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Abstract

A mobile soap film, stabilized with tetrade-
cyltrimethylammonium bromide (TTAB) or
sodium dodecylsulfate (SDS) surfactants and
deposited in the middle of a cylindrical tube
separates the tube into two distinct gaseous
compartments. The first compartment is filled
with air while the second one contains a mix-
ture of air and perfluorohexane (C6F14), which
is a fluorinated gas barely soluble in water. This
soap film thus acts as a liquid semi-permeable
membrane for gases equivalent to solid semi-
permeable membranes conventionally used in
fluid separation processes. To infer the rate of
air transfer through the membrane, we measure
the displacement of the mobile soap film. From
this, we deduce the instantaneous permeability
of the membrane. In contrast to the permeabil-
ity of solid membranes, which inexorably de-
creases over time because they become clogged,
an anti-clogging effect is observed with a perme-
ability that systematically increases over time.
Since the thickness of the film is constant over
time, we attribute this to the possibility of ad-
sorbing or desorbing fluorinated gas molecules
on the liquid membrane. Indeed, the partial
pressure of the fluorinated gas being high at the
beginning of the experiment, the density of the
adsorbed molecules is also high, which leads to
a low permeability to air transfer. On the con-
trary, at the end of the experiment, the partial

pressure in fluorinated gas and thus the density
of the adsorbed molecules are low. This leads to
a higher permeability and a less clogged mem-
brane.

Introduction

Microbubbles are often used as ultrasound con-
trast agents.1 However, because of the Laplace
overpressure, their lifetime in a liquid that is
undersaturated with gas is limited: they empty
inexorably in a few secondes.2 Several strategies
are being considered to stabilize them. For ex-
ample, they can be covered with a hard rigid
shell that hinders their deflation. However,
this strategy introduces extrinsic elements into
the liquid, which can be troublesome for med-
ical imaging applications.2 Soluble surfactants
forming self-assembled monolayers at the wa-
ter/air interface can also be used. These soft
bubbles live longer as the Laplace overpressure
is reduced due to the decrease of interfacial ten-
sion. What has been called “osmotic stabiliza-
tion” can even further increase their lifetime.3–7

In that case, the microbubbles are filled with
a mixture of a water-soluble gas (like air) and
a water-insoluble gas (like fluorocarbon gases).
The additional osmotic pressure generated by
the presence of the insoluble gas then balances
the Laplace pressure and stabilizes the bub-
bles. This strategy is also used to stabilize
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aqueous foams against coarsening.4–6,8–11 When
filled with a soluble gas only, the pressure dif-
ferences between adjacent bubbles of different
mean curvatures induce gas transfer from high
to low pressures through the thin soap films:
the small bubbles thus inexorably empty into
the large ones until they disappear. Filled with
a mixture of soluble and insoluble gas, the bub-
ble size distribution may find a stable equi-
librium provided that the other mechanisms
responsible for foam ageing, namely evapora-
tion, coalescence and drainage, are under con-
trol.5,10–12

The characteristic time to reach this equilib-
rium depends on the permeability of the thin
films to the soluble gas: the more permeable
they are, the faster the gas transfers to reach
equilibrium. In the literature, the permeabil-
ity of a film to a given gas is generally mea-
sured by following the deflation of a bubble de-
posited on the surface of a bath when driven
by Laplace overpressure.13–15 A value of the
film permeability is inferred by solving a non-
steady equation for the transferred gas vol-
ume.15–22 The permeabilities measured in this
way have been found to depend on different
parameters: temperature,16 gas and film com-
position.18,20,21,23–27 However, during the defla-
tion of the bubble, the thickness of the soap
film through which gas exchange takes place is
neither homogeneous nor stationary. As the
film permeability is largely controlled by the
thickness of the film, it is extremely difficult
to compare the measured permeability with
models and to extract quantitative information
such as molecular-scale contributions related
to the interaction between monolayers and gas
molecules. To overcome this limitation, the de-
flation of a large hemispherical bubble above a
surface has been studied28 and a stationary ver-
sion of this set-up where the bubble is contin-
uously filled with the gas under study has also
been proposed.15,22 The advantage of this con-
figuration is twofold: it allows working with a
stationary film while using a gas whose compo-
sition is different from that of the atmosphere.
For a mixture of methane and carbon dioxide,
promising high carbon dioxide flux and separa-
tion factor have been obtained.22 However, the

quantitative evaluation of this separation fac-
tor remains delicate due to the inhomogeneity
in film thickness. Other configurations where
the soap film is deposited in a tube are there-
fore used.17,29–32 In most cases, the gas flow is
induced by different mechanical pressures be-
tween the two sides of the film and not driven
by osmotic pressure only. Osmotic driven flows
have been carried out by,29,30,32 unfortunately
they have not coupled their measurements with
that of the soap film thickness. In this work, we
adapt this device in order to probe the effect of
fluorinated gas on permeability. Monitoring the
film drainage kinetics allows us to dissociate the
permeability effects associated with the liquid
core or surfactant layers. We show that the ad-
dition of fluorocarbon gas also has an important
effect on film permeability.

Experimental

Our set-up consists of two compartments of
different gas composition separated by a soap
film. It is reminiscent of the one originally de-
scribed in29 and later in17,30,33. The foaming so-
lution constituting the film is either a tetrade-
cyltrimethylammonium bromide (TTAB) solu-
tion at concentration 3 g/L (twice the critical
micellar concentration (CMC) of TTAB) or a
sodium dodecylsulfate (SDS) solution at con-
centration 9.8 or 24.5 g/L (4 to 10 times the
CMC of SDS).

The foam film is generated manually in air in
the cylindrical body of a 50 mL Hamilton glass
syringe of length L = 6 cm, whose inner surface
is very smooth. To control the gas composition
of the two compartments, we use the set-up de-
scribed in Fig. 1 and proceed as follows. First,
the film is brought to the top of syringe 4 by
withdrawing the air above the film using sy-
ringe 3. Syringe 4 is then placed vertically with
its lower end bathed in a solution containing the
foaming solution. The bottom compartment of
this syringe, called compartment 1 (see Fig. 1),
thus contains air at ambient pressure. Before
filling the upper compartment, called compart-
ment 2, the film is kept at rest for a time t0
varying from 0 to 30 minutes. During this time,
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Figure 1: Top - Experimental setup used to pre-
pare the two gas compartments and the soap
film in syringe 4 (see text). Bottom - Zoom
on syringe 4: The gas compartments 2 and 1,
separated by a liquid membrane composed of
water and surfactants, have different composi-
tions. As a result, the soap film moves down-
ward.

by replacing the device containing syringes 1-3
with an optical fiber, the film thickness can be
measured using an Avantes spectrometer with a
wavelength between 300 nm and 1100 nm. The
thickness of the film typically decreases from
2000 nm down to less than 150 nm in 2 min-
utes. This evolution is coupled with changes
in the film color: initially it is colorful and
then becomes fully transparent with black cir-
cular spots appearing near the meniscus. The
spectrometer range did not allow measurements
below 150 nm, but experiments in a thin film
pressure balance for an horizontal film placed
in a closed chamber to limit evaporation, have
shown that the thickness of such films reaches
a constant value of less than few tens of nm
within less than 5 minutes. We therefore in-
troduce τ , the typical drainage time required
for the film to reach this constant thickness.
For the different foaming solutions we used, τ
is typically equal to 5 minutes. Comparing τ
and t0 is important for our experiment: if the
film is kept at rest before starting the experi-
ment for a time t0 > τ , we consider that the
thickness of the film is constant for the dura-
tion of the experiment. Otherwise the drainage
of the film is not over: The thickness will reach
a constant thickness only when the age of the
film equals τ .

To control the gaseous composition of com-
partment 2, we use a procedure also described
in.12,34 We fill syringe 2 with a given volume V
(5 to 30 µL) of C6F14, which is liquid at room
temperature (25oC) and atmospheric pressure.
This liquid volume evaporates when transferred
to syringe 1 initially filled with a given volume
of air. This allows us to control the initial mo-
lar fraction C6F14 in syringe 1. This gaseous
contents is then rapidly transferred to syringe
3 through a system of narrow valves, which in-
creases the flow velocity and ensures good con-
vective homogenization of the gas mixture. Af-
ter having waited for t0, we fill syringe 4 with
the content of syringe 3. This displaces the
soap film in the smooth syringe 4 until me-
chanical equilibrium between compartments 1
and 2 is reached. This happens in less than 5
seconds. The time t is counted from the mo-
ment the film has reached this equilibrium. As
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the soap film is flat (see snapshots in Fig. 2),
its mean curvature is zero and the mechanical
pressure P1 in 1 is equal to the total pressure
P2 in 2: P1 = P2 = Pm. To measure Pm, we
compare the height of the liquid bath in sy-
ringe 4 and in the tank. Knowing the volume
of the different dead zones of our set-up that
are initially filled with air, this procedure al-
lows us to control precisely the gaseous com-
position of compartment 2 whose initial partial
pressure in C6F14 is limited by the resolution
and volume of syringe 2. Typically P 0

C6F14,2
can

be varied from 2000 to 10,000 Pa. A Thorlabs
CCD camera recording at 1 frame per second
follows the displacement of the soap film x as
a function of time t (see Fig. 1 and 2). When
P 0

C6F14,2
= 0, the soap film barely moves due to

gravity (velocity smaller than 0.1 µm/s). For
P 0

C6F14,2
> 2000 Pa, it moves downward at a ve-

locity of the order of 10 µm/s. Images of the
film displacement as well as the evolution of
x with time t extracted from video recordings
are shown for P 0

C6F14,2
= 6800 Pa in Figure 2.

The film moves at nearly constant velocity until
reaching the bottom of the syringe after 5000 s
and coming into contact with the liquid bath,
causing it to break.

Modeling

To quantify gas transfer through the soap film,
we discuss the origin of the driving pressure on
the soap film, its kinetics of displacement and
then its permeability.

Driving pressure

Since P1 = P2, it is not a mechanical pressure
difference that causes the soap film to move, but
the flow of gas between the two compartments
throughout it. The solubility of C6F14 in water
is extremely low: its Henry coefficient HC6F14

-
defined here as the ratio of the dissolved gas
concentration Caq to its concentration in the
gaseous compartment Cgas: Caq = HCgas - is
HC6F14

< 2 × 10−5 when HO2
= 3.2 × 10−2,

HN2
= 1.5 × 10−2 for O2 or N2 in water (see

ref35). As a result, we consider the soap film

to be impermeable to C6F14. Moreover, as HO2

is equivalent to HN2
and their diffusion coeffi-

cients are of the same order of magnitude, we
consider air as an effective gas, which is the
only one that is transferred through the soap
film. In compartment 1, the partial pressure of
air Pair,1 = P1 = Pm, while in compartment 2,
Pair,2 = P2 − PC6F14,2

= Pm − PC6F14,2
< Pair,1.

Thus, the concentration of air in the two com-
partments is different, with a difference propor-
tional to PC6F14,2

. This induces an air flow from
compartment 1 to 2, which in turn induces a
motion of the soap film to maintain its mechan-
ical equilibrium.

The origin of the motion can also be under-
stood in terms of osmotic pressure as classically
done for liquid solutions.36 To do so, we intro-
duce the osmotic pressure Π resulting from this
gas transfer. On the one hand, in compartment
2, the thermodynamical pressure is Pm+Π and
the air molar fractionXair,2. On the other hand,
in compartment 1, the thermodynamical pres-
sure is Pm and the air molar fraction Xair,1 =
1. Assuming quasi-static and isothermal evo-
lution, the chemical potential equality for air
in the two compartments reads: µair,2(Pm +
Π, Xair,2) = µair,1(Pm, 1). Expanding µair,2 in
Xair,2 around 1 leads to: µair,2(Pm+Π, Xair,2) =
µair,2(Pm, 1) +RT lnXair,2 +RT ln Pm+Π

Pm
where

we used in the last term the Gibbs-Duhem re-
lation dµ/dP |T = v with v the molar vol-
ume (v = RT/P for an ideal gas). By in-
serting the chemical potential equality into this
expression and noting that lnXair = ln[1 −
XC6F14] ∼ −XC6F14 for XC6F14 << 1 yields:
XC6F14 = Π/Pm. Finally, because XC6F14 =
PC6F14/Pm, the latter expression leads to Π =
PC6F14 which is equivalent to the expression
in dilute solutions while taking into account
the gas compressibility. This set-up is thus
the gaseous analogue of the classical U-shaped
tube equipped with a semi-permeable mem-
brane used to demonstrate the existence of os-
motic pressure in liquids: what drives the soap
film is the selective gas transfer throughout the
membrane rather than a mechanical pressure
gradient.36

However, two differences between the gaseous
and liquid experiments can be noted. First,
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the membrane in the liquid experiment is fixed,
while the soap film semi-permeable membrane
is mobile. As the pressure variations in the sy-
ringe are small, compressibility effects can be
neglected and the soap film displacement is di-
rectly related to the transferred volume of gas.
Moreover, in liquid solutions, due to the ge-
ometry of the U-shaped tube, the transferred
liquid volume builds up a hydrostatic pressure,
which eventually balances the osmotic pressure:
a stationary regime is reached. Similarly, foams
filled with a mixture of soluble and insoluble gas
also find an equilibrium configuration: it is then
the Laplace pressure difference between adja-
cent bubbles of different sizes rather than the
hydrostatic pressure that balances the osmotic
pressure difference. In our set-up, nothing com-
pensates the osmotic pressure difference across
the soap film membrane. As a consequence, the
film never stops and slides downward until co-
alescing with the foaming solution of the bath
as observed experimentally.

Figure 2: Soap film displacement x as a func-
tion of t. Orange dotted line: experiment for
P 0

C6F14,2
= 6800 Pa and t0 = 10 minutes. Thick

blue line: best fit according to equation (4).
The images show the displacement of the soap
film in the cylindrical syringe.

Kinetics

We now focus on the kinetics of the gas trans-
fer. Following Princen, we write a linear re-
lation between the rate of transport and the

concentration difference and define k the per-
meability coefficient of the film to air as:14

dN

dt
= −Ak∆Cair, (1)

where N is the number of moles of gas diffusing
through the film of area A from compartment 1
to compartment 2, and ∆Cair = Cair,1 − Cair,2
is the difference of air concentration in the two
compartments. Note that as defined, this per-
meability coefficient k is expressed in m/s and
is therefore different from the permeability ex-
pressed in m2 conventionally used to describe
fluid transport in porous media. Using ideal
gas law, we write: RT∆Cair(t) = Pair,1(t) −
Pair,2(t) = Π = PC6F14,2

and RTdN/dt =
PAdx/dt where x is the film displacement.
Equation (1) therefore writes:

dx

dt
= k

PC6F14,2

Pm
. (2)

similarly to what has been proposed by Princen
in the geometry of the diminishing bubble ex-
periment.14 Using mass conservation of C6F14

in compartment 2 yields PC6F14,2
= P 0

C6F14

ξ0
ξ0+x

where ξ0 is the initial position of the film. Eq.
(2) finally writes:

dx

dt

(
1 +

x

ξ0

)
= k

P 0
C6F14

Pm
. (3)

Assuming that the permeability k has a con-
stant value for a given foaming solution/gas
couple as generally proposed in literature, and
since P 0

C6F14
/Pm is a constant parameter, equa-

tion (3) can be simply solved:

x(t) = ξ0(
√

1 + αt− 1), (4)

where α = 2kP 0
C6F14

/Pm is a constant. In fig-
ure 2, we compare the experimental data with
equation (4). We calculate α as the value lead-
ing to the best fit for the model from Eq. 4 us-
ing a Scilab program, which optimizes the value
for α using a mean square method. We obtain
a poor agreement between the two curves sug-
gesting that the constant permeability hypoth-
esis is not valid during one experiment. As the
displacement rate is nearly constant despite the
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fact that PC6F14,2
decreases over time, we con-

clude that k increases over time.

Discussion

We now recall the existing theory concerning
the permeability of a thick soap film. Then, we
extract the evolution of k with time t and com-
pare the theory with our results. This allows us
to highlight the influence of the vapour compo-
sition on the permeability. We eventually test
the influence of various parameter, P 0

C6F14
, t0

and the membrane composition.

Permeability theory

The permeability of a thick soap film can
be schematically represented as a central
liquid layer of thickness e sandwiched by
two independent monolayers of surfactant
molecules.14,16,19,25,37–39 At equilibrium, the film
permeability k to a gas G is therefore the sum
of the contributions from these different layers:

1

k
=

1

H

(
e

D
+

2

kML

)
, (5)

where D is the diffusion coefficient of the dis-
solved gas G in the foaming solution and H
the Henry coefficient comparing the dissolved
gas concentration Caq as compared to its con-
centration in the gaseous compartment Cgas:
Caq = HCgas, while kML is the permeability as-
sociated to the surfactant monolayers due the
existence of an energy barrier at the gas–liquid
interface for the transfer of the gas. It depends
on the probability for a gas molecule to find
a hole in the surfactant monolayer; the global
permeability of a monolayer is therefore the
sum of the permeability of the holeless layer
and of the permeability of all holes.17,19 This
framework has proven useful to quantify the
evolution of the permeability of soap film to
gases highly soluble in water. In particular, it
has been shown that the permeability k varies
with e as proposed in Eq. (5), with kML con-
stant for films thicker than 100 nm,33 i.e. for
films with a liquid core thick enough to consider

the two monolayers as independent. For films
with a thickness between 20 nm and 100 nm
(commonly called common black films), the two
monolayers are not independent and this linear
dependence is no longer verified: kML depend
on the thickness of the liquid core.16,18,20,25,40,41

In conclusion, if e is constant like H, D and
kML are also constant, then k should keep a
constant value, independent of time.

Comparison with the data

To understand the discrepancy between the
model and the data of Fig. 2, we fit the data
piecewise using Equation (3), and extract the
evolution of k with time.

Figure 3: Evolution of the film permeability
over time for different initial partial pressures
P 0

C6F14
. The soap films are made of TTAB at a

concentration 3 g/L and t0 = 10 minutes.

In Fig. 3, we show the time evolution of k for
t0 = 10 mn and for three different P 0

C6F142
. For

the three curves, k typically increases from 0.02
cm/s to 0.06 cm/s, throughout the two-hour
long experiment. Yet, as t0 > τ , the film thick-
ness e is constant over time and film thickness
variation cannot explain the observed variations
of k. Moreover, a closer look on the data in Fig.
3 reveals the following features. At the begin-
ning of the films displacement i.e. for t ∼ 0
in Fig. 3, the higher P 0

C6F14
, the lower k is, de-

spite the fact that these three films have exactly
the same age (t0=10 min) and thus initially the
same thickness. On the contrary, at the end of
the films displacement, the permeabilities val-
ues are equivalent for the three P 0

C6F14
tested,
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despite the fact that theses three films have dif-
ferent ages since they reach the end of the sy-
ringe at t = 3500 s, 4500s and 6500 s. This can
be understood by considering that the increase
of k over time can be mainly attributed to the
evolution of the vapour composition, i.e. the
evolution of PC6F14,2

over time. At the begin-
ning of the three experiments, i.e. for t ∼ 0 in
Fig. 3, the three partial pressures of the fluoro-
carbon in compartment 2 are different because
the P 0

C6F14
values are different, whereas at the

end of the experiment the fluorocarbon gas has
been diluted by the transfer of air between the
two compartments and the relative variations
in fluorocarbon pressure between the three ex-
periments are much smaller.

Fluorocarbon pressure

As H and D are not surfacic parameters and as
C6F14 is insoluble, the only way to relate k to
PC6F14,2

in Eq. 5 is through the parameter kML.
To explain the increase of kML in time ob-

served here while remaining within the frame-
work of its theoretical description, one can
imagine that both the concentration of surfac-
tant in the film and the surface density of sur-
factants in the layer are not constant during
the experiment due to water evaporation. How-
ever, given the high concentrations of surfac-
tants used (2 to 10 times CMC) and the fact
that we work in a close environment, it is un-
likely that this assumption is true. The origin
of the observed behaviour is more likely due to
subtle interactions between the carbon chain of
the apolar surfactant and the gaseous molecules
of apolar C6F14. Volatile oil molecules and flu-
orocarbon gases present in a vapour phase are
known to modify the properties and behavior
of various self-assembled monolayers constitued
of phospholipids, surfactants, amphiphilic pro-
teins or copolymers.42–45 Dynamic bubble pro-
file analysis or surface pressure measurements
within a Langmuir trough have shown that
they can lower interfacial tensions,42,46,47 sig-
nificantly accelerate the kinetics of phospho-
lipid adsorption or modify the concentration
of adsorbed surfactants at the interface,42,48

control phospholipid versus protein competi-

Figure 4: (a) Bottom: Evolution of k as a func-
tion of PC6F14,2

for various P 0
C6F14

and t0 = 10
min. Top: Thumbnails showing the additional
permeability induced by the adsorption of flu-
orinated molecules on the membrane, the con-
centration of which increases with PC6F14,2

. (b)
Log-log plot of k as a function of PC6F14,2

for var-
ious P 0

C6F14
and various t0: The different values

of t0 are indicated by different colors: 0 min
(blue), 10 min (green) and 20 min (red). For
each t0, three different P 0

C6F14
are tested 3400

Pa, 6800 Pa and 10300 Pa (the lighter the color,
the higher P 0

C6F14
). The black dotted line is a

guide for the eyes showing the empirical scaling
k ∼ P−1

C6F14,2
.

tive adsorption49 or alter the vibrating proper-
ties of microbubbles,50 highlighting the trans-
formation of the bubble shells due to gas ad-
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sorption on the inner interface. Fluorocarbon
molecules usually do not exhibit a polar head
nor amphiphilic properties, yet these observa-
tions have clearly established that they act as
co-surfactants and adsorb at the air/water in-
terface.45,51

In our experiment, the presence of an addi-
tional adsorbed layer would indeed decrease the
permeability of the system since it would add
an additional barrier that would resist the pas-
sage of air molecules, similar to that created by
surfactant layers. Contrary to most of previ-
ous studies, the partial pressure of C6F14 is not
constant in our experiments. Linking the ad-
ditional membrane resistance due to adsorbed
fluorinated molecules to their partial pressure
is a difficult task, which likely requires neutron
or X-ray reflectometry studies well beyond the
scope of this work.51,52 However, for the sake of
simplicity, it can be assumed that adsorption is
reversible and rapid in view of the characteris-
tic gas transfer time (of the order of L/k ∼ 10
s). Under this assumption, the concentration of
adsorbed molecules on the membrane as well as
the permeability would only depend on the fluo-
rinated gas pressure in compartment 2, PC6F14,2

.
All the permeability data should then collapse
on a master curve when plotted as a function
of PC6F14,2

rather than as a function of time.
This is indeed what we observe for TTAB, as
shown in Fig. 4a where data corresponding
to different initial partial pressures in C6F14

are reported for t0 = 10 min. They all over-
lap reasonably well, showing that the variation
of permeability with time depends mainly on
the partial pressure of C6F14 in compartment
2. The increase of k can then be explained as
follows: over time, more and more air molecules
pass through the membrane to balance the par-
tial pressure of C6F14 in compartment 2. As
a result, PC6F14,2

decreases and the density of
adsorbed molecules on the membrane also de-
creases. The additional resistance to air flow
is less important, the membrane becomes more
permeable. Overall, the filter is less clogged at
the end of the experiment than at the begin-
ning!

Influence of t0

To check whether t0 influences the collapse ob-
served in Fig. 4a), we plot in Figure 4b) , k as
a function of PC6F14,2

for three sets of data con-
cerning three different values of t0 (t0=0 min
in blue, t0=10 min in green and t0=20 min in
red). For each color, the different curves corre-
spond to different initial values of P 0

C6F14
= 3400

Pa, 6800 Pa or 10300 Pa. We can see that in
log/log scale, the two data sets corresponding to
t0 > τ = 5 min (represented in green and red)
all follow an empirical power law curve with a
slope of the order of −1 for the whole range of
PC6F14,2

and whatever the value of P 0
C6F14

(this

empirical law k ∼ PC6F14,2
−1 being highlighted

by a black dotted line in Fig. 4b). Yet, the data
set corresponding to t0 < τ = 5 min (repre-
sented in blue) only follows this k ∼ PC6F14,2

−1

trend for the smallest values of PC6F14,2
. For

larger values, the permeability is systematically
lower - for instance when comparing the three
curves corresponding to P 0

C6F14
= 6800 Pa for

PC6F14,2
∼ 5000 Pa, the permeability value for

t0=0 min is slightly above 0.01 cm/s, while
for t0=10 min and 20 min it is around 0.02
cm/s. The log/log scale therefore logically re-
veals that for the larger values of PC6F14,2

the
slope of the experimental data is systematically
smaller than −1. This can be explained by re-
calling that i) Pc6F14,2

is a decreasing function
of time t (short times correspond to large val-
ues of Pc6F14,2

and long times to small values)
ii) for t0 = 0, the film has not fully drained
and is thus thicker than at equilibrium. Thus,
at short times t or for high PC6F14,2

values, this
additional thickness leads to an additional re-
sistance to gas transfer and thus to a lower per-
meability. On the contrary, at long times or low
PC6F14,2

values, the film has reached its equilib-
rium thickness and the permeability curves for
t0 = 0 min catch up with those observed for
t0 > τ .

Membrane composition

As previously discussed, the influence of fluo-
rocarbon gases on surface tension and on the
organization of self-assembled layers was tested
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Figure 5: Log-log plot of SDS film permeabil-
ity as a function of PC6F14,2

for t0 = 10 min
and different P 0

C6F14
. The black dotted line is a

guide for the eyes showing the empirical scaling
k ∼ P−1

C6F14
. Insert: lin-lin representation of the

same data. Note that for each curve, the maxi-
mal PC6F14,2

is always slightly smaller than the
indicated P 0

C6F14
due to data averaging.

on a wide variety of molecules: phospholipids,
surfactants, amphiphilic proteins or copoly-
mers,51.45 The extent to which the reduction in
permeability of TTAB-stabilized membranes in
the presence of C6F14 is observed for other sur-
factants is an interesting question. As TTAB
is a cationic surfactant, we also perform soap
films stabilized with SDS, which is an ionic sur-
factant.

Similarly to TTAB-stabilized membranes, the
permeability of SDS-stabilized membranes de-
crease with PC6F14,2

as can be seen in the in-
set of Fig. 5 for t0 = 10 min, thus confirm-
ing the observed effect for an anionic surfac-
tant. However, there is no collapse of the curves
for SDS-stabilized membrane, unlike for TTAB-
stabilized membranes. Moreover, the same data
plotted in log/log scale reveal the same trend
as that of films stabilized by TTAB for t0 = 0
min: The decrease in permeability with PC6F14,2

is much greater for high values of PC6F14,2
(i.e.

for short time) than for low values (i.e. for long
time) (see Fig. 5). This may suggest than the
thickness of SDS stabilized film is not constant.
This is surprising since the data in Fig. 5 corre-
spond to t0 > τ . However, we must emphasize
that the drainage kinetics of the films is mea-
sured in the absence of fluorocarbon environ-
ments. The presence of C6F14 could slow down

the drainage kinetics of SDS-stabilized films.
This specific behavior of SDS and C6F14 would
find its origin in the hydrolysis of SDS into do-
decanol: The slow kinetics of this hydrolysis -
of the order of a few hours - confers on SDS a
surface rheological behavior more complex than
that of TTAB. Note that a commercial foaming
product - Fairy Liquid - also exhibits a decrease
of k with PC6F14,2

but again with differences in
the shape of the curves. This suggests that the
molecular scale interaction between molecules
of surfactant and fluorinated gases are crucial.

The universality of the decrease in membrane
permeability with increasing C6F14 partial pres-
sure effect whatever the surfactant used, is indi-
rectly confirmed by experiments reporting the
abnormally long lifetime of microbubbles in
water.47,53 For instance, bubbles of a few mi-
crons in radius stabilized with dimyristoylphos-
phatidylcholine phospholipids DMPC were ob-
served for more than one hour, whereas the per-
meabilities measured without fluorinated gases
predicted a lifetime of the order of one minute.
This effect is also observed for dipalmitoylphos-
phatidylcholine (DPPC) phospholipids.47,53

Whether this observation is valid what-
ever the surfactant used is also important
for”osmotic stabilization” of bubbles and liquid
foams against coarsening (already presented in
the introduction). To limit the gas transfer
between bubbles of different internal capillary
pressure, they are often blown with a mixture of
soluble and insoluble gas such as air and C6F14.
The additional osmotic pressure generated by
the difference in concentration of fluorocarbon
gases balance the capillary pressure differences,
thereby arresting coarsening. However, our
work highlights that this stabilizing mecha-
nism can also find its origins in the decreased
permeability subsequent to fluorocarbons ad-
sorption on the liquid films. This adsorption
strongly attenuates gas transfer kinetics thus
also limiting coarsening. Adding C6F14 would
therefore have the effect of both modifying the
equilibrium configuration of the system while
also considerably slowing down its kinetics of
evolution.
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Conclusions

Using a set-up equivalent to the one used to
measure the osmotic pressure of a liquid solu-
tion, we show that the permeability of a soap
film membrane to the soluble specie (here air)
depends on the partial pressure of the insolu-
ble specie (here C6F14). This indicates that the
measurement of a macroscopic parameter such
as membrane permeability can reveal subtle in-
teractions at the molecular level between the
membrane and its atmosphere. Understanding
the fine nature of these molecular scale interac-
tions remains an open and challenging scientific
question. Moreover, as this interaction controls
the intensity of the change in permeability, this
could be used in chemical engineering for op-
timizing gas and nanoparticle separation pro-
cesses. These are generally performed via com-
plex and expensive porous membranes facing
clogging issues. Breaking these current techno-
logical limitations relies on decreasing the costs
and simplifying the existing protocols. A good
alternative thus lies in specific liquid materials
such as thin liquid films.
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2019.

(52) Mielke, S.; Abuillan, W.; Veschgini, M.;
Liu, X.; Konovalov, O.; Krafft, M. P.;
Tanaka, M. Influence of Perfluorohexane-
Enriched Atmosphere on Viscoelasticity
and Structural Order of Self-Assembled
Semifluorinated Alkanes at the Air-Water
Interface. ChemPhysChem 2019, 20,
1698–1705.

(53) Szijjarto, C.; Rossi, S.; Waton, G.;
Krafft, M. P. Effects of Perfluorocarbon
Gases on the Size and Stability Character-
istics of Phospholipid-Coated Microbub-
bles: Osmotic Effect versus Interfacial
Film Stabilization. Langmuir 2012, 28,
1182–1189.

13


