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Long Range Hydration Effects in Electrolytic Free Suspended Black Films
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The force law within free suspended black films made of negatively charged aerosol-OT with
added LiCl or CsCl is studied accurately using x-ray reflectivity (ca. 1 A). We find an electrolyte
concentration threshold above which a substantial additional repulsion is detected in the LiCl films, up
to distances of 100 A. We interpret this phenomenon as an augmentation of the Debye screening length,
due to the local screening of the condensed hydrophilic counterions by the primary hydration shell.
[S0031-9007(98)06454-0]

PACS numbers: 68.15.+e, 61.10.—i, 61.20.Qg

Because of their simple geometry and well definedestingly, ion size in water is related to its hydration radius
double layered structure, free-standing liquid films made o&ind therefore steric and hydration effects are interdepen-
amphiphilic molecules are remarkable model systems fodent. However, as mentioned above, ion hydration has
colloidal science. As an example, the long range stabilitypeen reported so far to give rise only to structural short
of flms made of neutral surfactants [1], negatively chargedange interactions. We show in this Letter that ion hydra-
surfactants [2], and negatively charged amphiphilic poly-ion also leads to long range behavior.
mers [3] can be well accounted for by simple mean-field We measured accurately the long range force law
electrostatic theories. A more complex situation arises irwithin a free suspended black film, drawn from an
black films (thicknesses in the range 60—300 A) drawraqueous solution of negatively charged aerosol-OT (AOT)
from sodium dodecy! sulfate (SDS), which exhibit, upon(Sigma, purity >99%) with two types of electrolyte
high addition of sodium chloride [4] or cesium chloride added at high concentration®.q5, 0.1, and 0.2 M).

[5], a spectacular thinning transition when the distance beThe electrolytes used are LiCl and CsCl (Fluka purity
tween the molecular planes, i.e., the separatios;38 A. >99.5%). The two counterions differ significantly in
Recently, progress has been made toward the understartieir number of hydration: 5-6 water molecules per
ing of this thinning transition, where it has been argued.i* ion and 1-2 per Cs ion. However in water,
that the electrostatic correlations between the ions may bei* ions have a hydrated radius of 3.8 A comparable
predominant, rather than attractive dispersion forces [5,6}0 3.3 A for Cs ions [8]. All of the measurements
This transition leads to the formation of the Newton blackwere performed with a concentration of AOT at the
film, where no liquid water remains in its core [7]. This critical micellar concentration (CMC), equal to 2.5 mM.
kind of reversed membrane is stabilized by both hydraAt the CMC, micelles begin to form, and macroscopic
tion and protrusion forces, the latter arising from molecularfiims can be stabilized. In all of the systems studied,
motion of the surfaces [8]. The nature and magnitude ofhe added electrolyte concentration is higher than that
these forces remain a central question in colloidal sciencef the surfactant by several orders of magnitude. The
Their investigation is an extremely difficult task, as theycontribution of the AOT self-counterion Nain the
both take place at the molecular level. Studies reportethteractions can therefore be neglected. Similar to [12]
on hydration forces, in systems where protrusion forces d¢after several stages of purification), no minimum in the
not occur, have revealed a short range behavior (they osurface tension isotherm of the pure AOT solution was
cur at separatiore40 A) and a magnitude regulated by the detected. The salts were annealed at E®efore use
number of hydration and the concentration of the ions thato remove any surface impurities. The water used comes
bind to or condense electrostatically at the surfaces (harilom a milli-Q system. lts surface tensioni8.5 mN/m
walls in this case) [8]. Complications arise when considerat 22 = 1°C. All measurements were carried out at
ing the ion size that also influences the strength of surfac22 = 1 °C.

forces. Size effects impose an upper limit on the density The force law between the molecular planes follows
of the condensed counterions in the vicinity of a chargedrom the measurements of the disjoining pressure and
surface. This can be accounted for in several ways: bthe equilibrium thickness of the film using a very recent
the introduction of an exclusion zone for the counterionstechnique. It combines the original porous plate method
also known as the Stern layer [9], by the entropy of mixing[13,14] with the accurate determination of the thickness,
[10], or by an ion-ion hard core interaction [11]. Whateverusing x-ray reflectivity [15]. With the introduction of the
the method used, size effects give rise to an additional rex rays, this apparatus allows the investigation of forces at
pulsion, which is significant beyond the short range levelthe molecular level [16]. The porous plate method uses a
as they saturate the Debye screening of surfaces. Inteporous glass disk as a liquid reservoir for the free-standing
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film. A hole drilled through the disk is used as a holderin association with disjoining pressure measurements, the
for a horizontal liquid film. The ensemble is enclosed infilms are formed with a modified version of the traditional
an airtight Plexiglas cell partially filled with the solution porous plate. Two hermetically sealed Kapton windows
to maintain a saturated vapor atmosphere. A presSire allow the passage of the beam through the cell. The hole
can be applied on the film by means of a syringe consize of the disk is macroscopity X 4 mn¥) as imposed
nected to the cell, whereas the porous plate is connectday the reflection of x rays at grazing angles. In addition,
to a capillary tube at the atmospheric pressRgdFig. 1).  the film must stand on the extreme upper surface of the
The pressure in the cell 8P + Py, andAP is measured disk holder. For that purpose the hole profile has an in-
by means of a differential manometer with an accuracy otlination angle of 30. To avoid any residual shadowing
0.1 millibar (mb). The disjoining pressurd; of the film  effects due to the meniscus of the film, a slit bfum
is the pressure difference between the film reservoir andepth was added in the continuation of the hole, in the di-
the gaseous phase. It is thermodynamically related to theection of the beam.
derivative of the Gibbs free energy of the film [17]. Ex- The cell is placed on the head of a four-circle diffrac-
perimentally, it is given by the relatiol, = AP — P,, tometer in a horizontal geometry. A conventional fine-
where P, = Apgh — 20 /r is the hydrostatic pressure, focus copper tube is used as an x-ray source. The
o is the surface tension of the solution,is the capil- monochromator is a Si(111) crystal which selects the
lary tube radiusg is the gravitational acceleration, and Cu K, line (A = 1.5405 A). The beam is collimated in
Ap is the density difference between the solution andhe scattering plane by an incoming slit( wm) placed
the air. The hydrostatic pressure is of the order of 1 mkat 40 cm from the source, providing a low divergence
and can be neglected in the present study. The max{0.15 mrad). A vertical slit (3 mm) is used to limit the
mum pressure allowed is fixed by the Laplace pressure ofidth of the illuminated area on the film. The reflected
the pores inside the disk. We used porous plates (Robijeam is detected by a scintillation counter placed behind
with a mean pore radius d@f.75 wm allowing pressures an analysis slit350 wm) at a distance 40 cm from the
=600 mb. To achieve an x-ray reflectivity experiment center of the diffractometer. The incident and reflected
beams pass through vacuum flight paths.

The specular reflectivity exhibits Kiessig fringes result-
ing from the interference due to large density gradients
through the film. A film mosaic arises due to the non-
flatness of the holder which broadens the specular peak
in the transverse direction by about 20%. Finally, the
level of accuracy achieved with this apparatussis A
for the determination of the real thickness of the film. The
analysis of the reflectivity profiles is performed rigorously
through the use of an optical formalism valid at all angles

X-RAY BEAM [18], convoluted with the experimental Gaussian resolu-
e tion, including the film mosaic. The film is described
by a succession of homogeneous slabs in the direction
"~ KAPTON WINDOW perpendicular to the film, each of them characterized by
w three parameters: thickness, electron density, and interfa-
cial roughness. The electron density is related to the re-
fractive index via the relatiop = 276/A%r,, wherer,
is the classic radius of electron a@adis the so-called re-
duced density.

The knowledge of the generic structure of AOT black
films is the first step for thdl,-isotherm determination.
No structure differences have been detected whatever the

/ electrolyte added, and the thickness of the aqueous core
2 (the separation) is the only adjustable parameter during
j{ pressure measurements. Table | shows the parameters
corresponding to the best fit of the reflectivity curve
FIG. 1. Scheme of the apparatus installed in the center of theacorded on a 44 A thick 2.5 mM AOT black film with
diffractometer. A macroscopic flat film§ X 4 mn?) is drawn added 0.4 M LiCI. The film is described by a symmetrical

at the extreme upper surface of the hole of the porous plat I -
initially filled with the solution. The disjoining pressure of the %-Iayer model distinguishing the aqueous core from the

film is measured by the application of an additional pressure ifWO amphiphilic layers. The interfacjal roughnesses are
the cell. The film structure is determined by x-ray reflectivity. due essentially to the thermal fluctuations of the molecular

FILM B+ AP
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TABLE I. Structural parameters of a symmetrical 3-layer =10 A up to 100 mb. As a result, the formation of the
model, as determined by X-ray reflectivity, of a free-standinggap is both electrolyte and concentration dependent. The
8'20'\';2'_'?&"1”}";’]2 ftijotg} ?hﬁ:oklﬁg(s)g igfztAPI '&2-5 mM) with added t5ct that the film thickness depends on the electrolyte has
i - — already been pointed out and is related to the strength of
Reduced density Thickness  Roughness the binding of the counterions in the vicinity of the surface

Region (8 X 10° A) A) [19,20]. Here, the analysis of the disjoining pressure
AOT layer 42 + 0.1 11+ 05 33 + 05 isotherms allows us to specify the origin of this effect.
Agueous core 3.68 22+05 33*05 The general shape of all of thHl,-isotherms with

Cs' ions presents a rather good agreement with mean-
field electrostatic theory, neglecting size effects [21,22].
layers [7]. The contribution of the two surfactant planesThe surface potentials fitted at the aqueous core/surfac-
to the overall thickness 22 + 1 A. tant interface are in the range 95-100 mV. These po-
The pressure was increased by steps of 50 mb (untientials are similar to those predicted in [5] for SDS
film rupture) every 30 mn to ensure the film is in films. However, above 0.1 M thH 4-isotherms obtained
equilibrium. The films remain entirely homogeneous ovemwith Li*™ ions cannot be accounted for by these the-
their whole area and react instantaneously to any pressuegies. Adding a Stern layer of thickness 4 A (much
variation. Several successive scans on the LiCl systemarger than one would expect relative to a CsCl elec-
are shown in Fig. 2. Note the high contrast of the Kiessigrolyte) does increase the electrostatic repulsion but not
fringes which allow the detection of thickness changessufficiently to explain the gap. Moreover, steric effects
of =1 A. The Il -isotherms are plotted with respect may already be present in the films containing 0.05 M
to the separation between the AOT molecular planes inf electrolyte, which are several orders of magnitude
Fig. 3. One can first notice that the slope of all of theabove the CMC. Therefore, the important discrepancy
IT,-isotherms above 0.05 M of salt tends to bend at thebserved cannot be simply due to a finite size effect.
lowest pressures<{10* N/m?). Such an effect has been In fact, the gap that arises between the CsCl and LiCl
previously observed oibl ;-isotherms of SDS films with IT;-isotherms can be directly related to the behavior of the
added CsCI [5], and is the signature of the attractivecorresponding surface tension isotherms. Figure 4 shows
dispersion forces. At 0.05 M thH ;-isotherms with LICI  two isotherms of surface tension of an AOT solution
or CsCl are identical. At 0.1 M of electrolyte added, ancontaining 0.2 M of LiCl or CsCl. A clear gap can be
additional repulsion arises on the Lill;-isotherms up to  seen between the two surface tension isotherms indicating
separations of 100 A. A similar gap is present at 0.2 Ma higher adsorption of AOT molecules at the air/solution
of electrolyte, keeping approximately the same value ofnterface, with C$ ions present rather than Liions. In
addition, the CMC appears higher in the case of LiCL
. (0.32 mM) than CsCL (0.15 mM). Much below the
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FIG. 2. Successive x-ray reflectivity curves on a black film of

AOT (2.5 mM) with added 0.2 M LiCl. Lower curvesiP = FIG. 3. Il,-isotherms of free-standing films AOT (2.5 mM),
200 mb (triangles), AP = 250 mb (circles). Upper curves with from the right to the left, a concentration of 0.05, 0.1, and
(shifted): AP = 450 mb (triangles),AP = 500 mb (circles). 0.2 M of (circles) CsCl, and (triangles) LiCl; (solid lines) fits
The theoretical fits are in solid lines and indicate a thinningusing Lipshitz theory for dispersion forces [21] and Poisson-
transition from72 = 1 Ato 69 = 1 A (lower curves) and from  Boltzmann equation for electrostatic forces [22] (dashed lines
61.5 = 0.5 Ato 60 = 0.5 A (upper curves). are guides to the eye).
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