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Confined fluid between two walls: The case of micelles inside a soap film

Oleg Krichevsky and Joel Stavans
Department of Physics of Complex Systems, Weizmann Institute of Science, Rehovot 76100, Israel

~Received 16 December 1996!

We study by light scattering methods the behavior of soap films drawn from solutions of different surfactant
concentration. For concentrations just above the critical micelle concentration, micelles induce a depletion
attraction and thus a reduction in equilibrium film thickness. For larger surfactant concentrations we observe
stepwise thinning, due to the organization of micelles in layers parallel to the film plane. Our results show that
the behavior of the micelles in the confining geometry of the film is analogous to that of ordinary fluids
confined between walls. The ability to go from a gaslike to a liquidlike configuration of micelles by changing
surfactant concentration allows us to test model predictions of density oscillations in confined liquids.
@S1063-651X~97!08206-8#

PACS number~s!: 68.15.1e, 61.20.2p
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I. INTRODUCTION

Soap films are fascinating objects that have attracted
attention of scientists and laymen alike for centuries. Th
peculiar behavior has been the subject of scientific scru
since the times of Newton and Hooke, who already noted
interference colors shown by films as they drain, and
black spots appearing during the advanced stages of this
cess@1,2#. The black spots were identified as correspond
to two possible long-lived states, commonly referred to
the commonand theNewtonblack films. While common
black films have typical thicknesses of a few hundred a
stroms, Newton black films are much thinner, reaching thi
nesses as small as 40 Å. This behavior was rationalized f
long time in terms of a simple model architecture accord
to which soap films consist of two monolayers of am
phiphilic molecules sandwiching a layer of water. In the ca
of ionic surfactants, the behavior of such a model film
determined by the competition of repulsive screened C
lomb forces due to the dissociation of ions from the a
phiphilic molecules, and attractive Van der Waals forc
both of which comprise the celebrated DLVO potential af
Derjagin, Landau, Vervey, and Overbeck@3#. This competi-
tion usually results in a minimum of the DLVO potentia
and a barrier that prevents the film from falling into a dee
minimum at small distances as shown schematically in F
1. For low ionic content, the barrier is many times larger th
kBT and the common black film associated with it is ve
stable. However, a transition to the inner minimum identifi
with the Newton black film can be observed either by f
evaporation of the water core, or by the addition of elect
lytes, which screen further the electrostatic repulsion. In
state, the film consists essentially of the two surfact
monolayers separated by a thin hydration layer a few w
molecules thick. No further reduction in thickness is po
sible, and therefore a nearly hard-core repulsion shown
Fig. 1 results.

While the DLVO potential and the model architecture d
scribed above may provide an appropriate description of
behavior of films drawn out of solutions with surfactant co
centrationc below the critical micelle concentrationccmc,
recent investigations have revealed that this picture is
551063-651X/97/55~6!/7260~7!/$10.00
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from adequate for films drawn out solutions withc@ccmc.
Films drawn from these solutions exhibit a striking strati
cation phenomenon whereby the film thickness decays
steps of equal height as they drain@4–6#. Within each step
the film thickness is nearly time independent, varying by j
a few angstroms. Clearly, the existence of more metast
states beyond the common and Newton black films canno
accounted for by the DLVO model and the behavior m
correspond to the presence of more than two minima in
interaction potentialV(h) between the two monolayers com
prising the film walls. Film stratification has been attribut
to the formation of layers of micelles within the aqueo
core of the film parallel to the film plane, whose presen
had been overlooked in previous theoretical descriptions
this picture, the observation of a step in thickness cor
sponds to the expulsion of a micellar layer to the bulk so
tion the film is in contact with, while the long-lived meta
stable states correspond to states in which the numbe

FIG. 1. Typical shape of the DLVO potential as a function
distance. The outer minimum corresponds to the common b
film while the inner minimum corresponds to the Newton bla
film. The steep repulsion at very small distances corresponds
nearly hard core repulsive interaction between the hydrated mo
layers comprising the film walls.
7260 © 1997 The American Physical Society
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55 7261CONFINED FLUID BETWEEN TWO WALLS: THE CASE . . .
micellar layers is in registry with the film thickness. There
by now considerable evidence supporting this scenario.
rect measurements of the disjoining pressure of strati
films @5#, and measurements of forces between two m
plates immersed in a micellar solution using the surface fo
apparatus technique@7# have revealed an oscillating comp
nent in the interaction between the monolayers, which
comes appreciable only when the thicknessh is sufficiently
small, and whose amplitude decays with increasingh. These
findings strongly suggested an analogy between the beha
of stratified films and that of ordinary fluids confined b
tween two hard walls, for which an oscillatory force comp
nent termedstructural forceis also observed@8#. In this lat-
ter case, the oscillation period corresponds very nearly to
molecular diameter. Our light scattering studies of stratifi
soap films@6# have supported this analogy, and showed c
vincingly that liquid state theory models of inhomogeneo
liquids can account quantitatively for micellar stratificatio
the micelles now regarded as a supermolecular fluid. Fin
we note that stratification has also been observed in fi
seeded with solid particles@9#.

We have extended our light scattering investigations
free-standing soap films to the case of films drawn out
solutions withc close to but above theccmc, and in this
paper we present the results. Our data clearly show tha
DLVO picture is not adequate in this regime either, and t
additional attractive interactions such as the depletion for
induced by micelles must be invoked to account for the d
crepancy between the observed equilibrium thickness
that predicted by the DLVO potential. Furthermore, w
present results on the effects on stratification of screen
further the repulsive screened Coulomb interaction by
addition of electrolytes.

II. EXPERIMENTAL METHODS AND MATERIALS

The use of light scattering methods for studying film
rests upon the fact that thermally induced corrugations of
surface monolayers scatter light in off-specular directio
@10#. For corrugation wavelengths~amplitudes! much larger
~smaller! than the film thickness, it can be shown that the
corrugations can be decomposed into bending mode
which both monolayers oscillate in phase, and squeez
modes in which the monolayers oscillate with a 180° ph
difference. While the former are underdamped and of h
typical frequency~they can reach frequencies in the MH
range in the thickness regime in which our experiments
performed!, the latter are underdamped, have typical f
quencies in the kHz range, and due to the thickness mod
tions, depend on the interaction potential between the mo
layers. The very different typical frequencies of these mo
allows for their easy separation in a light scattering meas
ment.

In our experiments we have used both static and dyna
light scattering~SLS and DLS, respectively! to probe the
dynamics of squeezing modes as films drain, and spec
reflectivity to determine the instantaneous film thickne
Scattered light from an argon laser~l54880 Å! was detected
by a photomultiplier, whose output was connected either
counter to obtain the scattered light intensity, or to a corre
tor to compute its temporal correlation function. The lig
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reflected specularly was detected by means of a photodi
The scattered intensity of modes of wave vectork is given by
@10#

I ~h,k!5AFG0G31
2G1G02G0G3

112V9~h!/sk2G , ~1!

wheres is the surface tension,V9(h) the second derivative
of the interaction potential with respect toh, and theGi are
h-dependent geometric factors defined in Ref.@10#, which
depend also on the refraction index and the scattering ge
etry.A is a multiplicative factor found from a fit to the data
The first and second terms in brackets are the contribut
from the bending and squeezing modes, respectively. S
all quantities can be measured independently and the
unknown isV9(h), the difference between the values
I (k,h) with V9(h)50 and the actual data determine
V9(h) @11#.

We illustrate the method in Fig. 2, where we plot the to
scattered intensityI (h) as a function of thicknessh for a film
drawn from a solution withc54 wt % @in the following we
omit the k dependence ofI (k,h) since all our experiments
were conducted with the same value of the wave vec
k;5500 cm21]. The solid line is a fit of Eq.~1! with V9
50 to the large-h portion of the data, for which the contri
bution of the potential is negligible. The dashed line is t
calculated contribution of the bending mode. Deviatio
from the fit, evident below 1000 Å, signal a significant co
tribution from the potential. The data show that for sm
h, the contribution to the total scattering from squeezi
modes decreases withh, and the contribution from bending
modes becomes more dominant. This is more evident in
blowup of the small-h portion of the data shown in the inse
Since the calculation ofV9(h) involves a subtraction of the
calculated bending mode contribution from the measu
data points, the error in the determination ofV9(h) for very
smallh becomes large.

Alternatively,V9(h) can be measured by DLS@10#. In the
limit hk!1, squeezing modes are overdamped and th
characteristic decay timeG21 is given by

FIG. 2. Scattered intensityI (h) as a function of film thickness
h for a film drawn from a solution withc54 and 4 wt % glycerol.
The solid line is a fit with Eq.~1! taking V9(h)50, while the
dashed line denotes the contribution of bending modes only.
inset is an enlargement of the small-h part of the data.
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G5
sh3k4

24h F11
2V9~h!

sk2 G , ~2!

whereh is the viscosity. Even though this dispersion re
tion was derived having in mind a film core devoid of m
celles, results previously published demonstrate the con
tency between SLS and DLS measurements in the cas
stratified films, and the validity of Eq.~2! @6#.

Films were drawn out of surfactant solutions by dippi
rectangular 0.332.0-cm2 PVC frames in a Teflon containe
inside a sealed chamber, where temperature and hum
were kept constant. The temperature of the chamber was
constant at 20 °C with a precision of60.02 °C. The films
were drawn out 12 h after the solutions were introduced i
the sealed chamber. Surfactant solutions of different conc
trations were prepared from deionized water, glyce
~4 wt %! and sodium dodecyl sulfate, an anionic surfact
purchased from Sigma with a purity of 99%.

III. RESULTS

A. Small surfactant concentrations

The typical draining behavior of films is illustrated in Fig
3, where we plot the film thickness as a function of time
different values ofc around theccmc. The approach to the
equilibrium state is smooth and monotonic forc
50.15 wt %, a concentration below theccmc ~0.23 wt %!.
This behavior persists whenc is increased slightly above th
ccmc ~0.25 and 0.4 wt %!, but notice that the equilibrium film
thicknessheq decreases asc is increased. While one ma
conjecture that the reduction inheq may be due to the in-
crease in the electrostatic screening effected by the incr
in surfactant concentration, two independent measurem
of thec dependence of the Debye screening constantkD rule
this out. In the first measurement,kD was extracted from fits
to V9(h) for h,heq, in which case the potential is expecte
to be dominated by the screened Coulomb repulsion.
measureV9(h) in this regime, we reduced gently the humi
ity in the sealed chamber enclosing the film below its sa
ration value with a gentle flush of nitrogen. This induced
slow evaporation of the film core resulting in values of t

FIG. 3. Thicknessh as a function of timet of films drawn out
from solutions with different surfactant concentrations: 0.15~empty
circles!, 0.25 ~full circles!, 0.40 ~empty squares!, and 0.8 ~full
squares!.
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thickness belowheq. After the nitrogen flush, the humidity
slowly relaxed back to its saturation value and the film thic
ness increased back toheq. During this slow relaxation, mea
surements of the scattered intensity were performed fr
which V9(h) was extracted.V9(h) is shown in Fig. 4 for
three different concentrations, together with the contribut
of the Van der Waals attraction as calculated by Donn
et al. @12#. To an excellent approximation,V9(h) decays ex-
ponentially in this regime of film thickness while the contr
bution from the Van der Waals attraction is between one
two orders of magnitude smaller. As expected, the inter
tion potential is dominated by the electrostatic contributi
in this range ofh, and we therefore fit the screened Coulom
function B exp(2kDh) to our data to extractkD . We also
obtainedkD from measurements of the electrical conduct
ity of our solutions@11#. We show the values ofkD obtained
in these two independent ways in Table I. Both sets of d
agree well. Introducing the values ofB exp(2kDh) obtained
from the fit into the DLVO potential yields values o
heq(c) that are much higher than the observed ones~ca. 100
Å!. Thus the increase in screening is not enough to acco
for the reduction inheq and therefore an additional attractiv
interaction between the monolayers bounding the film m
be involved. The latter can only be of capillary, gravitation
and entropic origin. The first two contributions can be es
mated from the balance of forces ath5heq(c) for films with
c,ccmc. Subtracting these, one is left with the entropic co
tribution.

FIG. 4. Second derivative of the interaction potentialV9(h) be-
tween the monolayers comprising a film for different surfacta
concentrations: 0.15~empty squares!, 0.25 ~full circles!, and 0.40
wt % ~empty circles!. Solid lines are exponential fits while th
dashed line is the calculated Van der Waals contribution. For de
see text.

TABLE I. Values of the inverse Debye screening lengthkD

obtained from static light scattering~SLS! and conductivity mea-
surements, for different surfactant concentrationsc.

c (wt %)
kD (nm21)

SLS
kD (nm21)
Conductivity

0.15 0.2360.01 0.2460.02
0.25 0.3160.01 0.3060.02
0.4 0.3060.01 0.3160.02
0.8 0.3460.02 0.3660.02
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55 7263CONFINED FLUID BETWEEN TWO WALLS: THE CASE . . .
In Fig. 5 we show the results of this procedure. We a
plot the osmotic pressure due to the micellesPd calculated
assuming that they constitute an ideal gas~full line!, and
including intermicellar correlations~dashed line!. The latter
was calculated using the thermodynamic relation

Pd5nkBT2
2

3
n2E

0

`

usc8 g~r !r 3dr,

whereg(r ) is the micelle pair correlation function, which w
calculated using the rescaled mean spherical approxima
~RMSA! @13#, a closure scheme known to give an accur
description of fluids interacting via a screened Coulomb
tentialusc(r ). As inputs to this calculation we used values
the micellar radius and aggregation number as determ
experimentally from x-ray investigations@14#, and the micel-
lar charge and Debye screening length deduced from the
gregation number and electrical conductivity measureme
@11#. The theoretical prediction of the depletion force inclu
ing the intermicellar interaction provides a much closer
proximation to the experimental data than the ideal contri
tion alone, although it is consistently below the data. W
conjecture that an additional osmotic pressure exerted b
the ionic species through the Donnan effect@15# may be
responsible for the remaining discrepancy, although we h
not made any measurements of ionic concentrations in
the film to prove this.

B. Intermediate and large surfactant concentrations

Returning to Fig. 3, an increase inc to 0.8 wt % brings
about a qualitative change in film behavior: instead of rea
ing its final equilibrium state smoothly, the film passes fi
through a metastable state of larger thickness. Within
state, the film thickness is nearly time independent a
changes by a few angstoms if observed at a higher res
tion. The thickness of both the intermediate and final state
reproducible from run to run, although the lifetime of th
metastable state may vary, typically increasing withc within
a certain range. Notice that keeping with the trend obser
in Fig. 3, the thickness of the final equilibrium state
smaller than for smaller values ofc.

FIG. 5. Depletion attractive forcePd as a function of surfactan
concentration. Solid and dashed lines show the osmotic pressu
an ideal gas of micelles and a gas of interacting micelles, res
tively.
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As c is increased even further, there is a tendency
more steps to appear, although their number eventually s
rates. Large-thickness steps may sometimes be skipped
have not been able to observe more than 8–9 steps eve
films drawn from solutions withc516 wt %. As an ex-
ample, we show in Fig. 6 the thickness versus time o
draining film corresponding toc512 wt %. Seven steps o
equal height~nearly 70 Å! can clearly be discerned. As be
fore, the thickness of each metastable state is nearly t
independent and the lifetime of each state varies from run
run. Transitions between succesive states are sometimes
ceded by large fluctuations in the scattered intensity, wh
time scale is about 5–7 decades slower than the typical t
scales of bending and squeezing modes~msec and msec, re
spectively!. The origin of these large fluctuations is the pas
ing of a rim of liquid separating two metastable states.

In contrast to the number of steps, the step heightd de-
creases reproducibly with increasingc. This is clearly seen
in the change in slope in plots of the thickness of metasta
states for different surfactant concentrations as shown in
7. A plot of d versusc has been published elsewhere@6#.
This decrease reflects mainly the decrease in the interm

of
c-

FIG. 6. Thicknessh vs time t of a film drawn from a solution
with c512 wt %.

FIG. 7. Thickness of metastable statesh vs step number forc
54 ~full circles!, 8 ~crosses!, and 12 wt %~empty circles!. Error
bars are smaller than the data symbols. Straight lines are linea
to the data.
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7264 55OLEG KRICHEVSKY AND JOEL STAVANS
lar distance. For all values ofc, d is larger than the micella
hard core diameter~4662 Å! @14#, although the data ap
proach this value asymptotically.

We have studied the change in the behavior ofV9(h) for
large surfactant concentrations. The dependence ofV9(h) on
h measured at thick metastable states is shown in Fig. 8
two surfactant concentrations, together with the contributi
of the electrostatic and Van der Waals forces. The proxim
of the data points ofI (h) to the bending mode contributio
for smallh precluded the calculation ofV9(h) for metastable
states of small thickness. To a very good approximat
V9(h) and consequentlyV(h) decay exponentially. We
stress that even though thisstructural forceand the screened
electrostatic interaction both decay exponentially with d
tance, they behave very differently whenc is varied. The
characteristic decay lengthz of the structural force is plotted
in Fig. 9 for different surfactant concentrations. The lar
error bars at largec are again due to the uncertainty in th
measurement ofV9(h) for small values ofh. Notice thatz
increases with the micellar volume fraction, which is cons

FIG. 8. Second derivative of the interaction potentialV9(h) as a
function of film thicknessh for c: 4 ~empty circles! and 8 wt %
~full circles!. Also shown are the contributions from the screen
Coulomb~full line! and Van der Waals~dashed line! forces.

FIG. 9. Characteristic decay lengthz of the interaction potentia
as a function of surfactant concentrationc. Full circles: experimen-
tal results, error bars denoting one standard deviation from m
surements on three different films. Empty circles: theoretical res
from the RMSA calculation.
or
s
y

n
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tent with the increase in the number of metastable states
increasingc. In contrast,kD

21, which is much smaller thanz,
decreases withc: while kD

21531 Å for c50.5 wt %, it is
nearly 8 Å for c516 wt %. Thus structural forces provid
the dominant contribution to the repulsive interactions sta
lizing metastable states.

The behavior we observe for large values ofc shares
many features in common with that displayed by confin
liquids. Both the exponential decay ofV(h) due to the struc-
tural force, and the dominance of the latter over other int
actions present is also observed when ordinary fluids
confined between the solid walls of a surface force appar
@8#. To make a more quantitative comparison between r
liquids and the micellar supermolecular fluid within a film,
is useful to define the nondimensional parameterz/d. As
shown in Fig. 10,z/d increases withc, from about 0.5 atc
53 wt %, to 1.6 atc516 wt %. At the same time, since th
screening lengthkD

21 decreases, the intermicellar interactio
has an increasingly hard core character. Therefore, the va
of z/d in this regime should be comparable with those
ordinary fluids, whose structure is dominated by their ha
core. This proves indeed to be the case: the range of va
observed in fluids falls between 1.2 and 1.7, as with
micellar fluid for c.12 wt %.

Given the similarity in behaviors, it is tempting to us
theoretical descriptions of confined ordinary liquids to d
scribe the micellar fluid in a film. Various models of th
structure of fluids confined between two walls have be
proposed@16,17#. Among these, the model by Tarazona a
Vicente is simple and its predictions are readily testable w
our experimental data. Their model is based on an expan
of the grand potential energy functionalV~r! of a fluid near
a constant value of the bulk densityr5r0 . According to the
model, the fluid density at a distancez from a wall is given
by

r~z!5r01Ce2 ik0ze2z/z,

whereC is a constant,k0 is the wave vector at which the
structure factorS(k) of the bulk liquid attains its maximum
and the decay lengthz is given by

a-
ts

FIG. 10. Ratio of the decay length of the structural forcez to the
step heightd as a function of the surfactant concentrationc: experi-
mental~full circles! and theoretical~empty circles! results. For de-
tails see text.
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z2252
S~k0!

S9~k0!
.

In our case,r andS(k) refer to the density and structur
factor of the micellar fluid. We have not found experimen
measurements ofS(k) of sufficiently high precision tha
would allow us to calculateS(k0) and its curvature at the
maximumS9(k0), and thencez. Instead, we have obtaine
these two parameters from a calculation ofS(k) using the
RMSA. As inputs to this calculation we have used values
the micellar radius and aggregation number as determ
experimentally from x-ray investigations@14#, and the micel-
lar charge and Debye screening length deduced from the
gregation number and electrical conductivity measureme
The calculated values ofz for different values ofc shown in
Fig. 9 are in good agreeement with our measurements@11#.
Quantitative agreement between the predicted values ofz/d
by the same scheme of calculation and the measured va
is also very good~Fig. 10!. To compute this ratio, we calcu
lated the pair correlation function fromS(k), and deduced
from the former the average intermicellar distance in
bulk as a function ofc. This estimate is better than tha
obtained fromk0 .

C. The effects of added electrolytes

While changes inc have the effect of changing both th
micellar volume fraction and the screening lengthkD

21, one
can tune the intermicellar interaction independently by a
ing electrolytes to the solution. In Fig. 11 we plot the st
thickness as a function of step number for films withc
58 wt % for three different salt~NaCl! concentrationscs :
0, 10, and 20 mM in the solution. Within experimental erro
all the results overlap, showing that in this range of variat
of cs , the thickness of the steps is rather insensitive to
ionic content, and therefored is determined primarily by the
micellar concentration. It is interesting to note that the ad
tion of 10 and 20 mM of NaCl yields the same value o
kD

21 as the addition of 1.3 and 2.5 wt % of surfactant, resp
tively. In contrast to the salt, however, these amounts
surfactant do induce a measurable reduction ind @6#. An-
other interesting feature of Fig. 11 is that in the case ofcs

FIG. 11. Step thickness as a function of step number for fi
with c58 wt % for three different salt~NaCl! concentrationscs : 0
~empty circles!, 10 ~crosses!, and 20 mM ~full circles!.
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520 mM , the two thickest steps~steps 7 and 8! have disap-
peared. More and more steps disappear as the ionic con
of the solution is increased further, and forcs.50 mM no
more steps are observed. It is important to note in this c
text that the micellar size is rather insensitive to ionic cont
in the regime ofcs of our experiments@18#. Unlike the step
height, the potential of interaction between the monolay
V(h) is sensitive to the ionic content. This is clearly demo
strated in Fig. 12 where we plotV9(h) versush for the same
values ofcs as in Fig. 11. Ascs increases,V9(h) decays
faster, and hence the value ofz decreases. Thus the extent
layering penetration into the bulk of a film decreases w
increasing salt, a result that is consistent with the disapp
ance of steps mentioned above. These findings can be r
nalized by the fact that our small addition of salt weakens
intermicellar repulsion, and thereforeV(h), which depends
on it. However, the repulsion is still strong enough to ke
micelles away from each other, and thus the intermice
distance andd are unaffected. This qualitative picture is su
ported by our RMSA calculations. An additional reduction
the potential may arise from the Donnan effect@15#.

IV. CONCLUSIONS

Our studies show conclusively that free-standing so
films stabilized by ionic surfactants cannot be described
taking into account only electrostatic and Van der Wa
forces. When a film is drawn out of a solution withc
>ccmc, the micelles within the film core induce depletio
and structural forces that contribute significantly to the b
havior of a film. Our findings underscore the strong simila
ties between the behavior of the supermolecular fluid of
celles in the film and that exhibited by ordinary fluid
confined between two walls. Furthermore, the analysis of
data shows that models tailored for the latter can also
scribe quantitatively the behavior of the former. In fact,
the case of large surfactant concentrations for which the
cellar volume fraction is sufficiently high, the intermicella
interactions are strongly screened and therefore more h
core-like; the values of the nondimensional ratioz/d we mea-
sure and calculate are comparable to those observed in

s FIG. 12. Normalized second derivative of the interaction pot
tial 2V9(h)/sk2 vs thicknessh for films with c58 wt % and three
different salt ~NaCl! concentrationscs : 0 ~triangles!, 10 ~full
circles!, and 20 mM ~squares!.
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7266 55OLEG KRICHEVSKY AND JOEL STAVANS
periments on ordinary fluids in a surface force appara
While increasing the surfactant concentration also had
effect of changing the screening of the electrostatic fo
between micelles, we were able to tune the latter indep
dently by varying the ionic content of our solutions. O
results show that the step height is not affected by the a
tion of electrolytes and is therefore determined by the mic
lar volume fraction in the regime of concentrations we us
Unlike the step height, structural forces are very sensitive
the ionic content and small additions of salt induce a sign
cant decrease inz and the disappearance of steps of lar
thickness.

As a final note, we stress that the ability to make a la
sweep in micellar volume fraction was critical to our expe
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ments. This stands in contrast to ordinary fluids, for wh
analogous measurements over a large range of densities
never been performed. In light of this study, it would be ve
interesting to use light scattering techniques to study fil
stabilized by nonionic surfactants, for which stratificatio
has already been observed@19#. We plan to perform these
experiments in the near future.
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