
A

t
c
t
s
d
b
c
d
n
t
©

K

1

v
i
t
t
O
[
s
i
b

0
d

Colloids and Surfaces A: Physicochem. Eng. Aspects  303 (2007) 137–143

Osmotic pressure in colloid science: clay dispersions, catanionics,
polyelectrolyte complexes and polyelectrolyte multilayers

David Carrière a,∗, Miles Page b, Monique Dubois a, Thomas Zemb a, Helmut Cölfen b,
Annette Meister c, Luc Belloni a, Monika Schönhoff d, Helmut Möhwald b
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bstract

Osmotic pressure is a key parameter to understand the thermodynamics and the interactions in colloidal systems. We present here four examples
o demonstrate the variety of information that can be extracted from it. The equation of state, i.e. the osmotic pressure versus concentration curve,
ould be established using analytical ultracentrifugation in binary clay–water mixtures. This method allows a quick and efficient determination of
he phase boundaries, and the equation of state shows a good agreement with a Poisson–Boltzmann model. In ternary mixtures of water–anionic
urfactant–cationic surfactant, phase separation with a different partitioning of the surfactant in both phases could be evidenced. In the monophasic
omains, the surface charge density of the objects could be estimated from the equation of state. In mixtures of polyelectrolytes, different
ehaviours of the osmotic pressure with respect to the composition could be interpreted in terms of microphase separation, or homogeneous

omplexation, depending on the composition in polyelectrolyte. Finally, in a colloidal dispersion of spheres coated with polyelectrolytes, three
ifferent colloid–colloid interaction regimes could be identified, depending if the polyelectrolyte shells are collapsed onto the colloid, swollen, or
on-overlapping. These examples illustrate the variety of information that osmotic pressure can give in a large variety of situations, making this
echnique an indispensable tool for the physico-chemist.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Osmotic pressure, the derivative of free energy against molar
olume, is a thermodynamic variable of universal interest. It
s believed to be the driving force for cell expansion [1], con-
rols biological activity [2], and delicate mechanisms regulate
he osmotic stress in the intra- and extracellular space [3,4].
smotic pressure is also a key parameter in water purification

5] as it controls the flocculation mechanisms through colloidal

tability. From a more fundamental point of view, measuring or
mposing osmotic pressure is also a tool of choice to study forces
etween surfaces [6], thus providing a variety of information
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electrolyte complexes; Polyelectrolyte multilayers

bout the interactions between the surfaces and their environ-
ent (ions, solvent, other surfaces). As osmotic pressure is also

he chemical activity of the solvent, it is often used specifically
or the determination of solvation forces [7].

In this paper, we illustrate the variety of information a
hysico-chemist can extract from osmotic pressure choosing
our particular examples which were handled within the frame
f the French-German network “Complex fluids: from 3 to 2
imensions”. First, measuring the osmotic pressure allows deter-
ination of boundaries in phase diagrams, and the use of an

ppropriate method (analytical ultracentrifugation) allows scan-
ing of the complete diagram within a few hours. The second

eport summarizes how partitioning in aqueous mixtures of sur-
actants could be detected, by comparing the tie lines with the
ilution lines. The third example demonstrates that microphase
eparated polyelectrolyte complexes can be discriminated from

mailto:david.carriere@cea.fr
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Fig. 1. Plot of ln(concentration) vs. r2 for Laponite samples in sedimentation
equilibrium. The various lines correspond to different experimental conditions
(initial concentrations, centrifuge rotation speeds and cell dimensions), and gave
identical results. Horizontal lines show the dilute (dashed line) and gel (solid
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omogeneous ones, and gives the fundamental basis for interpre-
ation of the results. Finally, the fourth example deals with one
f the most popular applications of osmotic pressure in colloid
cience, i.e. the measurement of surface forces.

. Osmotic pressure measurements in a binary system
y analytical ultracentrifugation

When a coexistence of two phases occurs, the osmotic pres-
ure is expected to be equal in both phases, and to show a plateau
ndependent of composition as long as there is coexistence. Mea-
uring osmotic pressure as a function of composition is therefore
convenient way of detecting boundaries in a phase diagram.
his has already been applied for various systems, including the
lay–water binary mixture [8]. However, this method usually
equires large equilibrium times, i.e. days to weeks. By contrast,
nalytical ultracentrifugation (AUC) potentially allows scanning
f the whole pressure versus composition curve within hours.

The technique consists of measuring the concentration as a
unction of radial distance in a sample under centrifugation. The
edimentation profile is determined by the variation of osmotic
ressure with respect to the position in the sample, i.e. the cen-
rifugal force [9,10]:

Π(ri) = ω2
(

∂ρ

∂c

)
μ

∫ ri

rm

c(r)r dr (1)

ere, rm is the distance of the air–water interface from the cen-
re of rotation, ri the radial distance under examination, ω the
ngular velocity of centrifugation, c(r) the concentration of the
ample at radial distance r, and (∂ρ/∂c)μ is the increment of sam-
le density versus concentration at constant chemical potential
f low molecular weight species (i.e., in this case, constant ionic
trength).

The concentration is determined optically by a refractive
ndex measurement, given by the displacement of interference
ringes, �J:

J = �n(r)a

λ
(2)

here �n(r) is the refractive index change at distance r from
ome reference point, a the optical pathlength and λ is the laser
avelength. �J can thus be converted to �c by knowing the

efractive index increment (∂n/∂c) of the sample.
Page et al. have used this technique to measure osmotic

ressure in laponite–water binary mixtures [11]. This disper-
ion shows a transition between a dilute isotropic phase and a
el phase, the driving force of which is still under discussion
12–15].

From the sedimentation equilibrium theory, a single-phase
ystem shows an exponential dependence of concentration (and
herefore fringe-shift) on the square of the radial distance. There-
ore, a plot of ln(φ) against r2 should yield a straight line in these
egions [16]. Fig. 1 shows the raw data from a laponite disper-

ion with 10−3 M salt. Two different linear regimes are detected
elow concentrations of 1.0% and above 3% weight, respec-
ively, attributed to the gel- and dilute-single-phase regions.
hese values for the phase boundaries correlate well with those

A
a
M
F

ine) phase boundaries as determined by Page et al. [11] from Mourchid et al.
17]. The two single-phase regions can be identified by linear sections in the
ata and are in good agreement with the literature phase boundaries.

ublished earlier by Mourchid et al. [17], who reported a phase
oundary around 2% weight in the same conditions. Addi-
ionally, Page et al. argue that their data support the idea that

two-phase region exists at the intermediate concentrations
1.0% < c < 3%). This may account for the plateau in osmotic
ressure measured by others with the usual osmotic stress tech-
iques. The key point in AUC is that the linearity of ln(φ) against
2 allows an unambiguous determination of what a pure phase
s. Finally, the complete reconstruction of the phase diagram by
UC could be performed within some days.

Additionally to the phase boundaries, AUC gives the equation
f state, i.e. the osmotic pressure–concentration dependence.
he concentration is then usually converted into a mean distance
etween clay particles (Fig. 2). This allows quantitative com-
arison with a first-order Poisson–Boltzmann approach, where
he colloids are assumed to be plates of infinite area separated
y a given water thickness lw [18]. In the regime where the
ater thickness is large as compared to the Debye length 1/κ,

he asymptotic form of the Poisson–Boltzmann equation leads
o an osmotic pressure equal to:

= 64kbTc′
sγ

2 e−κlw (3)

here γ ∼ 1 for highly charged membranes and c′
s is the salt

oncentration [19]. When the electrostatic contribution to the
smotic pressure becomes negligible, the osmotic pressure fol-
ows the law of Van’t Hoff: π = ρkbT where ρ is the number
ensity of particles.

Fig. 2 shows the good agreement between the equation
f state (pressure–distance law) determined experimentally by

UC and the predicted osmotic pressure in both regimes. There
re however some discrepancies with the measurements from
ourchid et al. by osmotic stress against dextran solutions [17].

irst, no plateau in osmotic pressure could be evidenced around
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Fig. 2. Osmotic pressure (log scale) plotted against water layer thickness, lw,
for disc-like laponite RD particles of thickness 1 nm and diameter 30 nm. Filled
circles: AUC experimental data; open circles: literature experimental data [17].
Solid curve: theoretical osmotic pressure calculated from the asymptotic form of
the Poisson–Boltzmann equation; dashed line: theoretical osmotic pressure cal-
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zero in a coexistence domain. This indicates that volume (i.e.
water content) and surfactant compositions are not independent
parameters. The osmotic pressure data therefore demonstrate
that a different surfactant partitioning occurs in both phases,
ulated from the number density of clay particles assuming ‘ideal gas’ behaviour
f the dispersion. Vertical lines delineate the literature-determined phase bound-
ries at lw = 67 and 230 nm, and the Debye length for 10−3 M salt of ∼10 nm.

he phase transition determined by AUC. This questions the exis-
ence of a two-phase region as proposed by Page et al. However,
he authors underline one of the peculiarities of the AUC method.
o two-phase region can usually be resolved, because for a zero
smotic pressure differential, the entire two-phase region should
ccur at the same radial distance ri as the two pure-phase bound-
ries (see Eq. (1)). This should result in a discontinuity in J
from Eq. (2)) at a single-to-biphasic boundary. In reality, the
adial distance where any two-phase region should be present
s of limited extension, and a flat plateau of pressure cannot be
ecovered. Of greater curiosity is the discrepancy in the dilute
egime between the pressures measured with the two techniques.
he authors attributed this variable pressure to different Donnan
ffect inducing variable salt distributions depending whether the
ample is in equilibrium with a reservoir (osmotic stress method)
r in a closed system (AUC). Another explanation could be a
icrophase separation quenching the domain of phase equilib-

ium. The principle of equality of chemical potentials between
hases then becomes:

1 − π2 = γA (4)

ith π1,2 the osmotic pressures in both microphases, γ an effec-
ive interfacial tension between the phases and A is the area of
he surface of contact.

. Equation of state of catanionic aggregates in the
ilute range
The detection of a plateau in osmotic pressure–composition
urves thus usually allows to detect boundaries in phase dia-
rams. However, in systems with more degrees of freedom than
inary mixtures, the thermodynamic response of the system may

F
m

ig. 3. Phase diagram of the myristic acid/cetyl trimethylammonium hydrox-
de/water mixture. The osmotic pressures measured along the dilution line are
ndicated (×). Some tentative tie lines are also indicated.

e more complex. This is for example the case in aqueous mix-
ures of surfactants of opposite charge, also called “catanionic”

ixtures. The large interest in the thermodynamic properties of
atanionic assemblies was motivated by their potential use to
nswer fundamental questions in self-assembly [20,21]. This
nterest is even broadened by the question of the thermody-
amic stability of catanionic vesicles [22,23]. Meister et al.
ave studied the equation of state of water/myristic acid/cetyl
rimethylammonium hydroxide mixtures [24], which is known
o produce a variety of morphologies depending on the total sur-
actant concentration c and the myristic acid molar fraction r:
amellar phases, facetted vesicles or discs [25] (Fig. 3).

In the coexistence domain between lamellar phases and discs,
eister et al. have observed experimentally that the osmotic

ressure is not constant upon dilution (Figs. 3 and 4) [24].
his contrasts with the usual expectation that the derivative of
smotic pressure, i.e. the second derivative of free energy, be
ig. 4. Osmotic pressure against weight concentration in catanionic mixtures of
yristic acid molar fraction r = 0.4 (square) and r = 0.57 (triangles).
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Fig. 5. Comparison between the experimental osmotic pressure and the osmotic
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independently of the concentration (Fig. 7).

The osmotic coefficient was demonstrated to show a highly
asymmetric behaviour with respect to the nature of the polyelec-
trolyte in excess. In excess of polyanion (f < 0.5), the osmotic
ressure between two parallel plates calculated from the Poisson–Boltzmann
quation for various surface charge densities. The experimental values are indi-
ated as squares.

ith the dilute phase richer in CTAOH than the concentrated
hase. Indeed, if the dilution lines of the phase diagram do not
oincide with the tie lines a plateau in osmotic pressure is not
xpected anymore. However, as underlined by the authors, the
imit between the L� and the disc domain is hard to define, and
ne may even question if there is any phase coexistence in the
hermodynamic sense at intermediate concentrations.

At lower concentrations, the sample enters a monophasic
omain that consists either of discs or facetted vesicles, depend-
ng on the composition in surfactants. Modeling the objects with
imple geometries, i.e. parallel planes, allows comparison of
he experimental osmotic pressure with a Poisson–Boltzmann
rediction (Fig. 5). Using one single adjustable parameter,
he authors found a surface charge density value around
.3–0.4 �C cm−2. However, the estimation of the charge is rough
nd may vary over two orders of magnitude within the exper-
mental errors achieved. The main result from the study of the
quation of state is that the slope of the curve is unambiguously
inked to the dimensionality of the swelling: a gas of icosaedra-
ike particles swells in three dimensions, and correlated discs
well in one dimension.

. Microphase separation in polyelectrolyte complexes

Polyelectrolytes of opposite charge are known to form a vari-
ty of phases upon mixing, from precipitates of coacervates
o stable colloidal complexes [26]. The driving force for this
ssociation is the gain in entropy of the counter-ions as two
olyeletrolyte segments of opposite charge approach [27]. As a
onsequence, the measurement of water activity gives a quanti-
ative access to the state of association of the polyelectrolytes.
his allowed to demonstrate that the polyelectrolyte segments
ssociate in a 1:1 stoichiometry [28].

In a different approach proposed by Carrière et al. [29], the

ater activity was measured after removal of the salt released
y the complex formation. In this case, the osmotic pressure
rovides information about the interaction between the com-
lex and the counter-ions of the charged segments in excess.

F
i
(
t
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he results could give information on the microstructure of
he polyelectrolyte complexes, depending on their composition.
he structural charge concentration of the complex is defined
s the excess charge of the complex if the association between
olyelectrolytes of opposite charge follows a perfect 1:1 ratio:

structural = 1000 × |2f − 1|
fM+ + (1 − f )M− cweight (5)

here cstructural is the molar concentration of the residual charges
mol/kg); cweight the weight concentration of the complex; M+

nd M− the molar masses of the monomers of the polycation and
he polyanion, respectively; f = n+/(n+ + n−) is the molar fraction
n monomers of polycation in the complex.

In the absence of interaction between the counter-ion and the
olyelectrolyte complex, the osmotic pressure should be given
y the ideal Van’t Hoff law:

ideal = cstructuralRT (6)

The osmotic coefficient K measures the deviation of the
smotic pressure from ideality:

= Π

Πideal
= ceffective

cstructural
(7)

An osmotic coefficient of 1 indicates an ideal behaviour of
he counter-ion. A reduction of K indicates a reduction of their
ctivity, and therefore an interaction between the counter-ions
nd the polyelectrolyte complex.

The osmotic coefficient was measured in complexes of
oly(dialyl dimethylammonium chloride) (PDADMAC) and
oly(styrene sodium sulfonate) (PSS) of different compositions.
t a given molar composition in polyelectrolyte, the osmotic
ressure was found to vary linearly with the concentration of
omplex (Fig. 6). This linear variation results in a constant
smotic coefficient in this range of concentrations, and no vari-
tion of the interaction between the residual counter-ions and
he complex. As a consequence, the osmotic coefficient can
e plotted as a function of the composition of the complex,
ig. 6. Osmotic pressure as a function of the concentration of structural charge
n complexes of PDADMAC/PSS of molar composition f = 0 (triangles), f = 0.3
circles) and f = 0.7 (squares) in PDADMAC. The lines are linear fits through
he origin.
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Fig. 7. Osmotic coefficient of the PDADMAC/PSS complexes as a function
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f the molar fraction of PDADMAC. Full line: prediction for a homogenous
omplex from a mean-field Manning model (Eq. (11)). Dotted line: prediction
or a heterogeneous complex.

oefficient increases with f. This shows that the interaction
etween the residual charges and their respective counter-ions
eakens as the charge density of the complex decreases. A sim-
le model based on the estimation of the linear density of the
esidual negative charges along the PSS chains shows a good
greement with experiments. This model assumes the residual
harges in excess to be uniformly distributed along a rod (the
SS backbone). The mean distance 〈b〉 between charges along

his rod is given by:

b〉 = b−
0

1 − f

1 − 2f
(8)

here b−
0 is the mean distance between charges along the native

SS chain. If the mean separation between charges is above the
jerrum length lB, the osmotic coefficient of a charged rod is
iven by [30]:

= 1 − lB

2 〈b〉 for 〈b〉 ≥ lB (9)

f the mean separation between charges is below the Bjerrum
ength, the activity of the counter-ions decreases even faster due
o ion condensation [30]:

= 〈b〉
2lB

for 〈b〉 ≤ lB (10)

inally, this simple model gives an estimate for K using the
smotic coefficient of PSS (K0) as a single measurable parame-
er:

= K0
1 − f

1 − 2f
for K < 0.5, (11)

= 1 − 1

4K0

1 − 2f

1 − f
for K > 0.5 (12)

For the complexes with excess polyanion (f < 0.5), this model
aptures the main trend of the experimental measurements

espite a drastic simplification, namely the assumption that the
esidual charges are uniformly distributed along a rod. Although
o further structural characterization were performed, one can
ropose that the large persistence length of PSS (55 Å in the
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d
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bsence of salt [31]) allows this model to depict reasonably well
he real situation.

By contrast, in excess of polycation (f > 0.5) the condensation
f ions onto residual charges fails to capture the experimental
ata. The osmotic coefficient shows little variation, demonstrat-
ng that the interaction between the complex and the counter-ions
oes not vary with composition, which seems incompatible
ith a homogeneous complex. However, a constant osmotic

oefficient is compatible with a phase separation between the
ncompensated positive charges and domains where PDAD-
AC and PSS neutralize each other. This demonstrates that the

olyelectrolyte composition is homogeneous in complexes with
xcess of PSS, while complexes with an excess of PDADMAC
egregates into regions with significantly different PDADMAC
ompositions.

. Interactions between colloids coated by
olyelectrolyte multilayers

A more elaborated system than polyelectrolyte complexes
onsists in colloidal particles coated by multilayers of poly-
lectrolytes of opposite charge. Such systems are of particular
nterest, since removal of the core allows the preparation of hol-
ow polymeric capsules of sub-micron dimensions with a wall
hickness on the order of 10 nm [32]. The stability of the result-
ng colloidal dispersion depends on the repulsion between the
uter shells of the multilayers, about which little is known so far.
n a recent article, Dubois et al. reported a full pressure–distance
urve in a dispersion of multilayer-coated colloids in the range 1
o 107 Pa for separation distances between 25 and 6000 Å [33],
iving new insight in the mechanisms of stabilization of these
olloids.

The osmotic pressure in the colloidal solution was imposed
ith the osmotic stress technique. The resulting colloid–colloid
istance was evaluated from the chemical analysis of residual
ater. Under the usual assumption that the system is other-
ise incompressible, the osmotic pressure is equivalent to a

orce applied between the colloids [34], thus determining a
ressure–distance law, i.e. the equation of state (Fig. 8).

Three distinct regimes could be identified from the full equa-
ion of state: at separating distances between the core particles,
h, shorter than 120 nm, the osmotic pressure decays exponen-
ially. This response was attributed to the deformation of the
olyelectrolyte multilayers in contact (Fig. 9(1)). In this regime,
he compressibility of the layers can be directly evaluated from
he isothermal compressibility of the colloid from:

T = − 1

φ

(
∂φ

∂Π

)
T

(13)

The compressibility modulus of the layers is found to vary
etween 100 kPa at a distance of 120 nm up to 1 GPa at the
hortest distances. These values are in good agreement with
echanical measurements on hollow polyelectrolyte capsules
erformed with the colloidal probe technique [35] or with osmot-
cally induced deformations [36].

In the second regime (120 nm < 2h < 400 nm), the pressure
ecays only slightly with increasing distance. This is attributed
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Fig. 8. Equation of state log Π against 2h for multilayer-coated colloids [33].
Different symbols correspond to data points from samples with six or seven
layers, respectively, terminated by different polymers which did not lead to
differing results. The straight line at small distance is a fit as described in the
text for the compression regime. The other lines correspond to PB theories with
different geometries for the charged monomer distribution. Dotted line: a total
charge 4 × 105 e is collapsed on the particle surface. Dashed line: a total charge
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× 105 e is distributed in volume in a brush of layer thickness 200 nm forming
corona around the particle. Solid line: an adjusted total charge 2 × 104 e is

istributed in volume in a brush of thickness 200 nm.

o an interaction between the extended chains of polyelectrolyte
f the terminating layer. These extended chains can be consid-
red as a polyelectrolyte brush (Fig. 9(2)), where the osmotic
ressure is governed by the counter-ions. The experimental pres-
ures match well with the prediction from a Poisson–Boltzmann
alculation in a spherical geometry, assuming an extension of
he brushes up to 200 nm. Interestingly, the modeling showed
hat these brushes contain only 5% of the charged segments of
olyelectrolyte of the terminating layer, the 95% others being
ollapsed onto the particle (Fig. 8, thin full line). A full collapse
f the polyelectrolyte, or a full swelling of the brush would
ead to an underestimation, or overestimation of the pressure,
espectively (Fig. 8, dotted and dashed lines).

For low osmotic pressures (Π < 1000 Pa), the system enters a
hird regime of very weak repulsions. Macroscopically, the par-
icles sediment and the sample shows a sharp meniscus between

concentrated colloidal phase and a clear supernatant. Here,
he osmotic pressure cannot be assumed as uniform in the sam-
le, but counterbalances the gravitational forces that cannot be

eglected anymore:

∂Π

∂z
= ρ(z)mg (14)

ig. 9. Sketch of interacting particles in the three different regimes: 1, layer
eformation; 2, swelling brush; 3, non-overlapping regime.
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here ρ is the density of particles at the height z and m is the
uoyant mass of the particles. As the maximum brush extension
s reached with increasing distance (see end of the theoretical
urve in Fig. 8), the compressibility is sharply increasing. In
his regime the equilibrium of gravitational and colloidal forces
eads to an almost constant particle density in the lower phase.
he average particle distance 2h corresponds to the maximum
rush extension and varies only by a few percent, as calculations
howed [25].

The peculiarity of osmotic stress technique allows the equa-
ion of state (pressure against distance law) in colloidal systems
o be determined over six decades in pressure. For the layer com-
ression regime, comparable experiments were performed with
he surface force apparatus in a different geometry, i.e. multi-
ayers deposited on mica sheets [37]. However, osmotic stress is
he only technique that allows such a study directly in a colloidal
ystem, on such a large range of pressures. This enabled to reach
ll three regimes of interparticle interaction.

. Conclusion

These examples demonstrate the variety of uses that osmotic
ressure methods can find in colloid science. They range from
he most practical applications in formulation, with the determi-
ation of boundaries in a phase diagram, to the most fundamental
nderstanding of interactions between complex systems. They
lso range from the most macroscopic point of view when inter-
reted in terms of thermodynamics, to a more microscopic view
hen interpreted in terms of forces or microphase separation.
owever, when going to such refined views, appropriate mod-

ling is always necessary to make the link between such a
acroscopic parameter and a more molecular-level interpreta-

ion. Simple Poisson–Boltzmann models have always proven
nough for charged systems where the osmotic pressure is
ominated by electrostatics. As long as we have not definitely
aptured different and far more subtle interactions such as hydra-
ion forces, dispersion forces, or Hofmeister effects, there will
till be a strong need for this intricate combination between mod-
ling and experiments probing interactions between surfaces,
ons and solvents.
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37] E. Blomberg, E. Poptoshev, P.M. Claesson, F. Caruso, Langmuir 20 (2004)

5489.


	Osmotic pressure in colloid science: clay dispersions, catanionics, polyelectrolyte complexes and polyelectrolyte multilayers
	Introduction
	Osmotic pressure measurements in a binary system by analytical ultracentrifugation
	Equation of state of catanionic aggregates in the dilute range
	Microphase separation in polyelectrolyte complexes
	Interactions between colloids coated by polyelectrolyte multilayers
	Conclusion
	Acknowledgement
	References


