrolytes
on stratification in micellar foam films. Finally, we show that the
influence of salt and surfactant concentration on step size and
the number of steps, as well as on the formation of mesas, can
be rationalized by examining the concentration-dependent
variations in supramolecular oscillatory structural forces using a
phenomenological model discussed herein.

RESULTS AND DISCUSSION
Drainage via Stratification: Characterization of Step-

wise Thinning. Freestanding foam films formed with an
aqueous micellar SDS solution (c = 50 mM; c/CMC ≈ 6)
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undergo drainage via stratification, leading to coexisting regions
of discretely different thickness and characteristic stepwise
thinning, as shown in Figure 1. Foam films formed in the
Scheludko-type cell are visualized and analyzed using IDIOM
protocols (see Methods section; schematic in Figure 1b) that
rely on computing film thickness from interference intensity.
White light reflected from the two air−liquid interfaces of the
foam film or soap bubbles with thickness h > 100 nm creates
brilliant iridescent colors; for thicknesses h < 100 nm,
progressively thin regions appear as increasingly darker shades
of gray (see Figure 1a and movies in the Supporting
Information). Regions of different thickness coexist in the
stratifying films, and stratification proceeds by spontaneous
nucleation and growth of thinner (hence darker) circular
domains that grow at the expense of the surrounding thicker
film.18,40,41,63,73 The domain boundaries are sharp, and the
expansion of the domains continues until the thickness of the
entire film is reduced to the next thickness, smaller by a discrete
value equal to the step size.
The progressive thinning of a foam film leads to interference

intensity variations, which are analyzed for the quantitative
determination of changes in average film thickness for two
surfactant concentrations above the CMC and one solution
below the CMC (see Figure 1c). The micelle-free foam film
made with a 2 mM aqueous SDS solution displays monotonic
thinning behavior (CMC of SDS, no added salt, is ∼8.2 mM).
In contrast, stepwise thinning is observed in the thickness
evolution plots for the micellar SDS foam films with 25 and 50
mM SDS, respectively. For 25 mM SDS foam films, the number
of steps is two and the height of each step is Δh = 16.1 ± 0.5
nm. On increasing the surfactant concentration to 50 mM, the
number of steps increases to four and the height of each step
decreases to Δh = 13.5 ± 0.3 nm. Each thickness transition is a

result of nucleation and growth of thinner (darker) domains
driven by the supramolecular oscillatory structural forces that
arise due to confinement-induced layering of micelles. The
intermicellar spacing that determines the step size decreases as
surfactant concentration increases due to the increase in
effective screening of electrostatic interactions and additional
effects that contribute to the amplitude and frequency of
supramolecular oscillatory structural forces, as discussed later.
Intensities corresponding to red, blue, and green channels

were analyzed separately, and good agreement is found
between thicknesses measured, as is shown for 50 mM SDS.
Thus, all channels give similar thickness values.40,41 Step size
and final black film thickness both decrease with an increase in
surfactant concentration, whereas the number of steps increases
with concentration. The stratification dynamics is visualized for
the self-thinning process (volume within the cell is kept
constant during drainage), except for c > 70 mM salt-free SDS
solutions, where the final one or two thickness transitions are
induced by increasing capillary pressure (accomplished by
changing fluid volume within the fluid cell). Here we focus only
on the step size and number of steps and not on the unsteady
processes and fluxes governing the transitions. In some
studies,74 the last few thickness transitions are prompted by
opening the cell to allow evaporation from the film. Since
evaporation changes the relative concentration of surfactant
within the solution, making quantitative comparisons difficult,
the step size values reported in this study were obtained from a
closed cell. We recently showed that IDIOM protocols can be
used for creating thickness maps of such stratifying foam films,
and the bright halos and white spots observed near the moving
front between the expanding domain and surrounding film (in
Figure 1a) are due to the formation of nonflat nanoridges and
mesas, respectively.41,42 However, as the plots of average

Figure 1. Stratification in sodium dodecyl sulfate (SDS) thin foam films visualized and analyzed using Interferometry Digital Imaging Optical
Microscopy (IDIOM) protocols. (a) Snapshots showing drainage via stratification in a 50 mM SDS freestanding thin film. Various shades of
gray show the coexistence of domains with different thicknesses. The scale bars correspond to 50 μm. (b) Schematic of the IDIOM setup used
for visualization and characterization of thickness variations and transitions accompanying drainage via stratification. (c) Thickness changes
with time computed from a 25 μm side square region at the center of the film contrasted for three different surfactant concentrations. Red,
blue, and green lines in 50 mM SDS represent thickness data extracted from the red, green, and blue channels, respectively, of the digital
image using the IDIOM protocols. Thickness changes in 2 mM and 25 mM SDS films are shown using only the red channel dataset, and the
data are shifted horizontally to show differences in their thinning behavior.
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thickness evolution are obtained by averaging intensity from a
square region with a 25 μm size (shown in Figure 1c), the
appearance of thinner domains, or thicker white spots in the
field of view, leads to the observed features in the thickness
evolution plots.
Step Size Decreases with an Increase in Surfactant or

Salt Concentration. Representative examples of the influence
of salt on stepwise thinning are shown in Figure 2, which
includes a comparison between salt-free 50 mM SDS and 50
mM SDS with added salt (50 mM and 80 mM NaCl added).
Four distinct layers are present in 50 mM SDS, and the height
of each step is Δh = 13.5 ± 0.3 nm. In contrast, on addition of
50 mM NaCl, the number of steps decreases to three, and the
step size decreases to Δh = 9.6 ± 0.3 nm. The step size
decreases further to Δh ≈ 9 nm on increasing the salt
concentration to cs = 80 mM NaCl. Stratification becomes
irregular with increasing electrolyte concentration, and layers
become difficult to distinguish in the drainage process (see
Supporting Information, Figure S3). In the absence of added
salt, step size decreases with an increase in surfactant
concentration; the concentration-dependence for step size
(Δh), thickness of black films (h0), and their measured values
are similar to those reported in the literature.17,40,41,74−76 The
step size Δh is considerably greater than the diameter of the
micelles and is also greater than the effective diameter d =
2(lSDS + κ−1) computed by adding the characteristic size of the
counterion atmosphere or screening length represented as
Debye length, κ−1, to the micelle size. Here lSDS is the length of
SDS molecules;22 we used lSDS = 2.3 nm. An increase in
surfactant concentration (and in general, ionic concentration)

leads to an increase in screening of electrostatic interactions
and a corresponding decrease in Debye length, such that κ−1 ∝
c−1/2, as well as a decrease in effective step size. But the
experimental results shown in Figure 2 for SDS solutions
corroborate that the step size varies with a Δh ∝ c−1/3 power
law for micellar solutions with no added salt.
Nikolov et al.16 suggested that the step size is practically

equal to the intermicellar distance between the micelles in the
bulk and noted that the concentration-dependent variation in
step size Δh ∝ c−1/3 is similar to the power law exhibited by
confined, ordered latex particles. More recent studies for
stratification in spherical nanoparticle dispersions,26,28,29,31

which include experiments with CP-AFM and X-ray scattering
as well as Monte Carlo simulations, reveal that the step size
depends only on the particle number density ρ (Δh ∝ ρ−1/3)
and not on the effective particle diameter 2(R + κ−1). As the
addition of salt or electrolyte does not change the particle size
and number density, the step size does not change with the
electrolyte concentration for films containing nanoparticles.
However, the magnitude (or amplitude) of the disjoining
pressure and decay length (or correlation length) measured
using CP-AFM shows a distinct dependence on the electrolyte
concentration.26,77 The amplitude decreases with an increase in
salt concentration, implying stepwise transitions require a lower
energy barrier and become more likely to occur.26,77

Danov et al.22 and Anachkov et al.,74 who utilized
experimental datasets acquired for salt-free micellar solutions
and three different theoretical approaches to account for
intermicellar interactions, determined that the step size
depends primarily on micelle number density, Δh ∝ ρ−1/3,

Figure 2. Effect of salt on stratification in aqueous sodium dodecyl sulfate (SDS) thin films. (a) Thickness evolution over time contrasting the
stepwise thinning of a salt-free 50 mM SDS solution against 50 mM SDS with 50 mM and 80 mM NaCl added. Increase in salt concentration
decreases both the number of steps and the step size. (b) Effect of salt concentration on step size for various SDS concentration thin films:
step size decreases both with an increase in surfactant concentration and with an increase in salt concentration. The dotted line shows the
concentration-dependent variation in step size Δh ∼ c−1/3 typically associated with stratifying micellar films. (c) Step size variation with
increase in salt concentration shown for different SDS concentrations. (d) Step size variations plotted as a function of the number density of
micelles showing that the addition of salt reduces the intermicellar distance considerably.
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and not on the effective micelle diameter, in analogy with the
observations for nanoparticle dispersions. Furthermore, Anach-
kov et al.74 argued that the concentration-dependent step size
can be used to analyze micelle size, aggregation number, and
charge, but all the comparisons were carried out for surfactant
solutions with low or no added salt. Increase in surfactant
concentration increases the number density of micelles, ρ = (c
− CMC) × NA/Nagg, but the aggregation number (number of
surfactant molecules self-assembled per micelle) also increases
with surfactant concentration. Bales and Almgren78 showed
that the aggregation number of SDS micelles increases as the
one-fourth power of total surfactant concentration, implying
that as the concentration of surfactant increases, the number
density itself increases by 3/4 power. However, as the
surfactants formed spherical micelles only for a limited range
of concentrations, experimental data can be fit equally well by
the two correlations Δh ∝ c−1/3 and Δh ∝ ρ−1/3, as has been
observed for surfactant solutions.
For a fixed concentration of surfactant, the increase in salt

concentration also leads to a decrease in step size, and Figure
2b illustrates these changes for five different concentrations of
added surfactant. Although decrease in step size with increasing
surfactant concentration has been reported before, Figure 2b

shows the first systematic examination of the influence of added
salt on stratifying micellar films. The effect of added electrolyte
(NaCl; 1 mM < cs < 60 mM) is quantified in terms of change in
the number and the size of steps and by visualizing
topographical changes, as discussed in the following section.
Addition of salt leads to a lowering of critical micelle
concentration as well as an increase in aggregation number,
and hence the number density of micelles is itself sensitive to
added salt. However, the plot of step size as a function of salt
concentration (Figure 2c) for fixed surfactant concentration, as
well as the step size variation with the number density of
micelles (see Figure 2d), show strong dependence on added
electrolyte concentration to Figure 2b. In contrast with
nanoparticle dispersions, the shape and size of ionic spherical
micelles, as well as electrostatic interactions between them, are
sensitive to the presence of electrolyte. Decrease in the layer
spacing (or step size) on addition of salt shows that screening
of electrostatic interactions and decrease in Debye length play a
significant role, in addition to the role played by increase in the
number density of micelles. Using light scattering, Krichevsky
and Stavans79,80 observed a similar decrease in step size for
three concentrations of added salt, for relatively high
concentrations of SDS (8% by weight or ∼280 mM) in

Figure 3. Thickness transitions within foam films made with ionic surfactants are determined by the interplay of disjoining pressure and
Laplace pressure. (a) Disjoining pressure curves for foam films made with ionic surfactants, showing contrast between solutions with (solid)
and without (dotted) added salt. The disjoining pressure for two thicknesses (CB and NB, shown schematically, for thicknesses corresponding
to the filled dots) counterbalances the capillary pressure. (b) Supramolecular oscillatory structural force contribution to disjoining pressure
provides multiple thicknesses that can counterbalance an applied capillary pressure. The influence of adding surfactant or salt is captured by
the phenomenological model discussed in the text. The three filled dots on the curve for a 50 mM SDS solution represent the three metastable
thicknesses predicted for an applied Laplace pressure, Pc. (c) Gray-scale image showing a thinner darker domain, with its thicker surrounding.
The accompanying thickness map, obtained using IDIOM protocols and shown here with an oblique perspective, highlights the nonflat
transition region and the relatively uniform thickness in the flat regions. (d) Experimentally determined thickness profile showing the shape of
the nanoridge as well as the size of the thinner domain region. The schematics illustrate the layered structure of micelles within the flat
regions of the film. The nanoridge is relatively flat (the height is shown in nm scale, whereas the lateral dimension is in μm scale), and the
contact angle is relatively small. The intermicellar distance determines the step size and is itself quite sensitive to the concentration of added
salt.

ACS Nano Article

DOI: 10.1021/acsnano.7b05391
ACS Nano 2018, 12, 1050−1061

1054

http://dx.doi.org/10.1021/acsnano.7b05391


glycerol/water mixtures. Likewise, Tabor et al.64 reported a
decrease in step size on adding salt for 200 mM SDS solutions
using AFM and neutron scattering data. Although we restricted
our studies to concentrations below 100 mM SDS to minimize
the influence of size and shape polydispersity, both the
scattering studies support trends highlighted in our study. In
the next section, we scrutinize the role of different parameters
by relying on a phenomenological model for calculating and
incorporating the effect of added salt and surfactant on the
amplitude and periodicity of the supramolecular oscillatory
structural forces.
Supramolecular Oscillatory Structural Force Contri-

bution to Disjoining Pressure. In micelle-free foam films,
the combined influence of three primary contributions10,81,82
attractive dispersion Πvw(h), repulsive, electrostatic double
layer forces, Πel(h), and shorter ranged, solvation, or steric
forcesleads to a nonmonotonic disjoining pressure curve, as
shown in Figure 3a. The disjoining pressure can counterbalance
the capillary pressure for two distinct thicknesses, known as
thicker “common black” or thinner “Newton black” film (h ≈
few nm). Although we have invoked the mechanical definition
for Π(h) in the discussion so far, thermodynamically, disjoining
pressure represents the work required to reduce the thickness
of a film at constant pressure (P), temperature (T), surface area
(A), and the mole number of species (Ni). Disjoining pressure
is an intensive property, and variation in disjoining pressure can
drive fluxes in analogy with how changes in entropy, chemical
potential, or pressure drive transport. Thus, the disjoining
pressure can be defined in terms of the Gibbs free energy, G, as

Π = − ∂
∂

⎜ ⎟⎛
⎝

⎞
⎠h G

h
( )

T P A N, , , i (1)

The nonmonotonic shape of the thickness-dependent
disjoining pressure curve is quite analogous to the pressure−
volume isotherm for real gases.81,82 The P−V diagrams can be
analyzed to show the coexistence of liquid and gas phases, and
likewise in foam films, thermodynamically, a phase transition
via nucleation and growth leads to formation of Newton black
film (or to the coexistence of two blacks). Furthermore, the
nonmonotonic, stepwise thinning10,16−20 and coexistence of
thick and thin films in stratifying micellar foam films are a
consequence of the role played by non-DLVO, supramolecular
oscillatory structural forces.10,19−22 Thus, the successive layers
with a quantized difference in thickness of flat regions
correspond to a sequence of metastable thicknesses, and the
spontaneous emergence of thinner darker domains occurs by
nucleation and growth. In Figure 3b, the three thicknesses in
metastable equilibrium with an imposed Laplace pressure are
shown for 50 mM SDS solutions with dark, filled dots. The
change in both amplitude and frequency of oscillations on
addition of salt shifts the disjoining pressure curve, leading to a
reduction in both the activation energy for nucleation and
growth of thinner layers and a reduction in the number of
layers (as shown in Figure 3b, and a discussion of the model
used for supramolecular oscillatory structural forces follows
next).
For micelle-free films formed by SDS concentrations below

the CMC value, the addition of salt results in progressive
screening of electrostatic interactions, and for these films, the
equilibrium thickness of “common black films” decreases as the
salt concentration is increased, in accordance with the DLVO
theory.83 However, at relatively high concentrations of salt,

DLVO theory is no longer applicable, and eventually much
thinner “Newton black films” form, which contain only a
hydration layer.83,84 Likewise, in the micellar systems, the
electrostatic repulsion between head-groups of the surfactant is
progressively screened on addition of salt, resulting in the
lowering of the critical micelle concentration, and shorter
Debye length. However, at the same time, the adsorption at the
liquid−air interface also becomes more pronounced on
addition of salt, leading to a lower surface tension, which
results in a lower capillary pressure (assuming the film size is
kept constant). As the surface tension above the CMC exhibits
nearly a concentration-independent value for micellar solutions,
the observed changes in stratification kinetics and dynamics
must be solely driven by a change in disjoining pressure.
Although the nucleation of thinner darker domains is
energetically favored, and the domains are indeed a step size
thinner than the flat surrounding films, due to local
conservation of mass, the fluid displaced from the thinner
domain forms a shallow ridge near the contact line. The width
of the ridge is in micrometers, even though its height is in
nanometers (see Figure 3c,d). Therefore, the transition from n
to n − 1 layers occurs nearly seamlessly over a wide region
while keeping the micelle shape and size intact. The
intermicellar spacing obtained from neutron scattering, AFM,
simulations, and stratified micellar thin films is shown to
agree,41,64,65,76,79,80 and this suggests that micelles (like
nanoparticles) preserve their size, shape, and number density
during stratification. Indeed, we have recently shown42 that the
shape and shape evolution of the ridge can be quantitatively
described using the thin film equation, augmented with a
contribution by supramolecular structural forces, and compar-
ison of experiments and theory shows the viscosity of micellar
solutions in confined films is similar to their shear viscosity
obtained from measurements using torsional rheometry.
The simplest estimate for supramolecular oscillatory

structural forces can be made by using an approximate
expression, Πos = kTρ cos(2πh/d) exp(−h/d), based on an
expression often used for hydration or solvation forces.1 Here
both the oscillatory wavelength (which determines the step
size) and the decay length (which determines the number of
layers) are set to be equal to particle size, d, and ρ represents
the bulk particle number density. We follow the framework
developed by Kralchevsky and Denkov,22 but we have modified
the approximate phenomenological expressions to elucidate
how concentration of surfactant and salt influence the
magnitude and decay length of the supramolecular oscillatory
surface forces.
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Here, the prefactor explicitly shows the dependence on
surfactant concentration, critical micelle concentration, aggre-
gation number, temperature, and volume fraction and includes
a compressibility factor derived by Carnahan and Starling for
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hard spheres.85 The number density of the micelles is given by
ρ = (c − cmc)NA/Nagg, the effective volume fraction, φ, of the
micelles is defined as φ = ρπd3/6, and the parameters Δφ = π/
3√2 − φ and the values for a1 = 0.24, a2 = 0.63, b1 = 0.49, and
b2 = 0.42 are based on the formulas and values determined by
Kralchevsky and Denkov.86 The representative values of all the
computed parameters (see discussion that follows) are shown
in Table 1.
The modified calculation of the supramolecular oscillatory

structural force involves (a) equating the experimentally
measured step size with the oscillation wavelength, as the
oscillatory nature of the disjoining pressure is captured by the
cosine term; (b) evaluating a concentration-dependent effective

size using d = 2(R + κ−1), where the Debye length is estimated
using κ2 = 8πlB[CMC + α(c − CMC)], where α is the degree of
ionization, and the Bjerrum length lB = e2/εkT = 0.72 nm for
water; (c) estimating the amplitude, ρf(φ)kT, using the
compressibility factor f(φ) (rewritten based on original
expressions provided by Kralchevsky and Denkov86); and (d)
estimating the decay length Δh/g(φ), which depends on the
effective volume fraction as well as the step size, and the
geometric factor g(φ), determined from Henderson’s theory.87

The exponential term accounts for the diminishing effect of
confinement with distance. Our calculations show that the
decay length increases with concentration of the surfactant,
even though both step size and g(φ) decrease, in agreement

Table 1. Characteristic Values of the Effective Volume Fraction, Computed Debye Length, Estimate for Compressibility Factor,
Estimate for Geometric Factor, and the Measured Values of Step Size

cSDS [mM] cNaCl [mM] Δh [nm] κ−1 [nm] d [nm] Nagg [−] φ [−] ρ [no. of micelles/nm3] f(φ) [−] g(φ) [−]
30 0 15.3 2.86 10.3 56.5 0.13 2.31 × 10−04 1.76 3.14
50 0 13.8 2.57 9.7 61.3 0.20 4.09 × 10−04 2.38 2.38
100 0 10.3 2.11 8.8 69.9 0.28 7.89 × 10−04 3.64 1.64
30 50 12.1 1.28 7.2 81.1 0.04 2.06 × 10−04 1.18 4.72
50 50 9.6 1.25 7.1 82.9 0.06 3.47 × 10−04 1.31 4.22
100 50 8.5 1.18 6.9 86.9 0.12 6.77 × 10−04 1.66 3.32

Figure 4. Contrasting the effects of increasing the surfactant concentration against an increase in salt concentration. (a) Disjoining pressure
variation for 40 mM SDS solution contrasted with 100 mM SDS and 40 mM SDS with 50 mM salt added. Even though 100 mM SDS and 40
mM SDS with salt added have the same periodicity, the model calculations show that the number of layers increases with an increase in
surfactant concentration, whereas the decay length and amplitude decrease with addition of salt. (b) Both step size and final thickness
decrease with addition of surfactant and salt, but the number of steps decreases with added salt, whereas the number of steps increases on
addition of surfactant (contrast 100 mM SDS with 40 mM SDS), as predicted by the model (see text for details). (c) Sequence of images
showing the thickness variations in a stratifying 100 mM SDS solution. (d) Image sequence showing that the thickness variations in a
stratifying 40 mM SDS solution with 50 mM salt are quite distinct from observations for all micellar SDS solutions (25 mM < c < 100 mM)
investigated. At 68 s, many isolated white spots or mesas appear in micellar film with added salt, and at 72 s, relatively large radii mesas
flanking the expanding darker domain can be observed. The model calculations show that the amplitude of disjoining pressure decreases on
adding salt, leading to an increase in the number and size of white spots spontaneously formed in stratifying micellar films.
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with the experiments. The estimate for the Debye length
includes an explicit dependence on the concentration (or
number density) of charged micelles and accounts for the
reduction in fluid volume available to counterions due to the
presence of micelles,22,74 in analogy with the Debye length
estimates included in many studies that describe behavior of
charged spheres undergoing order−disorder transitions at
relatively low volume fractions.88−91

A representative example shown in Figure 4a contrasts the
theoretical estimate for supramolecular oscillatory structural
force contributions to disjoining pressure for three solutions: 40
mM SDS solution, 100 mM SDS solutions, and 40 mM SDS
with 50 mM salt added. Although the latter two solutions have
similar step size, the model calculations show that the disjoining
pressure isotherms are strikingly different. The plots in Figure
4a (and the data in Table 1) show that in salt-free solutions an
increase in surfactant concentration leads to a substantial
increase in the amplitude or prefactor (ρf(φ)kT), increase in
decay length, and a decrease in step size, and hence the total
number of steps increases. However, if salt is added at a fixed
surfactant concentration, the decrease in CMC value as well as
Debye length contributes to a substantial reduction in decay
length and amplitude of the disjoining pressure, as shown in
Figure 4a and Table 1. Experimental results on the stepwise
thinning shown for the three solutions agree remarkably well
with the theoretical predictions in terms of the change in the
number of steps on adding either salt or surfactant. Four
distinct layers can be discerned in stratifying films of 40 mM
SDS with the step size Δh = 14.2 ± 0.4 nm. In contrast, on
addition of 50 mM NaCl, the number of steps or layers
decreases to three, and the step size decreases to Δh = 10.3 ±
0.3 nm. In comparison, five distinct layers appear in stratifying
films of 100 mM SDS with the step size Δh = 10.3 ± 0.4 nm.
For a fixed low salt concentration or for a salt-free solution,

an increase in surfactant concentration that leads to an increase
in the amplitude or prefactor (ρf(φ)kT) is responsible for a

higher stability against drainage manifested by SDS solutions
with higher concentration (higher capillary pressures needed to
reach the last stage of thinning for >70 mM solutions).
Furthermore, an increase in surfactant concentration leads to a
decrease in the effective size and Debye length, and therefore a
decrease in the wavelength that corresponds to a decrease in
step size. Lastly in the salt-free solutions, an increase in
surfactant concentration leads to an increase in decay length
(Δh/g(φ)), leading to the observed increase in the number of
layers. However, for a fixed surfactant concentration, the
addition of electrolyte decreases the CMC value and increases
the aggregation number, and both together affect the size and
the number density of micelles and hence the wavelength and
amplitude of the supramolecular oscillatory structure forces.
Furthermore, the amplitude, wavelength, and decay length all
decrease with an increase in salt concentration, leading to a
decrease in step size as well as a decrease in number of layers.
As the amplitude of the oscillatory forces is dampened by the
addition of salt, the stepwise transitions are facilitated, and in
Figure 4c,d, we show a few representative snapshots of stratified
films. A decrease in the amplitude enhances the formation of
white spots that emerge near the moving front between the
expanding domain and its surrounding and likewise also
increases the number of white spots that spontaneously emerge,
as discussed in next section.

Addition of Salt Modifies the Topography of
Stratifying Foam Films. Comparison between 40 mM SDS
solutions with no salt added and an SDS/NaCl mixture (40
mM SDS with 50 mM NaCl) on the stratification process is
shown in Figure 5, where thickness differences are emphasized
in the thickness maps created using IDIOM protocols. As the
array of photodiodes in the digital camera simultaneously
record pixelwise intensity maps for three wavelengths (red,
green, and blue), we show that it is possible to create thickness
maps with nanoscopic thickness resolution, whereas the in-
plane resolution is comparable to optical microscopy.40,41 The

Figure 5. Effect of added salt on topographical features and transitions in a stratifying film. Snapshots from (a) to (e) in multiple shades of
gray represent the stratification process for 40 mM SDS thin films as visualized using the IDIOM setup. Stratification process for SDS
solutions with added salt (NaCl), added SDS, and salt-free SDS thin films and the corresponding height maps extracted using the IDIOM
protocols. The height maps show the coexistence of different thicknesses. Snapshots from (f) to (j) show the stratification process for 40 mM
SDS + 50 mM NaCl. Addition of salt increases the size of mesas formed around the expanding domains and also increases the overall number
of mesas. The scale bar corresponds to 50 μm. The height of the mesas is shown in nm scale, whereas the lateral dimension is in μm scale.
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stratification process in a 40 mM SDS thin film is shown in
snapshots from (a) to (e). Furthermore, the snapshots from (f)
to (j) correspond to the mixture of 40 mM SDS and 50 mM
NaCl. The effect of added salt on the stratification process is
also manifested in the shape and size of the white spots. The
thickness mapping using IDIOM protocols shows that these
white spots are thicker than the surrounding darker film and
have relatively flat tops (hence we call them mesas). As the
height of the mesas is shown in nanometer scale, the lateral
dimension is in 1000 nm (in μm) scale; realistically these mesas
are like pancakes with a thickness almost 2 orders of magnitude
smaller than the diameter. The mesas flanking an expanding
domain in stratifying films containing SDS/NaCl mixtures are
larger in size and thinner in comparison to SDS foam films.
Furthermore, multiple isolated white spots or mesas sponta-
neously emerge in stratifying films containing added salt. All the
published studies on SDS/NaCl mixtures focused on
suppression of stratification on the addition of salt; however
the topography in the SDS/NaCl mixture foam films have not
been reported and analyzed before.
Zhang and Sharma40 showed two distinct regimes of domain

expansion dynamics in SDS foam films: isolated domains
display a diffusive growth law R ∝ t1/2, and a second regime
with R ∝ t scaling is exhibited after domains coalesce with the
Plateau border or after an instability creates mesas at the
moving edge between the expanding domain and its thicker
surroundings. However, on the addition of salt, the foam films
rarely show a diffusive growth regime for isolated domains.
Furthermore, Zhang and Sharma42 recently showed that the
shape of the nonflat regions such as mesas and ridges depends
on the interplay of thickness-dependent disjoining pressure and
curvature-dependent capillary pressure. As the magnitude of
surface tension as well as disjoining pressure decreases upon the
addition of salt, the nonflat features appear more readily, and
very large mesas can be observed in thickness maps created
using IDIOM. An examination of the disjoining pressure
isotherm (Figure 4a) shows that a lower amplitude (or
prefactor) makes the system more susceptible to instability,
and therefore relatively large mesas form, as observed. In
addition to the mesas formed at the moving front between the
expanding domain and its thicker surroundings, the addition of
salt promotes the nucleation and growth of isolated mesas.
Such isolated mesas are rarely seen in nearly salt-free SDS
solutions.
The nucleation and growth of isolated thicker mesas, as well

as of thinner domains (and the nanoridges around them), is
driven by the oscillatory nature of disjoining pressure. An
oscillatory disjoining pressure implies that the free energy
functional, G(h) (using Π = ∂G/∂h), is also oscillatory, and the
number of oscillations is determined by the decay length. In
analogy with binary systems that phase separate2 when their
concentration-dependent free energy has two minima and one
maxima at an intermediate concentration (typical for Flory−
Huggins theory for polymer blends for example), ultathin films
appear to separate into thicker and thinner regions. For
metastable binary systems that phase separate by a nucleation
and growth mechanism, the final outcome is drops rich in phase
A dispersed in the matrix of B or vice versa (depending upon the
initial composition). Likewise, the metastable thin films can
nucleate and grow either thicker mesas or thinner domains, as
observed here.

CONCLUSIONS
In this study, we utilize experiments carried out in a Scheludko-
like cell and a phenomenological model for supramolecular
oscillatory structural forces to elucidate how the addition of
surfactant or salt affects stratification in micellar foam films. We
find that an increase in concentration of either salt or surfactant
leads to a decrease in step size. However, although the number
of steps increases with an increase in surfactant concentration,
the number of steps decreases with an increase in the
concentration of added salt. We show that the thermodynamics
underlying the coexistence of thick−thin regions and thickness
variations and transitions in stratifying foam films can be
described nearly quantitatively by a phenomenological model
for supramolecular oscillatory structure force contribution to
the disjoining pressure (see eq 1, Table 1, and the related
discussion). Calculations described herein show that the decay
length and amplitude of the supramolecular oscillatory
structural forces both increase with the addition of surfactant
in salt-free solutions. In contrast, the addition of salt results in a
decrease in both amplitude and decay length, resulting in fewer
stepwise thinning transitions, as can be observed for SDS
solutions with added salt, in agreement with the model
calculations. Although many studies emphasize the similarity
between the stratification due to micelles and nanoparticles, we
find that the step size decreases on addition of salt for micellar
systems, in contrast to a constant value obtained for charged
nanoparticle systems. We argue that the overall effect of adding
salt is more dramatic for micellar systems, as both the number
density and the effective size of micelles (determined by both
Debye length and aggregation number) change on addition of
salt, contrastingly neither the number density nor the actual size
of nanoparticles changes on addition of salts.
The thickness-dependent supramolecular oscillatory struc-

tural forces drive the formation of coexisting thick and thin flat
regions, as well as the emergence of nonflat structures such as
nanoridges and mesas that spontaneously form during drainage
of stratifying, micellar freestanding films. The phenomeno-
logical model accounts for how changes in the effective micelle
size (computed by incorporating concentration-dependent
variation in Debye length), critical micelle concentration,
aggregation number, and effective number density of micelles
influence the supramolecular structural forces. The influence of
added salt on thickness variations in micellar freestanding films
is visualized and analyzed in this study using IDIOM protocols
with exquisite spatial (thickness <10 nm, lateral ∼500 nm) and
temporal resolution (<1 ms). As the magnitude of surface
tension as well as of disjoining pressure decreases upon the
addition of salt, the nonflat ridges and mesas appear more
readily. Relatively large mesas can be observed in the presence
of salt in the thickness maps of stratifying films. In addition to
the mesas that form at the moving front between expanding
domain and its thicker surroundings, the addition of salt
promotes the nucleation and growth of isolated mesas. Such
isoltaed mesas are rarely seen in nearly salt-free SDS solutions.
In this study, we restricted the study to intermediate salt
concentrations (1 mM < cs < 60 mM), and aqueous solutions of
anionic surfactant (SDS) form spherical micelles for such salt
concentrations, typically found in water from natural resources.
We anticipate the findings from the current study will enable a
better understanding of how different surfactants behave when
the ionic content or hardness of water is varied and in the
design of foams with better control over their stability. Lastly,
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we anticipate that our comprehensive experimental data, our
technique for visualizing and analyzing thickness transitions and
variations, and the phenomenological model for supramolecular
surface forces included here will drive the future progress in this
field.

MATERIALS AND METHODS
Materials: Aqueous SDS Solution with and without Added

Salt (Sodium Chloride). Horizontal foam films are formed with a
mixture of an ionic surfactant (SDS) and sodium chloride (NaCl) all at
room temperature above the critical micelle concentration. SDS
(anionic surfactant, molecular weight of 288.38 Da, Sigma-Aldrich Co.,
St. Louis, MO, USA, L6026, >99.0%) is used without purification.
NaCl (molecular weight of 58.5 Da, Sigma-Aldrich, Co., S9888,
≥99.0%) was used as received. All of the solutions are prepared with
deionized water with a resistivity of 18.2 Ω. The critical micelle
concentration of pure SDS is 8.3 mM at 25 °C, and it decreases with
addition of NaCl. CMC decreases with increasing salt concentration,
and the aggregation number increases with increasing salt concen-
tration. Both the surfactant and salt concentrations are below 100 mM.
Thin Film Thickness Measurement Using Interferometry

Digital Imaging Optical Microscopy. Drainage and stratification
experiments are conducted using a Scheludko-like thin film cell that
consists of a glass tube, with a side arm attached to a syringe pump. A
biconcave drop is formed within the cell by slowly withdrawing liquid
using a syringe pump to form a plane-parallel film with desired size and
initial thickness (<100 nm), surrounded on all sides by a thicker
meniscus (that emulates a Plateau border). As the capillary pressure
depends upon both the film size and the cell size, the sizes are kept
similar for all stratification experiments to have a meaningful
comparison.5 The thin film is illuminated by white light, and the
intensity variations within the stratifying thin film drainage are
recorded with a FASTCAM Mini UX 100 high speed camera attached
to a magnification system (Navitar Zoom 6000, with added
microscope objective) (Figure 1b). Every pixel in a color image
obtained by a digital camera can be read as a composite of three
intensities of red (wavelength λ = 650 nm), green (λ = 546 nm), and
blue (λ = 470 nm) light, and each color channel has values in the range
of 0−4095 (for a RAW image with a 12-bit depth). The IDIOM
protocols rely on white light illumination and use digital filtering to
obtain simultaneous intensity maps and consequently thickness
measurements by using the interferometry equation

λ
π= Δ

+ − Δ −
⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝⎜⎜

⎞
⎠⎟⎟h

n R R2
arcsin

1 4 (1 )/(1 )2
(2)

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 refractive index of the bulk solution (here n = 1.33). 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). The image analysis is carried out in MATLAB R2015a with
specially developed codes. With the aforementioned microscope
assembly, the thickness measurement reaches a spatial resolution of 0.5
μm/pixel, thickness resolution of ∼1 nm, and under a millisecond
temporal resolution, as detailed in our earlier contributions.40−42

Recently, Beltramo and Vermant92 adopted our methodology for
visualization and analysis of lipid films and obtained even finer
thickness resolution by using a 16-bit camera (we use 12-bit raw
images).
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