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Vertical free-standing films of amphiphilic associating polyelectrolytes
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Hydrophobically modified poly~acrylic acid! sodium salt~HMPAANa! copolymers are known to provide a
huge stabilization of oil in water macroemulsions. An interstitial HMPAANa film is formed between the oil
droplets, thus creating repulsion between them. We present an x-ray reflectivity study of vertical free-standing
films drawn from aqueous solutions of HMPAANa copolymers. The vertical HMPAANa films are model
systems for the interstitial films between oil droplets and the description of their behavior provides information
about the stabilization process. Their thickness was investigated as a function of various parameters such as the
solution concentration, the degree of grafting, the length of the grafts, and the backbone molecular weight.
Below a solution concentration threshold (Ct), the film thickness scales like the square root of the molecular
weight and is independent of the degree of grafting and the length of the grafts. Polyelectrolyte chains adopt a
self-screened coil conformation within the films and the thickness is governed by the radius of gyration of the
coils. AboveCt , a transition from a bimolecular film to a physical gel is observed and the thickness then
increases with concentration. Finally, we propose an explanation for the stabilization of macroemulsions by
HMPAANa copolymers.@S1063-651X~99!10308-8#

PACS number~s!: 68.15.1e, 36.20.Ey, 61.25.Hq
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I. INTRODUCTION

Amphiphilic associating polyelectrolytes are known to
very efficient stabilizers of oil in water macroemulsio
@1,2#. Indeed, very large oil droplets with diameter of abo
10 mm are stable for months in water when stabilized
hydrophobically modified poly~acrylic acid! sodium salt
~HMPAANa! copolymers. Hydrophobic monomers anch
in the nonpolar droplets, thus diminishing the surface t
sion, while the soluble polyelectrolyte backbones surrou
the droplets in the aqueous medium. As the droplets are
mitted to gravitational forces, they collect in a creamed la
at the top of the solution and come very close to each un
the effect of flocculation. At this point, an interstitial aqueo
HMPAANa polymer film is formed between close-pack
droplets and the adsorbed copolymer molecules give ris
repulsion forces between droplets. This repulsion, which
thought to be both steric and electrostatic@3#, prevents the
droplets from coalescing and then enhances considerabl
stability of the macroemulsions. The description of the b
havior of polyelectrolyte films is then of crucial importanc
for the understanding of the stabilization process.

Indeed, the question of polymers at interfaces or wit
films has been broadly studied. The concentration profile
thickness of an adsorbed polymer layer at the air/water in
face and the interaction between two plates carrying po
mers have been calculated@4–7# and measured@8–13#. The
adsorbed polymer molecules form a fluffy layer at the int
face consisting of trains~monomers in direct contact with th
surface!, loops and tails~polymer chain ends! @4–6#. The
thickness of the adsorbed layer is controlled by the long
loops and tails and scales like the radius of gyration of
polymer. In the case of neutral polymers attached by o
one end at an interface, the existence of a stretched reg
has been predicted@7# and experimentally evidenced@13#.
PRE 601063-651X/99/60~2!/2045~6!/$15.00
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Above a certain density of attachment points, the polym
chains are stretched and the thickness of the adsorbed
scales like the linear length of the polymer. Forc
measurement experiments on aqueous amphiphilic poly
films revealed that the repulsive forces between the surfa
of a polymer film showed an exponential decay with a ch
acteristic length proportional to the radius of gyration of t
free polymer chain in solution@12#. This was in good agree
ment with theoretical results@6#.

We present in this paper a complete investigation of
behavior of vertical free-standing films drawn fro
HMPAANa solutions with the x-ray reflectivity technique
These films provide an appropriate model system to desc
the interstitial films separating oil droplets and x-ray refle
tivity is a very appropriate technique for the study of so
films. Indeed, this technique has already given an accu
description of the Newton black film made of sma
molecule surfactants@14#. It is composed of two amphiphilic
layers only separated by a hydration layer of the surfac
polar heads. X-ray reflectivity has also given a good desc
tion of the behavior of vertical free-standing films compos
of two charged brushes in interaction as a function of
electrolyte concentration@15#. In the present study, we hav
investigated the influence of every available parameter
the HMPAANa films: the concentration of the solution, th
degree of grafting of the polyelectrolyte, the length of t
grafts, and the molecular weight of the polyelectrolyte ba
bone. We show that the film thickness is controlled by t
radius of gyration and the associative properties of the po
mer. Finally, we propose a qualitative explanation for t
huge stabilization of macroemulsions by HMPAANa.

II. MATERIALS

The synthesis of HMPAANa has been already describ
elsewhere@16#. Hydrophobic alkyl chains~n-dodecyl or
n-octadecyl! are randomly grafted onto the negative
charged water-soluble backbone:
2045 © 1999 The American Physical Society
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The chemical structure of the grafted polyelectrolytes c
be adjusted by changing the degree of grafting~t51, 3, and
10 mol%!, the number of carbon atoms in the alkyl chai
~n512 and 18! and the weight average molecular weig
~Mw518 000, 34 000, 120 000, and 525 000 g/mol! mea-
sured within an error of 10% by size exclusion chromato
raphy~SEC! measurements. The polydispersity index rang
from 1.2 for the lowest molecular weight to 4 for the highe
one. For the sake of clarity, the modified polymers are
ferred to as (MW31023) tCn, where Cn means that the
alkyl grafts are composed ofn carbon atoms. The degree o
grafting was determined by1H NMR spectroscopy and el
emental analysis. Aqueous solutions were prepared w
double distilled deionized water with a milli-Q system~Mil-
lipore!.

The behavior of associating polymers in water is n
briefly described. At polymer concentrations higher than
critical aggregate concentration~cac!, alkyl grafts aggregate
to protect themselves from water. This hydrophobic agg
gation process, which has been extensively character
@17#, leads to intermolecular associations and to the form
tion of a physical network. The viscosity of the solutio
then rapidly increases above the cac. The cac of
HMPAANa copolymers were determined by both visco
etry @1,2,16# and surface tension measurements@18#.

III. METHOD AND EQUIPMENT

A x-ray reflectivity experiment consists of the measu
ment of the ratioR(u)5I (u)/I 0 , whereI (u) is the intensity
of the specular beam reflected by a surface at an angleu and
I 0 that of the incident beam. The wave-vector transferq is
perpendicular to the surface and the analysis of the reflec
ity curves provides information about the mean electron d
sity along the normalz to the surface. The refractive index
given byn512d2 ib, whered is proportional to the elec
tron density:

d~z!5
l2

2p
r er~z!, ~1!

wherel is the x-ray wavelength,r e is the classical radius o
the electron,r(z) is the electron density along thez axis, and
b is proportional to the linear absorption coefficient. In fa
we use the original matrix formalism@19#: the system is
described as a succession of slabs of constant electron
sity. The analysis of the reflectivity profile gives the reduc
electron densityd, the thickness and the roughness of ea
slab.

The main advantage of free-standing films arises from
high electron density gradient at both air-film interface
X-ray reflectivity curves display very strong Kiessig fring
that originate from the interference of the beams reflected
each side of the film whereas reflectivity profiles on the s
face of a solution do not exhibit such a contrast. The fi
drainage can also be followed with reflectivity profiles on
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small angle area by choosing a short acquisition period~a
few minutes!, the film thickness being given by the positio
of the Kiessig fringes.

Using the experimental method described in details
previous papers@14,15#, films are drawn from the am
phiphilic polymer solutions by lifting a vertical metallic
frame at a constant rate~2 cm/min!. Reflectivity experiments
are performed using a four-circle diffractometer~Micro-
Controle!. The x-ray wavelength isl51.5405 Å ~CuKa1
line! and a small vertical slit~100mm! placed at a distance o
40 cm from the source ensures a low divergence of the b
~0.15 mrad!. A horizontal slit~1.25 mm! limits the height of
the illuminated area of the film.

IV. RESULTS AND DISCUSSION

First, it is highly important to determine whether the sta
of the solution surface~from which films are drawn! affects
the drainage and the thickness of the film. This prelimina
study is required to establish an experimental procedure
ensures the reproducibility of the results concerning the
havior of the films. In fact, surface-tension measureme
showed that the organization of the surface of the solutio
a very slow process lasting up to one day@18# ~Fig.
1—inset!. Such long equilibration times are explained
terms of a penetration of alkyl grafts through the adsorb
layer. To test the influence of the surface organization, fil
were drawn from a 3% concentrated 120 1C12 (MW5120
31013, t51, n512) copolymer solution~a concentration
lower than cac! after having left the surface of the solution
rest for various lengths of time ranging from one hour to o
day. The thinning and lifetime of the films are then inves
gated as a function of the resting time of the surface~Fig. 1!.
The longer the surface equilibrates, the slower the draina
a thickness of 475 Å~here the equilibrium is still not
reached! is obtained after, respectively, one and three ho
for films drawn from solutions left at rest for one hour an
one day. The average lifetime and the rate of thinning of

FIG. 1. Drainage of a film drawn from a 120 1C12 solution a
concentration of 3 wt.% after the solution had been left undistur
for increasing lengths of time:d, 1 hour; j, 5 hours;m, 24
hours. Inset: surface tension of the same solution as a functio
time.
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films, respectively, increases and decreases with the de
of order of the solution surface. When the film lifetime
long enough, an equilibrium thickness can be defined si
the drainage stops when a thickness of 44065 Å is reached.
In the following, we have then waited for one day~typically
the time of organization of the adsorbed layer! before draw-
ing the films so that they could last longer and we could h
reproducible experimental conditions to follow the thinni
of the film and to determine its equilibrium thickness.

This experimental procedure being established, we inv
tigated the electron-density profile within this film. Once t
drainage was completed, a scan with a long acquisition
riod ~24 hours! was performed to improve the accuracy
the reflectivity profile and to evidence an electron dens
gradient. Figure 2 shows an experimental curve~circles! for
a film drawn from a 8% 120 1C12 solution. Strong Kiess
fringes are displayed that proves that there exists a g
parallelism between the two faces of the film. The expe
mental curve cannot be fitted with a single-slab model, c
responding to a homogeneous film. A three-slab mode
then required in which the outer slabs correspond to de
layers of adsorbed polymer molecules at the air-film int
faces. The reduced electron-density profile obtained from
best fit is represented in Fig. 2—inset. These outer lay
provide the elasticity of the film as in any kind of am
phiphilic molecule film and have been described theor
cally @4# and evidenced experimentally@8# for adsorbed
polymers. From the best theoretical fit~solid line in Fig. 2!,
we obtain a thickness of 2565 Å and a reduced electro
density of (4.0560.05)31026 for these layers. The polyme
volume fractionF can be calculated through the relation:

F5~d2dwater!/~dpolymer2dwater!, ~2!

where dwater is the water reduced electron density (3.
31026) and dpolymer is the reduced electron density of th
pure polymer (4.731026). We found F54065%. The
core of the film (43065 Å) corresponds to polymer mol

FIG. 2. Experimental reflectivity curve of a 120 1C12 copo
mer film ~circles! and the best fit~solid line! using a three slab-
model. Inset: reduced electronic density profile obtained from
best fit. The step and the real profiles are represented. Contra
the step profile, the real profile does not present any discontinuit
d(z). As a matter of fact, the discontinuities are smoothed by
roughness of the interfaces between the slabs. A monomer u
rich zone of thickness 25 Å is detected at the air/film interfaces
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ecules that extend from the interface to the aqueous subla
Its reduced electron density is found to be equal to tha
water within fitting uncertainty, which shows that the pol
mer concentration in the core is lower than that in the ou
layers. To limit the number of fitting parameters, we ha
imposed the same roughness at the air/outer slab and o
slab/film-core interfaces. This roughness (660.5 Å) is larger
than that of films made of low molecular weight surfactan
~3 Å in Ref. @14#!. In this latter case, the roughness w
essentially due to thermal excitation. For polymer films,
additional roughness~3 Å! takes place. In addition, x-ray
reflectivity measurements were carried out on the surfac
the corresponding solution@18#. The same thickness was ob
tained (2562 Å) for the monomer units–rich zone and th
sublayer was not detected because the electron density o
polymer molecules is close to that of the solvent.

Alternatively, we have deduced the behavior of the po
mer in the core of the film by varying the parameters of t
polymer and its concentration in the initial solution: it is th
first important result of this paper. A single x-ray reflectivi
curve does not permit us to determine directly the behav
and the concentration of the polymer within the core of t
film but the film thickness, which is given by the position
the Kiessig fringes, is easily and precisely measured.
then have carried out an investigation of the film equilibriu
thickness~Fig. 3! by varying t ~1, 3, and 10 mol%!, n ~12
and 18 carbon atoms!, and the polymer concentratio
C ~wt.%!, at constant molecular weight (MW
5120 000 g/mol). The existence of a concentration thresh
Ct has been evidenced, below which the film thickness
mains constant with concentration and is independent ot
and n ~470640 Å for the whole range oft and n!. Above
Ct , the film thickness increases with concentration. The v
ues ofCt ~8%, 0.3%, and 1%, respectively, for 120 1C1
10C12, and 1C18! are close to the respective cac@1,2,18#.
The increase in thickness is progressively more rapid w
the degree of graftingt is increasing. A film drawn from a
120 10C12 solution at a concentration of 0.75% remains
~a color corresponding to a thickness of about 2000 Å! dur-
ing several days and does not thin further. The stop of
drainage aboveCt is probably due to the aggregation proce
within the film. In other words, the films no longer becom
thinner when the adsorbed layers are connected to the b
Above Ct , nonadsorbed polymer molecules are trapped i
the film and are linked to the adsorbed molecules via
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e
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FIG. 3. Concentration dependence of the film equilibrium thic
ness for various degrees of grafting~t! and lengths of the grafts~n!
at a constant molecular weight (MW5120 000 g/mol): d, 120
1C12;m, 3C12;j, 10C12;�, 1C18.
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hydrophobic aggregates, thereby creating a bridge betw
the walls of the film. In particular, the rapid increase in thic
ness of 120 10C12 copolymer films aboveCt could be due to
the rapid increase in viscosity with concentration above
@1,2#. Obviously,Ct is closely related to cac, thougha priori
different since the polymer concentrations within the fi
and in the solution are different. Nevertheless, we did
observe any difference between their values. Static light
fusion measurements@20# gave a radius of gyration in sa
medium (1.75M NaCl) equal to about half the film thicknes
belowCt . We then conclude that forC,Ct , films are com-
posed of solely two walls of polymer molecules in intera
tion, each of them being adsorbed at one side of the films
increasing the concentration, we thus observe a transitio
Ct from a bimolecular film to a nonpourable physical gel a
the two faces of the film are then bridged.

The last part of this paper deals with the dependence
the film thickness on the molecular weight. As shown abo
the film thickness does not depend on the degree of graf
below Ct . Hence, the 18 20C12, 34 10C12, 120 1C12, a
525 1C12 copolymers were used to study the effects of
backbone molecular weight. The thickness of films ma
with the 18 20C12 and 34 10C12 copolymers exhibits
concentration dependence described above with the e
tence of a concentration threshold@Fig. 4~a!#, thus general-
izing this behavior to other molecular weights. For the 5
1C12 copolymer, we have only studied a film drawn from
solution at cac~8%!. Below the threshold concentration, th
Kiessig fringes become larger when the polymer molecu
weight is decreasing@Fig. 4~b!#, indicating a decrease of th
film thickness.

FIG. 4. ~a! Concentration dependence of the film equilibriu
thickness for various molecular weights of the polymer ba
bone: s, 525 1C12; d, 120 1C12; n, 34 10C12; l, 18
20C12. ~b! Three examples of Kiessig fringes. The film thickne
increases with an increase in the polymer molecular weight.
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As shown in Fig. 5, the film thickness belowCt scales
like MW

1/2. It is the well-known scaling law for the radius o
gyration of Gaussian coils. As the conformation and the s
of polyelectrolyte chains in aqueous solution depend larg
on the polyelectrolyte concentration@21,22#, it is important
to estimate the average concentration of HMPAANa copo
mer within the film and to determine its behavior at th
concentration. For films drawn from the 120 1C12 soluti
concentrated at 8%~corresponding to the threshold conce
tration Ct!, the average polymer concentration within th
film is obviously higher than 8% because an adsorbed la
is more concentrated than the bulk. As the film thickne
does not depend ont, it is reasonable to assume that th
organization of 120tC12 films and their average polyme
concentration are similar at their respectiveCt and indepen-
dent oft. In the same way, the polymer concentration in t
34 10C12 copolymer film drawn from a 8% solution (Ct)
must be at least equal to 8%. We have carried out low-sh
viscosity measurements for three nongrafted precursor
mopolymers~molecular weights equal to 34, 120, and 5
3103 g/mol! as a function of the polymer concentration~Fig.
6!. At low concentration, the viscosityh follows the so-
called Fuoss law (h}C1/2) for the semidilute polyelectrolyte

-

FIG. 5. Dependence of the film thickness on the polyelectrol
weight average molecular weightMW . The thickness scales like
MW

1/2. MW is obtained from SEC measurements within an error
10%. The uncertainty in the film thickness estimation for a giv
molecular weight is 10%.

FIG. 6. BelowCe , the viscosity scales likeC1/2, characterizing
the semidilute regime. AboveCe , entanglements appear betwee
the polyelectrolyte chains and the viscosity increases more rap
(h}C3/2). In this regime, the chains are in a Gaussian coil conf
mation.
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solutions@23# and above a determined concentrationCe , h
varies like C3/2. The scaling law aboveCe has been ex-
plained theoretically@22# and corresponds to the semidilu
entangled regime,Ce being the entanglement concentratio
In this regime, the polyelectrolytes chains are self-scree
and adopt a Gaussian coil conformation, with a radius s
ing like MW

1/2 @22#. Comparing theCe values~10, 5, and 3%,
respectively, for the 34, 120, and 525 homopolymer prec
sors! with the Ct values of the grafted polymers of sam
molecular weight, it is concluded that polymers within t
films are in the regime of entangled self-screened Gaus
coils, which explain the variations of the film thickness wi
the molecular weight. This finding is the second importa
result of this study and can be compared to the experime
results in Ref.@12# that showed that the forces between t
faces of the film are controlled by the size of the polym
coils.

The coil conformation of adsorbed polyelectrolytes resu
from a subtle balance between the energy of adsorption,
polymer entropy, the osmotic pressure of monomers
counter-ions within the adsorbed layer, and the electrost
repulsion between coils. An increase of salt up to 1M NaCl
does not lead to a thinner film. This observation is consis
with theoretical results@22# predicting a low dependence o
the radius of polyelectrolyte coilsRg with salt concentration
Cs (Rg}Cs

21/8). There is probably no electrostatic repulsio
between the two walls of the film and consequently,
emulsion stabilization effect does not result from elect
static repulsion between droplets, contrary to what is usu
admitted @3#. In particular, a recent theory@24# concludes
that an adsorbed polyelectrolyte layer creates a long-ra
electrostatic potential, contrary to our results. This the
assumes that the chains adsorb in flat conformation, whic
clearly not the case in our study where the loops and t
screen the surface potential with their counterions and fo
coils that determine the film thickness.

Finally, it is convenient to introduce the reduced thickne
(h/a)(MW /m0)1/2 whereh is the film thickness,a and m0
are, respectively, the length and molecular weight of the n
grafted monomer unit. The reduced thickness is a gen
function of the reduced concentrationC/Ct ~Fig. 7!. This
tends to show that the film structure is similar for all samp

FIG. 7. Variation of the reduced film thickness with the reduc
concentrationC/Ct . A general feature is obtained. The film thick
ness h is given by the empirical expression:h
5a(MW /m0)1/2f (C/Ct) whereh is the film thickness,a andm0 are
the length and molecular weight of the nongrafted monomer u
respectively, andf is an increasing function ofC/Ct . The gray
ribbon is a guide for the eye and represents the dispersion o
results.
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regardless of their size and their structure. A schematic r
resentation of the film can then be proposed: belowCt @Fig.
8~a!#, the film thickness is governed by the radius of gyrati
of the coils and aboveCt @Fig. 8~b!#, aggregation occurs
within the film and its thickness rapidly increases.

V. CONCLUSION

In summary, we have carried out an overall investigat
of films of amphiphilic polyelectrolytes by varying a broa
range of parameters of the polymer in the range of conc
tration in which the films are stable. We have evidenced t
layers of adsorbed polymer on both sides of the film. A
determined concentration threshold, a transition from a
molecular film to a physical gel has been observed. Be
the threshold, the film thickness is solely governed by
polyelectrolyte molecular weight and is proportional to t
radius of gyration. Moreover, we found that an addition
salt does not change the film thickness. No electrostatic
pulsion seems to occur between the walls of the film beca
the Debye length is small compared to the polymer size
consequently, adsorbed polyelectrolyte chains self-scr
Above the concentration threshold, the film thickness rapi
increases with concentration and a physical gel is form
Fluorescence experiments should be useful to confirm
existence of hydrophobic aggregates within the films. In
case of macroemulsions, the oil droplets are trapped i
physical network of hydrophobic aggregates and they can
come into contact. The formation of a physical gel betwe
droplets is thus a key factor in explaining the efficient ma
roemulsion stabilization by HMPAANa@1,2#. Hence, we
have related a microscopic investigation of copolymer fil
and macroscopic observations of macroemulsions. Poly
films are shown to be very appropriate systems for a be
understanding of the stabilization process.
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molecules are connected to the bulk via the hydrophobic ag
gates. The film thickness increases rapidly with concentration
transition from a bimolecular film to a nonpourable physical g
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@14# O. Bélorgey and J. J. Benattar, Phys. Rev. Lett.66, 313~1991!.
@15# P. Guenoun, A. Schlachli, D. Sentenac, J. W. Mays, and J

Benattar, Phys. Rev. Lett.74, 3628~1995!.
@16# T. K. Wang, I. Iliopoulos, and R. Audebert, Polym. Bull.~Ber-

lin! 20, 577 ~1989!.
@17# F. Petit, I. Iliopoulos, and R. Audebert, Polymer39, 751

~1998!.
@18# F. Millet, M. Nedyalkov, B. Renard, P. Perrin, F. Lafuma, an

J. J. Benattar, Langmuir15, 2112~1999!.
@19# M. Born and E. Wolf,Principles of Optics, 6th ed.~Pergamon,

London, 1984!, p. 51.
@20# B. Magny, thesis, University of Paris, 1992~unpublished!.
@21# P.-G. de Gennes, P. Pincus, R. M. Velasco, and F. Brochar

Phys.~Paris! 37, 1461~1976!.
@22# A. V. Dobrynin, R. H. Colby, and M. Rubinstein, Macromo

ecules28, 1859~1995!.
@23# S. Förster and M. Schmidt, Adv. Polym. Sci.120, 51 ~1995!.
@24# M. A. Cohen Stuart, C. W. Hoogendam, and A. de Keizer,

Phys.: Condens. Matter9, 7767~1997!.


