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Structural Forces in Thin Films Made from Polyelectrolyte Solutions
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We have studied thin liquid films made from semidilute polyelectrolyte solutions. The disjoining
pressure (due to interaction between film surfaces) has been measured as a function of the film
thickness. We observe pressure oscillations, corresponding to film stratification. The oscillations
become sharper as the polymer concentratioimcreases, and disappear when salt is added. The
period of the oscillations scales as'/2. We propose that the observed stratification is related to the
polymer network and the size of the steps to the mesh&izgS0031-9007(97)03399-1]

PACS numbers: 68.15.+e, 61.25.Hq

The behavior of polymers near surfaces and in confineflsed on the side to a capillary tube (3 mm inner diam).
environments has been the subject of many studies, bo#h small hole is drilled in the center of the disk (diam of
fundamental and applied [1]. Indeed, it is important toabout 1 mm). The liquid solution fills the disk, part of the
understand this behavior for the control of separatiorcapillary, and a thin horizontal liquid film is formed across
processes (filtration, gel chromatography, osmosis, etc.jhe hole. The disk is enclosed in280 cm® hermetically
oil recovery processes (drilling muds with added polymerssealed Plexiglass box, with the capillary tube exposed to
viscosity control of injected water) among others. Froma constant reference pressure. Under the effect of the
the fundamental point of view, it is interesting to describepressure differencA P between the box and the reference,
how the polymer coils or the polymer networks are affectedhe film thins and eventually stabilizes at a thicknegshe
by the confinement. When the polymers are confinedurface force per unit ardd balances the applied pressure.
between two surfaces, and when the surfaces are clodé is a function ofh and is called disjoining pressure after
enough, surface forces arise. Their origin is steric most oDerjaguin [8]. The pressure difference is controlled within
the time: repulsion due to the overlap of chains adsorbed:3 Pa with a computer driven pump. The thickndss
on each surface [2]. The knowledge of these forces iss measured by monitoring the light reflectivity at normal
important to control colloid stabilization or flocculation. incidence, and by using classical interferometric formulas.
Polymers are extensively used, in particular, in nonaqueoudere, film thicknesses are always much larger than the
media, where electrostatic forces are not effective [3]thickness of the monolayers stabilizing the film, and the
Numerous measurements with the surface force apparatbsilk solutions are dilute enough so that we can use
(SFA, mica surfaces) have been reported in the literaturthe refractive index of water for the thickness calculations.
for polymers that adsorb on the surfaces [2]. In additionThe film can also be observed by videomicroscopy; in this
to the usual steric repulsion, small attractive forces havevay, when oscillatory forces are present, spots of different
been evidenced when the chains are in a bad solverthicknesses can be visualized on the film. This is the
These attractive forces are due to monomer-monomerase for thin films made from micellar and latex spheres
interactions and in part to bridging of the surfaces, whersolutions [7,9].
the polymer surface coverage is low. Little is known We have studied mixed aqueous solutions of sur-
for the case of nonadsorbed polymers, where depletiofactant (DTAB, dodecyltrimethylammonium bromide,
layers and depletion forces are expected. Depletion forcdsom Aldrich) and polyelectrolyte (random copolymer
have been measured in solutions of polymerlike micelle®f acrylamide AM and acrylamido-methyl-propane sul-
that do not adsorb at the mica surfaces (coated witfionate AMPS, from SNF Floerger). The surfactant was
surfactant of the same charge sign than that of the micellesgcrystallized three times before use and the polymer
[4]. Oscillatory forces have been recently observed withwas purified by ultrafiltration (20000 cutoff unit). Two
an atomic force microscope in polyelectrolyte solutions.molecular weights were use@,2 X 10° and 4 X 10,
These forces were attributed to the formation of a crystalith a polydispersityMy /M, ~1.5 and a fraction of
of coils stabilized by long range electrostatic forces [5].charged monomers of 25% (each AMPS monomer bears
In the present paper, we report the existence of oscillatorgne elementary charge, AM being neutral). The surfactant
forces in semidilute polyelectrolyte solutions, togetherconcentration is 0.05 mM, well below the concentration
with an explanation of their origin. In this work, the forces at which mixed polymer-surfactant aggregates form in the
are measured with a different method, by using freelybulk (1 mM) [10]. Part of the surfactant is concentrated
suspended polymer films. at the film surfaces where it forms a mixed monolayer

The films are formed with a modified version of the with the polymer, the polymer chains being stretched
porous plate technique first introduced by Mysels for thealong the surface: The monolayer thickness is around
study of foam films [6,7]. A thin porous glass disk is 3 nm, as measured with ellipsometry [10]. This surface
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layer confers a good stability to the thin film: Without or 2 h). The hysteresis of the equilibrium times might
the polymer, the film breaks almost immediately. Severabe due to the reorganization of the surface layers as in
polymer concentrations were usétd: < ¢ < 4000 ppm.  other polyelectrolyte systems [13]. At the pressures where
At these concentrations, the polymer alone does not adsojbmps occur, spots of different thicknesses can be observed
at the film surfaces (surface tension equal to that of waterpn the film (Fig. 3). The number of spots depends on the
Because the polyelectrolyte chains dimensions are largpressure jump used to nucleate the thinner spots on the
the solutions are expected to be in the semidilute rangdilm. When the number of spots is small, the spots expand
We have checked that this was the case by measuringith a radius proportional to the square root of time. This
the viscosity of the polymer solutions with a capillary is as observed for micellar solutions [9,14]. Further work
viscosimeter. In the shear range explored (0.01 ') s currently under way to extract from this time evolution
the solutions are Newtonian. The reduced viscositynformation about the viscosity in the polymer films.

1, = (n — mo)/noc varies as:~'/? (see Fig. 1), asusual ~ The distance between the branches of the curves of

for semidilute polyelectrolyte solutions [11]. Fig. 2 are the same (when more than two branches are
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FIG. 1. Reduced viscosity of the polymer solutions vs poly-polymer concentrations. The lines are exponential fits; (a)
mer concentration. The slope of the line-i$).5. ¢ = 80 ppm, (b)c = 750 ppm, and (c) = 1900 ppm.
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TABLE I. Polymer concentratiore, jump sized, theoretical at a distance of the order of the distance between the
mesh size¢ [Eq. (2) with a = 3 A], experimental and calcu- charges on the polymer backbone. Here this distance is of
lated [Eq. (1)] Debye length . the order of 1 nm, clearly much smaller than the position
c(ppm) 4 (m)  £(mM)  kgh (M)  xp'(nm) of our force minima. Depletion is more subtle, but as in
the above cases, it can only produce one minimum, and
80 18 23 cannot explain the occurrence of oscillatory forces. On

300 70 59 12 11 the other hand, the period of the oscillations is closer to

;gg ‘2‘8 g; 12 6 Zs'g the expected mes'h size of the polymer network. _
1900 24 23 3 4.7 Let us recall briefly the present state of understanding
4000 19 16 25 392 of semidilute solutions of flexible polyelectrolytes [16]. If

the distance between charges on the chain is smaller than
the Bjerrum length/g, there is a counterion condensation
) ) (Manning condensation). In our case, the polymer is
obs_erved). Experiments done with the larger molecula{’,\,eamy charged, and no condensation is expected to
weight (My = 2.2 X 10°) for ¢ = 750 ppm show that qccyr [17]. The polyelectrolyte chain is flexible enough:
the distance between the branches is the same for thee intrinsic persistence length, i.e., not due to charge
two molecular weights. This distanag is plotted in  effects, is comparable to the monomer size. In such
Fig. 4 as a function of polymer concentration: One seeg case, the chain starts to coil until the electrostatic
thatd ~ ¢~'/2. Numerically,d is about 4 times larger repyision energy becomes larger thah. The coil size
than the Debye lengthx ~!. Fl.nally, we_have checked s then £., and up to the overall persistence lendth
the effect of added salt (sodium chloride). The effectihe chain can be viewed as a rod of electrostatic blobs
of increasing salt concentration is similar to the effect offe_ Here, £, is small and made from a few monomer
decreasing polymer concentration (Fig. 2): First, the outefnits only [18]. In the semidilute regime, the rods form
branches disappear, and one is left with a single branch mesh of size, the average distance between rods
consistent with the electrostatic repulsion €xgh) when overlap points. Small angle x-ray and neutron scattering
the salt 'concentration_becomes comparable to the pon%”xperiments have evidenced the presence of a peak at a
counterion concentration. _ wave vectorg* corresponding to a characteristic distance
Attractive forces in thin polymer films can be due to that varies with polymer concentration as'/? and that
monomer-monomer attraction in the case of bad solvent§as peen identified to the mesh size [11,17]. The peak
[2]. This is not the case here, since water is & googjisappears when salt is added around a concentration
solvent, even for the uncharged polymer. The effect okomparable to that of the polymer ions. The scattering
depletion and of the bridging of the two surfaces by theyata and, in particular, the structure factor can be Fourier
polymer was investigated in the case of polyelectrolytegansformed to obtain the pair correlation functigfr).
by numerical simulations [15]. Bridging occurs when A peak in the structure factor leads to oscillationgn).
the polymer chains adsorbed at one surface can havg§nen the polymer is confined between two surfaces,

segments adsorbed at the opposite surface. This gives riggq when the distanck is comparable to the period
to attractive interactions, and a force minimum is obtainechf the oscillations ofg(r), oscillatory forces between

the surfaces are expected. These oscillations have been

observed on simple fluids made of spherical molecules
I. in the SFA apparatus [19]. They do not arise because

the molecules tend to structure into semiordered layers at
surfaces, but because of the disruption or change of this
ordering during the approach of the second surface. A
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FIG. 3. Images of the liquid film showing spots of thicknessesFIG. 4. Distancesd between the branches of the disjoining
smaller than the background. pressure curves vs polymer concentration.
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similar interpretation has been given for the oscillatorySpatiales) and Institut Fraais du Pétrole for their finan-
forces in micellar solutions [20]. Recently, they havecial support and J.F. Argillier for advice and gift of the
been predicted to exist for polyelectrolyte solutions [21].polymer samples.
Clearly our data confirm that such structural forces

do exist in semidilute polyelectrolyte solutions. We

have compared the distance between branché&s the

theoretical mesh sizé [22],
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