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Experiments with foam films from solutions of 1 mM SDS+100 mM electrolyte (LiCl, NaCl and CsCl) were
carried out by a thin-film-pressure balance. The measured dependences of disjoining pressure versus film
thickness exhibit a steep increase when the thickness of the film's water core becomes smaller than 3.7 nm.
This behavior can be interpreted as amanifestation of the hydration force.We unsuccessfully tried to interpret
the data with different available theoretical models. Eventually, we found that a relatively simple model of
“reduced screening” can fit the data. Such reduced screening of the electric field could exist only in a narrow
range of film thicknesses, which practically coincides with the region where the hydration repulsion is acting.
This model and its experimental verification are described in the article.
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1. Introduction

The existence of a “hydration” layer was proposed as a possible
explanation for the stability of hydrophilic colloids, even when the
particles are uncharged [1]. The existence of a short range (≤4 nm)
repulsive pressure was observed in experiments on the swelling of
clays [2,3] and on the stabilization of foam films [4]. This short-range
repulsion has been called the “hydration force” [5]. The Derjaguin's
school terms it “structural component of disjoining pressure” [6].
Indications for its action were found in measurements of interactions
between phospholipid bilayers by Parsegian, Rand et al. [7,8].
Israelachvili et al. [9–11] and Pashley [12–14] examined the validity
of the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory [15,16] at
small film thickness by a surface-force apparatus in experiments with
films from aqueous electrolyte solutions confined between two
curved mica surfaces, bare or covered by adsorbed layers. At
electrolyte concentrations below 10−4 M, they observed the typical
DLVO maximum. However, at electrolyte concentrations higher than
10−3 M they did not observe the expected DLVO maximum and
primary minimum [11]. Instead a strong short-range repulsion was
detected, which can be empirically described by exponential law with
a decay length 0.6–1.1 nm [17]. Similar repulsion was detected
between silica sheets [18,19] and dihexadecyl phosphate monolayers
deposited on a solid surface [20].

As known, the conventional electrostatic (double layer) repulsion
is suppressed if the solution's ionic strength is increased [15,16]. In
contrast, the hydration repulsion is detected at higher ionic strengths
[11], at which it is the main stabilizing factor in liquid films and
colloidal dispersions. Such strong repulsion at high salt concentrations
was observed between apoferritin molecules in solutions [21,22] and
between the adsorption layers of this protein on silica surfaces [23]. In
general, the hydration force plays an important role for the stability of
proteins in physiological media. Effects of monovalent anions of the
Hofmeister series on the hydration repulsion between lipid bilayers
have been experimentally investigated [24,25]. The hydration
repulsion affects the stability of emulsions [26]; the rheology of
concentrated suspensions [27]; the interactions of biological cells
[28], and the fusion rate of vesicles in the cellular inter-organelle
traffic [29]. Additional information can be found in the review articles
[30–34].

Different models have been proposed for theoretical explanation
of the hydration repulsion. In thewater-structuringmodels, the short-
range repulsive interaction is attributed to an alignment of water
dipoles in the vicinity of a hydrophilic surface, where the range of the
surface force is determined by the orientation-correlation length of
the solvent molecules [35–37].

The image-charge models take into account the discreteness of the
surface charges, which induce orientation in the adjacent water di-
poles [38–41]. Dipoles due to zwitterionic surface groups, e.g.
phospholipid headgroups [42], have been also taken into consider-
ation in models of the electrostatic interaction between planar lattices
of dipoles [43–47].

The dielectric-saturationmodels attribute the hydration repulsion to
the presence of a layerwith lower dielectric constant, ε, in the vicinity of
the interfaces. Models with a stepwise [48,49] and continuous [50]
variation of ε have been proposed.
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Fig. 1. (a) Experimental data for the disjoining pressure Π vs. the thickness ht of foam
films formed from 1 mM SDS solutions that contain 100 mM salt: LiCl, NaCl or CsCl. The
lower branch of each experimental curve is in agreement with the DLVO theory, whose
prediction is shown by a solid line. The upper branch corresponds to hydration
repulsion, and the respective theoretical curve is drawn in accordance with the
reduced-screening model; see Eqs. (14) and (23). (b) The same data plotted as
Πel≡Π−Πvw vs. the thickness of the film's water core, h, in semi-logarithmic scale;Πel

andΠvw are, respectively, the electrostatic and van derWaals components of disjoining
pressure.
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The excluded-volumemodel [51,52] takes into account the fact that
the finite size of the ions leads to a lower counterion concentration
near a charged surface, and to a weaker Debye screening of the
electrostatic field (in comparison with the point-ion model), which
results in a stronger repulsion between two charged surfaces at short
separations.

Israelachvili and Wennerström [53] demonstrated that effects of
different physical origin are termed “hydration repulsion”. For
example, the short-range repulsion between lipid membranes can
be a manifestation of undulation, peristaltic and protrusion forces,
which are due to thermally excited fluctuations at the interfaces [53].
For the time being, the current opinion of the researchers in the field
colloid science is that despite the proposed explanations, the origin of
hydration repulsion remains unclear [54].

Here, we make an additional attempt to clarify the physical origin
of the short-range repulsion between two charged surfaces at higher
electrolyte concentrations. For this goal, we first obtained a set of data
for the dependence of disjoining pressure on the thickness of foam
films stabilized by an anionic surfactant (Section 2). To check the
effect of counterion size, three different electrolytes were used: LiCl,
NaCl and CsCl, each of them at a concentration of 0.1 M. At larger film
thicknesses, the data are in excellent agreement with the DLVO
theory, whereas at smaller (few nanometer) thicknesses a strong
short-range repulsion is observed, which significantly deviates from
the DLVO predictions. The comparison of theory and experiment
shows that the excluded volume model [51,52] predicts a repulsive
force that is much weaker than the experimentally observed one. The
analysis of the results led us to the formulation of a newmodel, which
is presented in Section 3 and tested against the experimental data in
Section 4.

2. Experimental investigation of hydration force in foam films

The foam films were formed from 1 mM solutions of sodium
dodecyl sulfate (SDS), Across, 99% pure. As mentioned above, the used
electrolytes were LiCl, NaCl and CsCl, products of Sigma (N99% pure).
The addition of KCl and RbCl leads to precipitation of the SDS solutions.
For this reason, the latter salts were not used in the experiments. All
solutions were prepared with deionized water of specific resistivity
18.2 MΩ·cm (Milli-Q purification system). The working temperature
was 25 °C.

The dependence of disjoining pressure, Π, versus the film thick-
ness, ht, was measured bymeans of aMysels–Jones (MJ) experimental
cell [55], which is also termed “thin film pressure balance” [56]. The
film is formed in the center of a cylindrical hole in a porous-glass plate
and allows forcing the two film surfaces against each other at
pressures up to 7000 Pa in our experiments. The film thickness is
determined by an interference method [57,58] from the intensity of
the monochromatic light (546 nm) reflected from the film. The
reflected light is supplied to a photomultiplier and computer, and the
film thickness is recorded continuously during the experiment. The
applied pressure is measured electronically, by a pressure transducer.
A detailed description of the used MJ-cell version can be found
elsewhere [59].

During the experiment, the applied pressure was increased in small
steps, of 40 Pa forΠb3000 Pa, and of 100 Pa forΠN3000 Pa. After each
pressure increase, the computer's indications for the film thickness are
observed (for about 10 min) until an equilibrium thickness is
established, which is recorded together with the respective value of
pressure. After that, the pressure is increased again to obtain the next
experimental point.

Experimental Π(ht) curves obtained in the presence of LiCl, NaCl
and CsCl are shown in Fig. 1a. The order of the curves corresponds to
the size of the counterions: the strength of the measured repulsion
increases in the order Cs+bNa+bLi+. The right-hand-side branch of
each experimental curve is in excellent agreementwith the prediction
of the DLVO theory, which is shown by solid line in Fig. 1a; see
Eqs. (6), (8) and Section 4.2 below. Conversely, the left-hand-side
branch of each curve corresponds to Π-values that are much greater
than the DLVO predictions. The latter branch can be considered as a
manifestation of the short-range hydration force.

Fig. 1b shows the electrostatic component of disjoining pressure,
Πel≡Π−Πvw, plotted vs. the thickness of the film's water core, h, in
semi-logarithmic scale; see Section 4.1 for the calculation of h. The van
der Waals component of disjoining pressure is calculated from the
known formula Πvw = −AH/(6πht), where AH is the Hamaker
parameter. The slopes of the DLVO branches of the experimental
curves correspond to κ−1 = 1.08, 1.09 and 0.90 nm (with errors
≤0.1 nm), respectively, for LiCl, NaCl and CsCl. The latter values are
close to the value of the Debye length, which is κ−1 = 0.96 nm for a
solution of ionic strength 100 mM. The “hydration” branches of the
experimental curves considerably deviate from straight lines in semi-
logarithmic scale. In other words, the data indicate that the hydration
force does not obey a simple exponential law. A similar result
was obtained by Pashley [14], who established (in experiments by
a surface-force apparatus) that the hydration repulsion can be
described by a double-exponential decay. A model, which provides
a quantitative explanation of the experimental dependencies, is
proposed in Section 3.2.
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3. Theoretical models

3.1. Comparison with the ionic-excluded-volume model

As already mentioned, we tried to fit the experimental Π(ht)
curves in Fig. 1 by means of the excluded-volume model that takes
into account the finite size of the hydrated ions in the solution.
Because the effect of dielectric saturation was found to be small [51],
we used the “purely-excluded-volume” version of the model from
Ref. [52]. First, this model was applied to fit the lower (right-hand-
side) branch of each experimental curve, which turns out to
correspond to a fixed potential. From the respective fit, the value of
the surface electrostatic potential was determined, which was further
applied to compute the whole theoretical curve. To our surprise,
under the conditions of our experiment, the theoretical curves
computed by the excluded-volume model [52] practically coincide
with the predictions of the DLVO theory shown in Fig. 1, i.e. this model
cannot explain the “hydration” branches of the data. The curves
predicted by the two models (“excluded volume” and DLVO) are so
close that they cannot be distinguished in the scale of Fig. 1. The
distinct difference between the twomodels presented in Fig. 4b of Ref.
[52] corresponds to film thicknesses that are considerably smaller
than those of the water core in our experiments, and to pressure
values that are by many orders of magnitude higher than those
registered in our experiments (Fig. 1). It is possible to fit the whole
experimental curves (including the “hydration” branch) by the
“excluded volume” model if we assume that the surface electric
potential strongly increases with the decrease of the film thickness,
which is rather unlikely.
3.2. Reduced-screening (RS) model

To explain the powerful repulsion observed at small distances,
here we propose a new model that takes into account the fact that in
nanometer-thick films the free ions are unable to screen the electric
field of the film surfaces as effectively as they are doing that at larger
thicknesses. The idea is illustrated in Fig. 2.
Fig. 2. Sketch of a foam film stabilized by anionic surfactant. A part of the adsorbed
surfactant ions (shown in gray color) are neutralized by bound counterions. (a) At
larger thicknesses, the electrostatic repulsion is screened by both counterions
dissociated from the film surfaces and ions from the dissolved electrolyte (Debye
screening). (b) At sufficiently small thicknesses (in few-nanometer-thick films), only
counterions dissociated from the surfaces remain in the film which leads to a reduced
screening of the electrostatic field and to a stronger repulsion between the film surfaces.
s is the thickness of the adsorption layer at the film surface; h is the thickness of the
water core, and ht=h+2s is the total film thickness.
Let us consider a part of the film (a cell) that contains one electric
charge on each of the two film surfaces. In Fig. 2, this cell is confined
between the two vertical dashed lines. In average, such a cell must be
electroneutral. Hence, it can contain the two counterions of the ionized
surface groups, as well as an integer number of dissociated molecules
from the added electrolyte. (In Fig. 2a, one such dissociated molecule
is shown.) If the distance between the two film surfaces is
diminishing, the number of dissociated electrolyte molecules in the
cell will diminish because of the restricted space, until eventually only
the two counterions dissociated from the ionized surface groups
remain in the cell, as shown in Fig. 2b. The transition from the
situation in Fig. 2a to that in Fig. 2b is accompanied with a significant
weakening in the screening of the electrostatic field, as demonstrated
below on the basis of the Poisson–Boltzmann equation.

First, let us numerate the ionic components present in the
considered system: 1 — surfactant ion (like the dodecyl-sulfate
anion); 2— counterion (like Li+, Na+ or Cs+), and 3— co-ion from the
salt (like Cl−). At the higher electrolyte concentrations, at which the
hydration repulsion is observed, the Boltzmann equation is accurate
in terms of activities [60]:

a1 = a1∞e
−Φ

; a2 = a2∞e
Φ
; a3 = a3∞e

−Φ ð1Þ

where ai is the local activities of the respective ion (i=1, 2, 3);
ai∞=ci∞γ± , where ai∞ is the bulk activity; ci∞ is the bulk concentration
and γ± is the bulk activity coefficient; Φ is the dimensionless
electrostatic potential:

Φ≡ e jψ j
kT

ð2Þ

T is the temperature; k is the Boltzmann constant; e is the electronic
charge, andψ is the dimensional potential.Φ defined by Eq. (2) is non-
negative; as usual Φ=0 in the bulk of solution. The Boltzmann
distributions in Eq. (1) are equivalent to the condition for uniformity
of the electrochemical potential of the respective ions throughout the
electric double layer [60].

In view of Eqs. (1) and (2), for the film of greater thickness (Fig. 2a)
the Poisson–Boltzmann equation can be presented in the form:

d2Φ
dx2

=
1
2
κ2 eΦ−e−Φ

� �
ð3Þ

where we have used the relationship a1∞+a3∞=a2∞, which is a
corollary from the bulk electroneutrality condition; x is the coordinate
in direction normal to the film surfaces; κ is the Debye parameter in
terms of activities:

κ2≡2e2a2∞
εε0kT

ð4Þ

ε0 is the dielectric permittivity of vacuumand ε is the dielectric constant
ofwater. The Poisson–Boltzmann equation in terms of activities, Eq. (3),
has been successfully applied for numerical interpretation of the
surface-tension isotherms of numerous ionic surfactants at various
salt concentrations [61–65]. Here, our goal is to compare the basic
equations of the DLVO theory and of the RS model.

In the framework of the DLVO theory, the integration of Eq. (3)
yields [15]:

dΦ
dx

=
ffiffiffi
2

p
κ coshΦ− coshΦmð Þ1=2 ð5Þ

image of Fig.�2


Table 1
Values of the geometrical and physicochemical parameters of the system.

Parameter Li+ Na+ Cs+

ri [nm] 0.382 0.358 0.329
s [nm] 3.436 3.364 3.277
ht,b [nm] 10.58 10.44 10.27
hb(nm) 3.71 3.71 3.71
γ± for I=0.1 M 0.789 0.779 0.751
Φs

DLVO 5.16 3.89 3.44
ΔΓ2∞ [μmol/m2] 0.120 0.193 0.214
K [(mM)−1] 2.04 2.24 2.55
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Φm is the dimensionless potential in the middle of a symmetric film,
where dΦ /dx=0. The integration of Eq. (5) from the film midplane
(x=0) to the film surface (x=h /2) yields [15]:

∫
Φs

Φm

dΦ
coshΦ− coshΦmð Þ1=2 =

κhffiffiffi
2

p ð6Þ

where Φs=Φ|h/2 is the dimensionless surface potential. The integral
in the left-hand side of Eq. (6) cannot be taken in terms of elementary
functions. Finally, the electrostatic component of disjoining pressure,
Πel, is expressed as the difference of the osmotic pressures of the ions
in the middle of the film and in the bulk of solution:

Πel

kT
= a2∞e

Φm + a1∞ + a3∞ð Þe−Φm− a1∞ + a2∞ + a3∞ð Þ ð7Þ

The electroneutrality condition, a1∞+a3∞=a2∞, leads to a simpler
form of Eq. (7):

Πel = 2kTa2∞ cosh Φmð Þ−1½ � ð8Þ

At a given Φs, Eqs. (6) and (8) give the Πel(h) dependence in a
parametric form: h=h(Φm) and Πel=Πel(Φm) [15].

In the framework of the RS model, the film contains only
counterions (Fig. 2b), so that the term e−Φ in the right-hand side of
Eq. (3) has to be omitted. Then, instead of Eq. (5), for the first integral
we obtain:

dΦ
dx

= κ eΦ−eΦm
� �1=2 ð9Þ

The next integration, along with the boundary condition
Φ|h/2=Φs, after some transformations yields:

expΦs =
expΦm

cos2 κh
4 exp Φm

2

� �h i ð10Þ

Eq. (10) is an analog of Eq. (6), but this time the integral can be
solved in terms of elementary functions. [The formal replacement
Φs→Φ and h /2→x in Eq. (10) gives an expression for the electric
potential distribution within the film, Φ(x).] Note that the right-hand
side of Eq. (10) has singularities for those h values, for which the
cosine in the denominator is equal to zero. For this reason, the region
of physical applicability of Eq. (10) (and of the RS model) corresponds
to h values, for which the argument of the cosine is between 0 and
π/2:

0 b h b
2π
κ

exp −Φm

2

� �
ð11Þ

In our experiments, 100 mM electrolyte is present, which leads to
κ−1≈1 nm, and the midplane potential is Φm≈0.7 (see Section 4.3),
so that exp(−Φm/2)≈0.705. Then, the relation (11) reduces to
0bhb4.4 nm. (We recall that h is the thickness of the film's water
core — see Fig. 2). This range of h values includes the range of
thicknesses, where the hydration force is operative. For example,
in our experiments, the hydration repulsion appears in the interval
0bhb3.71 nm, irrespective of the kind of counterion (Li+, Na+ or
Cs+); see Section 4.1.
In the RS model, the film contains only counterions so that Eq. (7)
reduces to:

Πel

kT
= a2∞e

Φm− a1∞ + a2∞ + a3∞ð Þ ð12Þ

Using again the electroneutrality condition, a1∞+a3∞=a2∞, we
represent Eq. (12) in the form:

Πel = kTa2∞ eΦm−2
� �

ð13Þ

Further, having in mind that the bulk ionic strength of the solution
is I=c2∞, and introducing the activity of the counterions in the
midplane, am≡a2∞ eΦm we bring Eq. (13) in the form:

Πel = kT am−2Iγ�ð Þ ð14Þ

At a givenΦs, Eqs. (10) and (13) determine theΠel(h) dependence
(that represents the hydration force) in a parametric form: h=h(Φm)
and Πel=Πel(Φm). As demonstrated below, the resulting theoretical
Πel(h) dependence is much steeper than that predicted by the DLVO
theory and can give a quantitative explanation of the experimental
data at small film thicknesses.

4. Comparison of theory and experiment

4.1. Geometrical and physicochemical parameters of the system

First, let us quantify the difference between the experimental total
film thickness, ht, and the thickness of the water core, h. Insofar as we
are dealing with the distributions of free counterions in an electric
double layer, h is defined as the distance along the x-axis, which is
accessible to the centers of the counterions. Hence, we have (see
Fig. 2):

ht = h + 2s; s = δ + 2rh + 3ri ð15Þ

Here, δ is the length of the surfactant's paraffin chain, rh is the
radius of the surfactant's headgroup, and ri is the radius of the
hydrated counterion. From the Tanford [66,67] formula, δ=0.154+
0.1265n (nm), for n=12 carbon atoms in the tail, we obtain
δ=1.672 nm. In addition, the radius of the sulfate headgroup is
rh=0.309 nm [63]. The radii, ri, of the hydrated Li+, Na+ and Cs+

ions, taken from [17,68,69], are listed in Table 1. The thickness, s, of
the adsorption layer at the film surface, calculated from Eq. (15), is
also given in Table 1.

Fig. 3 shows the plot of the electrostatic component of disjoining
pressure,Πel=Π−Πvw, versus the thickness of thewater core, h=ht−
2 s, calculated fromEq. (15),where ht is the experimental total thickness
(Fig. 1) and s is given in Table 1. As before, the van der Waals compo-
nent of disjoining pressure is calculated from the known formulaΠvw=
− AH/(6πht), where the Hamaker parameter is calculated from
Eq. (5.9.3) in [70], which is based on the Lifshitz theory and takes into
account the electromagnetic retardation effect.



Fig. 3. Plot of the electrostatic component of disjoining pressure,Πel=Π−Πvw, versus
the thickness of the water core of the foam film, h. The data are for a film formed from a
solution of 1 mM SDS and 100 mMNaCl. In the region of Debye screening of the electric
field, the data are fitted by means of the DLVO theory, Eq. (16). In the region of reduced
screening, the data are fitted by means of the RS-model, Eqs. (14) and (23); details in
the text.

Fig. 4. Physical parameters calculated from the experimental Π(ht)-data for the foam
film from SDS+NaCl solution in Fig. 1. (a) Dimensionless midplane potential, Φm, and
surface potential, Φs, calculated from Eqs. (13) and (10). (b) Midplane activity of the
counterions, am, and number density of the surface charges, ρs, calculated from
Eqs. (14) and (18).
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The boundary between the regions with reduced screening and
Debye screening (shown by a vertical dashed line in Fig. 3) corre-
sponds to the value of h, at which the experimental data points
deviate from the curve predicted by the DLVO theory. ht,b and hb in
Table 1 are the values of ht and h, which correspond to this boundary.
It is interesting, that the value hb=3.71 nm is the same for the three
counterions, Li+, Na+ and Cs+. This means that the difference
between the three curves in Fig. 1 are dominated by the different
values of s (Table 1), and more precisely, by the term 3ri in Eq. (15). A
possible explanation of the constancy of hb in Table 1, could be that at
this thickness the Cl− co-ions are pressed out from the film (compare
Fig. 2a and b).

The data for the activity coefficient γ± in Table 1 represent
experimental values of this quantity reported in [71] for the
respective electrolyte (LiCl, NaCl and CsCl) at ionic strength I=0.1 M.

4.2. Processing of the data from the DLVO-branches of the experimental
curves

The lower (right-hand-side) branch of the experimental curve in
Fig. 3 obeys an exponential law of decay length κ−1 (Debye
screening). To determine the surface potential, Φs, corresponding to
this branch, we used the DLVO expression [16]:

tanh2 Φs

4

� �
=

Πel hð Þ
64kTa2∞exp −κhð Þ ð16Þ

The Φs values calculated from Eq. (16) are almost the same for all
experimental points (h, Πel) that belong to the DLVO branch. The
obtained average values ofΦs, denoted byΦs

DLVO, are given in Table 1.
[The respective dimensional potential can be found using the fact that
Φs is scaled with kT /e=25.9 mV at 25 °C.] In the case of Na+, we
calculated independently the value of Φs

DLVO from the surface tension
isotherm of SDS solutions in the presence of 100 mM NaCl in the
framework of the augmented van der Waals model developed in [63].
We obtained the same value,Φs

DLVO= 3.89 (see Table 1), in support of
the above analysis.

The decrease of Φs
DLVO in the order Li+NNa+NCs+ indicates a

reduction of the surface charge density and increase of the degree of
counterion binding. This result correlates with the fact that the
counterion binding energy increases from Li to Cs [72,73].
4.3. Processing of the data from the “hydration” branches of the
experimental curves

First, we have to clarify what is the regime of film thinning in the
framework of the RS model: fixed surface potential; fixed surface
charge, or charge regulation. The equations in Section 3.2 allow us to
calculate the physicochemical parameters of the system from the
experimental Πel(h) data like those in Fig. 3. The midplane potential
and counterion activity, Φm and am, can be calculated from the
experimental Πel values using Eqs. (13) and (14). Furthermore,
substituting Φm, together with the experimental h in Eq. (10), we
obtain the surface potential Φs. To determine the surface charge
density, we have to use the electrostatic boundary condition at the
film surface, which in terms of Φ reads:

dΦ
dx

= 4πLBρs at x = h= 2 ð17Þ

Here, ρs is the number density of the surface charges, and LB=e2/
(4πεε0kT) is the Bjerrum length; LB=0.72 nm for water at 25 °C. The
combination of Eqs. (9), (10) and (17) yields:

ρs =
κ

4πLB
exp

Φm

2

� �
tan

κh
4

exp
Φm

2

� �� �
ð18Þ

Substituting Φm and the experimental h in Eq. (18), we calculate
ρs, which values are plotted in Fig. 4 versus ht, together with Φm, Φs

and am, calculated as explained above.

image of Fig.�3
image of Fig.�4


Fig. 5. Isotherms of counterion condensation in reduced-screening regime correspond-
ing to the data in Fig. 1. ΔΓ2=Γ2(h)−Γ2(hb)=ρ2(hb)−ρ2(h) is calculated from
Eq. (18). Δam=am(h)−am(hb) is calculated from Eq. (14). The solid lines are fits by a
Langmuir isotherm, Eq. (19); the parameters of the fits, K and ΔΓ2∞, are given in Table 1.
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Fig. 4 shows that the midplane potential and counterion activity,
Φm and am, increasewith the decrease of ht, which in view of Eqs. (13)
and (14) reflects the increase of Πel in the same direction. From a
physical viewpoint, this behavior represents the resistance of the
system to the applied external pressure (the Le Chatelier–Braun
principle). In contrast, the surface potential and charge, Φs and ρs,
decrease with the decrease of ht (Fig. 4). This means that the system
still partially yields to the applied external pressure. The decrease of ρs
can be interpreted as a forced condensation of counterions in the Stern
layer caused by the restricted space in the interior of the thinning film.
In other words, the RSmodel can provide a quantitative interpretation
of the experimental data in the regime of charge regulation.

4.4. Isotherm of counterion condensation in the reduced-screening
regime

The concept of attachment of counterions to a charged surface was
first introduced by Stern [74] as an improvement of the electric-
double-layer theory. He used a Langmuir adsorption isotherm (called
also the Stern isotherm) to describe the counterion attachment. For
this reason, the latter phenomenon can be termed counterion
adsorption. Similar attachment of ions to the surfactant headgroups
at the surface ofmicelles is called counterion binding [75]. An analogous
binding of ions to ionized functional groups in polyelectrolytes is
known as counterion condensation [76]. Here, we will use the terms
counterion adsorption, binding, and condensation as synonyms.

The Stern isotherm was successfully applied as an element of the
thermodynamic theory of adsorption of ionic surfactants in the
presence of added inorganic electrolyte [61–65]. The model in [63],
which excellently describes the surface-tension data for SDS, predicts
that at 1 mM SDS and 100 mMNaCl the occupancy of the Stern layer is
0.75, which means that at a single air/water interface 75% of the
surfactant headgroups are neutralized by bound counterions. The
latter are shown by gray color in Fig. 2.

In the case of single adsorption layer of an ionic surfactant, the
Stern isotherm represents a dependence of Γ2 on a2s, where Γ2 is the
adsorption of counterions in the Stern layer and a2s=a2∞exp(Φs) is
the subsurface activity of the counterions. However, in the considered
very thin films, Φs and a2s decrease with the diminishing of the film
thickness (Fig. 4a). In the considered case, the quantity that correlates
with Γ2 is the midplane activity of the counterions, am=a2∞exp(Φm);
see Fig. 4b. In such a case, the only way to formulate the Stern
isotherm (the Langmuir isotherm of counterion adsorption) is in
terms of Γ2 and a2m:

ΔΓ2
ΔΓ2∞

=
KΔam

1 + KΔam
ð19Þ

Here, the variations of Γ2 and am are accounted with respect to
their values in the beginning of the reduced-screening regime, at
h=hb:

Δam = am hð Þ−am hbð Þ ð20Þ

ΔΓ2 = ρs hbð Þ−ρs hð Þ ð21Þ

InEq. (20),amcanbeexpressed fromEq. (14):am(h)=Πel(h)/(kT)+
2Iγ±. In Eq. (21), ρs(h) is to be calculated fromEq. (18). In Eq. (19),K is an
adsorption constant and ΔΓ2∞ is the surface density of the adsorption
sites that are available in the reduced-screening regime.

Fig. 5 shows the plots of ΔΓ2 versus Δam obtained from the three
experimental curves in Fig. 1. As expected, the adsorption is the
largest for Cs and the smallest for Li. The solid lines are the best fits by
means of Eq. (19). The parameters of the model, K and ΔΓ2∞,
determined from the fits are given in Table 1. The adsorption constant
K increases from Li+ to Cs+, which is in agreement with the
expectation that the counterion binding energies increase in the
same direction. The surface density of the adsorption sites, ΔΓ2∞, is the
smallest for Li+. This could be explained with the fact that the cross-
sectional area of the Li+ ion πri2=0.46 nm2 is considerably greater
than that of the area per surfactant headgroup, πrh2=0.30 nm2. Thus,
the total area occupied by the Li+ ions at h=hb can be large enough to
make inaccessible many of the surfactant headgroups considered as
adsorption centers.

The fact that the curves in Fig. 5 are described by Eq. (19) with a
constant Kmeans that the energy for transfer of a counterion from the
midplane to the Stern layer is independent of the film thickness. For
the time being, we cannot explain this result. In fact, the whole
experimental range of thicknesses where the hydration force is acting
is very narrow; e.g. in Fig. 3 it is between 3.35 and 3.71 nm, i.e. within
0.36 nm. At such small distances the continuum mean-field theory is
at the edge of its applicability. Additional effects, such as charge
discreteness, alterations in the dielectric constant and strongly
anisotropic pressure tensor, could affect the results. From this
viewpoint, Eq. (19) and its agreement with the data (Fig. 5) should
be considered as an empirical mean-field description of the charge
regulation in the investigated very thin films.

4.5. The force vs. distance law predicted by the RS model

“Debye screening” is the regime in which Πel(h) decays exponen-
tially with a decay length equal to the Debye length, κ−1. Such are the
lower branches of the experimental curves shown in Figs. 1 and 3. In
contrast, in the RS model the Πel(h) dependence, determined by
Eqs. (10) and (13), is not described by a simple exponential law due to
the rather specific form of Eq. (10). Because the latter creates
computational difficulties, for the reader convenience we briefly
outline the procedure used to calculate the theoretical curves for the
hydration force in Fig. 1.

Using the definitions of κ, LB and am, we can represent Eq. (18) in
the form:

ρs am;hð Þ = a1=2m

2πLBð Þ1=2 tan 2πLBamð Þ1=2h
2

� �
ð22Þ

Then, in view of Eqs. (20)–(22), Eq. (19) acquires the form:

ρs am;b;hb
� �

−ρs am; hð Þ
ΔΓ2∞

=
K am−am;b

� �

1 + K am−am;b

� � ð23Þ

image of Fig.�5
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am is determined by solving Eq. (23) numerically for a given value of h.
Finally, the obtained value of am is substituted in Eq. (14) to calculate
Πel. The input parameters are LB;ΔΓ2∞; K; hb, and am,b=Πel(hb)/(kT)+
2Iγ±; see Eq. (14) and Table 1. In our calculations, Πel(hb) was taken
from the experiment, at the border between the regimes of reduced and
Debye screening; see Fig. 3. In the case of theoretical modeling, one can
use the Πel(hb) value predicted by the DLVO theory. The model is
applicable not only to foam films, but also to any films from aqueous
electrolyte solutions that are formed between two charged surfaces,
including solid ones. Additional work is necessary to verify the
applicability of the RS model to different systems at various electrolyte
concentrations.

With the surface-force apparatus [17] and with the CP-AFM
technique [34], it is possible to measure greater surface forces
between solid surfaces in comparison with the MJ method [55],
which is applicable to free foam films. Therefore, it is interesting to
investigate the predictions of the RS model at smaller thicknesses and
higher pressures. From a physical viewpoint, the decrease of h leads to
two competitive effects: (i) increase of the osmotic-overlap repulsion
due to the counterions confined between the two film surfaces and
(ii) enhancement of the counterion condensation (Fig. 5). As shown
below, each of these two tendencies may prevail depending on the
parameter values.

First, let us consider the case of ρs(hb)NΔΓ2∞. For h→0, Eq. (22)
yields ρs=amh /2. Hence, at a finite ρs we have am→∞ for h→0. Then,
Eq. (23) reduces to [ρs(hb)−amh /2] /ΔΓ2∞=1. Expressing am from
the latter equation and substituting it in Eq. (14), we obtain the
asymptotics of Πel:

Πel = kT
2
h

ρs hbð Þ−ΔΓ2∞½ � for h→0 ð24Þ

In our case, the parameter values correspond to the asymptotic
Eq. (24), as illustrated in Fig. 6.Πel~1/h corresponds to an increase of
the osmotic-overlap repulsion due to counterions confined between
the two film surfaces. From a physical viewpoint, this case is realized
when the excluded area per counterion in the Stern layer is greater
than the area per surface charge. (In the case of foam films, this
corresponds to counterions, which are bigger than the ionic-
surfactant headgroups.) Then, after the Stern layer is occupied, a
part of the counterions remain in the film core and give rise to the
aforementioned osmotic repulsion.

Second, let us consider the case of ρs(hb)bΔΓ2∞. For h→0, Eq. (22)
yields ρs→0 (complete counterion condensation) at a finite am. Next,
Fig. 6. Behavior of the theoretical curves for Πel vs. h from Fig. 1b at smaller film
thicknesses. The curves are calculated from Eqs. (14) and (23) with ΔΓ2∞ and K from
Table 1. At h→0, the electrostatic disjoining pressure isΠel~1/h, see Eq. (24). The data
points are the same as in Fig. 1.
we formally set ρs(h)=0 in Eq. (23), express am from the resulting
equation, and substitute it in Eq. (14). Thus, we obtain:

Πel =
kT
K

ρs hbð Þ
ΔΓ2∞−ρs hbð Þ + Πel hbð Þ for h→0 ð25Þ

Hence, in this case Πel has a finite value at h→0. As already
mentioned, Eq. (25) describes the asymptotic case of prevailing
counterion condensation. Physically, this case can be realized when
the area per surface charge is greater than the excluded area per
counterion in the Stern layer, so that all counterions could condense in
a monolayer.

Finally, in the special case ρs(hb)=ΔΓ2∞ the asymptotic behavior
of Πel is described by the expression:

Πel = kT
2ΔΓ2∞
Kh

� �1=2
for h→0 ð26Þ

5. Summary and conclusions

To investigate the action of hydration force in thin films,
experiments with foam films from solutions of 1 mM SDS+100 mM
electrolyte (LiCl, NaCl and CsCl) were carried out in an MJ cell. The
measured dependences of disjoining pressure versus film thickness
exhibit a steep increase when the thickness of the film's water core, h,
becomes smaller than 3.7 nm (see Figs. 1 and 3, and Table 1). This
behavior can be considered as a manifestation of the hydration force.
When plotted vs. the total thickness of the foam films, ht, the
experimental curves corresponding to larger counterions are shifted
toward greater thicknesses (Fig. 1). The increment of the shift is equal
to six times the radius of the hydrated counterion, ri; see Eq. (15) and
the related text.

To interpret the data, a newmodel is proposedwhich assumes that
at sufficiently small thicknesses all co-ions are pressed out of the film
so that it contains only counterions dissociated from the ionized
surface groups. Under such conditions, the screening of the electric
field of the film surfaces weakens, which considerably enhances the
electrostatic repulsion, Πel, in comparison with that predicted by the
DLVO theory. Such reduced screening of the electric field could exist
only in a narrow range of film thicknesses, which practically coincides
with the range where the hydration repulsion is observed; see
Eq. (11) and the related text. Furthermore, it is demonstrated that in
combination with a charge-regulation regime (Section 4.4), the
proposed reduced-screening model of hydration force can provide a
quantitative explanation of the observed strong repulsion at small
separations.

The results can be important for a better understanding and
control of the stability of various disperse systems (foams, emulsions,
suspensions, lamellar phases, model and biological phospholipid
membranes) at high electrolyte concentrations.
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