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Complex Fluids in Confined Environments

Stratifications of thin films of polymer solutions

Dominique Langevin

Thin liquid films have properties that can be
different from the bulk material. We have stu-
died freely suspended films of polyelectrolyte
solutions, that means films with two liquid-air
surfaces. We were able to show that the forces
between surfaces are oscillatory, revealing stra-
tification, i. e. a structuring in layers of thick-
ness equal to the polymer network mesh size.
The stratification kinetics reveal interesting
differences when the surface conditions are
changed.

made of a small number of atoms or molecules ha-

ve properties very different from the bulk material.
For instance, gold nanoparticles do not produce the
usual metallic reflection of bulk gold, their solutions
are violet instead! Similarly, the properties of matter
close to surfaces can be very different from bulk pro-
perties: crystals have to adjust the periodical array of
their atoms to that of the surface, liquids become orde-
red, etc. [1]. These problems are nowadays extensively
studied, in view of the fast developments of nanotech-
nologies, which require a good understanding of the
consequences of confinement. Recently the franco-ger-
man network ,,Matter in dimension 2.5 was created,
associating German and French teams, including ours,
that are working on complex fluids in confined envi-
ronments.

In the case of liquids, the field of microfluidics is
nowadays quite active, because of the development of
miniaturized detectors in Analytical Chemistry and of
diagnostics in Biology, such as DNA chips. The aim
is to build ,labs on a chip“ and to possibly extend the
field towards Nanofluidics.

A number of studies of the behaviour of liquids close
to surfaces have been reported in the literature. In their
pioneering work with the Surface Force Apparatus
(SFA), the ,ancestor“ of the Atomic Force Microscope
(AFM), Israelachvili, Ninham and coworkers evidenced
an ordering phenomenon of liquids close to solid sur-
faces. This is illustrated in Fig. 1. On the top left side,
one sees that the molecules have to order along the
surface, because they cannot cross it. In liquids, the
pair correlation function (which is the probability of
finding a molecule at a distance r from another molecu-
le) is oscillatory as in solids, because liquids are locally
ordered. However, this order rapidly dies away expo-

I t is now well recognized that materials which are
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Fig. 1:

Ordering (top) induced by a wall (b) or
two walls (c) on a liquid made of hard
sphere molecules (a). Below each draw-

nentially with a characteristic length ¢ called the corre-
lation length?, which is only a few times the molecular
size. A typical pair correlation function is shown on the
bottom side of Fig. 1a. Here the liquid order extends

at a distance of the surface equal to the correlation
length {. If a second surface approaches close to the
first one (Fig. 1b), the two ordered regions may over-
lap (Fig. 1c). As a consequence, the matter between

the surfaces is no longer strictly speaking a liquid; it is
more ordered. The forces between the surfaces are then
oscillatory functions of their distance #, with a period
and damping length close to those of the pair corre-
lation function [2], as shown in Fig. 2. Recent work
focuses on particular liquids such as water [3], whose
behaviour close to surfaces remains unclear, despite its
importance. An important field is also lubrication, as
the dynamic behavior of these oriented liquid layers is
unusual [4]. A question which still remains controversi-
al is that of ,slippage“ on a sub micrometric scale. [5]

Confinement in freely supended liquid films

We have focused our work on the confinement of li-
quids in freely suspended films, that is to say, films with
two liquid-air interfaces. Such liquid films are normally
unstable; their lifetimes are usually only a few seconds.
We therefore use surfactants to stabilize them. Surfac-
tants adsorb at both film surfaces, create a surface pres-
sure 7 and lower the liquid surface tension y:y=y, -,
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ing, the corresponding pair correlation
functions are represented [1].

1) ¢ is the length after
which the amplitude has
decreased by a factor e
and is close to o.
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Figure 2:
Schematic rep-
resentation of a
liquid made of
hard sphere mole-
cules confined
between two walls
(top) and corre-
sponding surface
forces (bottom)

[1].
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Yo being the pure liquid surface tension. The surface
pressure 77 depends on the number of adsorbed molecu-
les. When the film surface is locally stretched, 7 decre-
ases in the stretched regions; surface pressure gradients
then build up and act as restoring forces (called ,Maran-
goni forces“), protecting the film against rupture. These
films are present in foams, usually made from surfactant
solutions, the films separating adjacent bubbles (Fig. 3).
We work with films on frames, by using the so-
called ,porous plate method*“ (Fig. 4) [5]. The film is
formed in a small hole (diameter ~1 mm) drilled into
a porous glass disc onto which a glass capillary tube
is fused. The free end of the capillary tube is at atmos-
pheric pressure and the disc is enclosed in a pressuri-
zed cell. The pressure is regulated by a syringe pump,
which allows us to change the difference in pressure
AP between the cell and the exterior, which is also the
difference in pressure between the gas surrounding the
film and the liquid in the film; AP is measured by trans-
ducers covering various pressure ranges. Once formed,
the film thins because of the applied pressure, flattens
and eventually reaches an equilibrium thickness. At
equilibrium, AP is compensated by the disjoining pres-
sure IT4, which is the force between the two surfaces
counted per unit area. The film thickness 4 is measured
by using micro-interferometry: a white light beam is
focused onto the film, the reflected beam is filtered at
632 nm and its intensity is measured with a photomul-
tiplier. The whole film area is imaged by a video camera
and the images recorded on a computer.

Fig. 3:
Thin soap film in a foam (left), and enlarged representation
showing the two surfactant monolayers at the film surfaces.

Fig. 4:

In the ,,porous
plate method“ for
studying thin films
a liquid film is
formed in a small
hole. The hole

is drilled into a
porous glass disc
onto which a glass
capillary tube is
fused.
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Electrostatic and van der Waals forces

The described experimental setup can be used for
the study of film thinning and for the measurement of
the surface forces. Let us discuss the second. Typical
interactions between surfaces in freely suspended films
are van der Waals forces (attractive) and electrostatic
forces if the surfactant is ionic (repulsive). Short range
forces (steric, hydration) become important at small
thicknesses. The disjoining pressure is the sum of the
corresponding terms counted per unit area:

m,q, ~-A/6nh’
IT,...~Be™*"

Hsteric, hydration

elect

~C e—h/l (1)

where A is the Hamaker constant, B and C are con-
stants, 4 is the range of the short range forces, typically
a few tens of nm, and »~! is the Debye-Huckel length
such that:

x?=4nly > Zn; with n,=Nc,/ M, )

where 7; the number concentration of the ionic spe-
cies i, ¢; its concentration by weight, M, its molecular
weight, and Z; its valency. When the electrostatic re-
pulsion is strong enough, an energy minimum can be
found for thicknesses of a few tens of nanometers.
Figure 5 shows a schematic diagram of the disjoin-

ing pressure, in which the contribution of short-range
repulsive forces has also been included. If a pressure
AP is applied, the thickness of the film decreases down
to k; (Fig. 5), and the corresponding equilibrium film
is called ,,common black film*“. If the pressure AP is
larger than the electrostatic barrier, after drainage one
reaches a very small film thickness where the water
layer thickness is of order 4: this is the so-called ,New-
ton black film“. Both types of films are called ,,black®
because their thickness is smaller than the optical
wavelength and they reflect little light.

Oscillatory forces

In addition to electrostatic and van der Waals forces,
oscillatory forces can also be observed, if their peri-
od is large enough. Indeed, the resolution is not as
good as with the SFA. Such forces have been measu-

I1, Newton black film  gaags
qm 4ssss  Fig. 5:
i i C(jrinj?lj black film FITT? Variation of the
3 disjoining pressure
| I14 with film thick-
b hoae hy h ness k. The dotted

lines correspond to
different applied
pressures AP and
show the final
equilibrium thick-
nesses of the film.
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red with solutions containing surfactant micelles [7].
Surprisingly, they were also seen with semi-dilute
polyelectrolyte solutions, where the polymer chains
form a network with a mesh size £ [8]. The origin of
the oscillatory forces in this case has been explained

in ref [9]. The structure factor S(g) of polyelectrolyte
solutions has a peak: for large g, S(g) is similar to the
form factor of neutral polymers, but at the difference of
these polymers, S(0) is very small; this is because the
osmotic pressure is essentially due to the counterions
and is large. The position of the S(g) peak is such that
Gmax ~ 27/&. The pair correlation function is the Fourier 1500
transform of S(g); it is therefore oscillatory, with a pe-
riod &, because of the presence of the peak. As in the
earlier discussion for simple liquids (Fig. 2), the forces
are also oscillatory, with a period close to &. When the
film thins under the influence of an external pressure,
the local film thickness changes discontinuously bet-
ween the different branches of the disjoining pressure
curve. Circular domains of smaller thickness nucleate
in the thick film, expand and cover the whole film area
(Fig. 6). This process is a particular case of dewetting.
It should be noted that only repulsive forces can be
measured with this technique, at the difference of the
SFA. When the polymer concentration is increased,
additional branches appear [9-12] (Fig. 7). In all these
experiments, which involved various polymers (poly-
acrylamide sulfonate (PAMPS), polystyrene sulfonate
(PSS), carboxymethylcellulose (CMC), xanthane), the
period ¢ was found to be inversely proportional to the
square root of the polymer concentration, as expected
from theory (Fig. 8). The same forces can be measured
with an AFM, in which case it is not necessary to add
a surfactant; with this instrument, larger portion of the
branches can be measured [13]. At larger pressures and
smaller thicknesses, one would again find the transiti-
ons ,,common black film“ and ,, Newton black film*.

posite sign [12]. Since the amount of surfactant used
is extremely small, the difference should be associated
with different surface conditions. Indeed, surfactants
of the same charge as the polymer repel the polymer
chains and create non-adsorbing conditions, whereas
surfactants of opposite charge form mixed surfactant-
polymer layers at the film surfaces [15].

This behaviour is coherent with that observed re-
cently with thin polymer films (polymer melts). The dy-
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Fig. 6:

Disjoining pressure I14 versus thickness
measurements for a film made of a poly-
electrolyte (PAMPS) solution (left) and

successive images of the film taken

during the discontinuous thickness
change (lower arrow on the I1, curve)
[8]. The analogue of Fig. 5 would look
like Fig. 2b in this case.

namic behavior of polymer films, and in particular the
description of viscous dissipation in thin films, is pre-
sently an active field of research. Israelachvili et al. [16]
found by using an SFA that the viscosity of polystyrene
(PS) films increases with decreasing film thickness (of
the order of nanometers), which suggests an increase
of the entanglement density. Neutron scattering expe-
riments on thin PS films [17] show, on the contrary, a
decrease of the entanglement density with decreasing
film thickness. However, in the SFA experiments, both
interfaces of the films are constrained by hard substra-
tes, whereas in the neutron scattering experiments, the
films had a free surface. Masson and Green [18] have
studied dewetting of PS films on silicon substrates,
and shown that the viscosity decreases with decreasing
film thickness, which is consistent with the neutron
scattering results. Valignat et al. [19] studied dewetting
of another polymer, polydimethylsiloxane (PDMS),
and showed that the local friction is independent of
the polymer molecular weight, in a range where the
bulk viscosity varies by a factor of 50. The few existing

Stratification in polymer networks

The existence of structuring at a nanometric scale is
therefore a general phenomenon in thin films contai-
ning complex fluids. Although the forces have not been
measured, other experiments evidenced the phenom-
enon of stratification in solutions of colloidal particles
[14]. Whereas it is easy to conceive the kinetic process
as an expulsion of layers of micelles or colloidal par-
ticles in the film border, it is less obvious to understand
how the polymer network evolves during film thin-
ning. A surprising observation was that the velocity of
opening of dark spots, such as those shown on Fig. 6,
depends on the surfactant used: if the surfactant has
a charge of the same sign as the polymer, the kinetics
are faster than when the surfactant has a charge of op-
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Fig. 7:

Disjoining pressure I14 versus film thick-
ness for polystyrene sulfonate (PSS) at
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different polymer concentrations C, (a-c)
[10]. When the polymer concentration is

increased, additional branches appear.
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Figure 8:

Distance between disjoining pressure
branches Ak versus polymer concen-

tration for different polymers: PAMPS 10
(squares); PSS (triangles); CMC (lozen-

experimental results tend therefore to show that local
viscosity is smaller than the bulk viscosity if the film
surfaces are free to move (non-adsorbing case), and
larger than the bulk viscosity if the polymer stick to the
film surfaces (adsorbing case). This behaviour is in line
with our experiments on polymer solutions.

In conclusion, we have studied freely suspended
films of polyelectrolyte solutions and shown that the
forces between surfaces are oscillatory, revealing stra-

100+

Ah in nm

ges); xanthane (circles). The lines are the . . ‘
theoretical predictions for the network 0,1 1 10 100

mesh size; according to [10] and [12].

¢, in mM

tification, i.e. a structuring in layers of thickness equal
to the polymer network mesh size. The stratification
kinetics reveals interesting differences when the surface
conditions are changed: the kinetics is faster when the
polymer network is decoupled from the surfaces (non-
adsorbing conditions). Recent results seem to show that
the local viscosity tends towards the water viscosity,

as if the network progressively disappears during the
thinning process [20]. These conceptually important
findings are currently being investigated in more detail.
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