
PHYSICAL REVIEW E 66, 011406 ~2002!
Effect of polymer-surfactant association on colloidal force
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We investigate the forces between emulsion droplets in the presence of neutral polymer-surfactant com-
plexes. The polymer used in our experiment was statistical copolymer of polyvinyl alcohol. The anionic
surfactant used is sodiumdodecyl sulphate, the cationic surfactants are cetyltrimethylammonium bromide and
tetradecyltrimethylammonium bromide, and the nonionic surfactant is nonylphenol ethoxylate~NP10!. It has
been found that the force profiles in the presence of surfactant-polymer complexes follow an exponential
scaling with a characteristic decay length, close to the radius of gyration of the polymer alone. A continuous
increase in the onset of repulsion is observed in the case of all three ionic surfactants, whereas no such
variation was noticed in the case of nonionic surfactant, NP10. The experimental observations suggest that in
the presence of charged surfactant molecules or micelles, the neutral polymer chain at the interface is converted
into partial polyelectrolytes, where the charges on the chain repel each other and the electrostatic repulsion
collectively leads to chain stretching. These results suggest that the associative polymers can be potential
candidates for making the emulsions stable for a sufficiently long period.

DOI: 10.1103/PhysRevE.66.011406 PACS number~s!: 82.70.2y, 83.80.Hj
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I. INTRODUCTION

Polymer-surfactant interactions have been a topic of
tense research for the last 3 decades@1–27#. Understanding
of the associative behavior of such polymer-surfactant co
plexes is not only of fundamental interest, but also fin
many industrial applications. The ability of polyme
surfactant complexes to alter the rheological properties
aqueous solutions led to many formulations in the area
medicine, food, detergent, enhanced oil recovery, cosme
etc. There are numerous studies to obtain insights into
polymer-surfactant or polyelectrolyte surfactant complex
using various techniques such as small angle neutron sca
ing ~SANS!, x-ray reflectivity, light scattering, electron spi
resonance, surface tension, viscometry, nuclear magn
resonance~NMR! spectroscopy, dye solubilization, condu
timetry, etc. @13–21#. Some of the most recent studies o
surfactant associations include surfactant assisted enta
ment of interfacial polymer chains using dynamic light sc
tering @23#, investigations on the binding isotherm of st
polymers with surfactants by NMR and small angle neut
scattering@24#, foaming behavior of anionic surfactants
the presence and absence of nonionic polymer@25#, interac-
tion between poly~acrylic acid! and an ethoxylated nonioni
surfactant@26#, and interaction of microblocky twin tailed
acrylamido terpolymers with different kinds of surfactan
@27#. It should be realized that this topic of polyme
surfactant association is so vast and we have tried to list o
some of the recent papers concerning polymer-surfactan
sociation. Most of the above investigations were aimed
understand the nature of interactions from fundamental p
of view, which could be finally transformed into technolog
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cal applications. In this paper, we try to obtain some insig
into the polymer-surfactant association process from the
loidal force measurements.

Force measurement techniques have been widely use
gain insights into the colloidal stability. The net force actin
between the colloidal particles determines the stability of
colloidal system. The most important forces that determ
the stability of the colloidal dispersions are van der Wa
attractive forces, electrostatic forces and steric forces du
the adsorbed polymers. Although, stabilization of the coll
dal dispersions with macromolecules has been explore
various technological applications for many years, the in
actions between polymer bearing surfaces have been stu
directly only after the introduction of the surface force me
surement apparatus@28#. Steric stabilization of the colloida
dispersions has triggered a lot of interest in recent years
to its several advantages over its electrostatic counterpart
more importantly due to its numerous industrial applicatio
@29,30#. It is well known that electrostatically stabilized co
loids often coagulate when the ionic strength of the medi
is increased sufficiently, due to the reduction in the spa
extension of the electrical double layers@31#. One major ad-
vantage of using macromolecules as stabilizers is that
double layers are less sensitive to electrolyte concentrat
The forces between surfactant and polymer covered in
faces have been investigated thoroughly using various fo
measurement techniques, as a result, this topic is rich
understood to a great extent@32–35#. Compared to the un-
derstanding of forces in the presence of surfactants or p
mers, the understanding of polymer-surfactant complexe
still in infancy. In recent years there have been some
tempts to explore the forces in the presence of associa
polymers and polyelectrolytes@36–41#. The effect of an an-
ionic surfactant addition to the forces between surfaces
coated with a high charge density cationic polyelectrol
©2002 The American Physical Society06-1
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was investigated by Claesson@36#. Similarly the associative
behavior of ionic surfactants and polylectrolytes has b
studied@37#. Atomic force microscopy is employed to inve
tigate the interaction forces between a mica surface an
colloidal glass sphere in the presence of a high molec
weight cationic polyelectrolyte and an anionic surfacta
@38#. Most of the force measurements have been carried
by using the surface force apparatus SFA. Numerous o
approaches have also been invented for measuring su
forces directly and indirectly. Recently a new technique@42–
45#, called magnetic field induced chaining technique~MCT!
has been introduced to probe the forces between tiny co
dal particles. In the case of SFA, the force is measured
tween semimacroscopic surfaces~mica! whereas in MCT, the
forces between individual colloidal droplets are measur
Using this technique, one can measure the colloidal force
a wide variety of materials encountered in emulsions a
dispersions.

In this paper we report the results of the force measu
ment between emulsion droplets for understanding the a
ciative behavior of polymer-surfactant complexes and its
fluence on the long-term stability of the emulsions. W
investigate the forces between individual emulsion drop
~oil in water! in the presence of polyvinyl alcohol~PVA! and
under varying surfactant concentrations. We compare
force measurement data in the presence of polym
surfactant mixture with those obtained in the presence
polymer and the surfactant independently.

II. MATERIALS

Emulsion used in our studies was Ferro fluid~oil in wa-
ter!. Ferro fluid oil consists of a collection of ferromagnet
domains of Fe2O3 dispersed in the octane. The typical size
the Fe2O3 particles is about 10 nm. The inner surfactant us
to stabilize the oxide particles against van der Waals att
tion was oleic acid. The technique used to make the st
emulsion is the classical inversion method@46#. After mix-
ing, we obtain a polydispersed emulsion with a droplet s
ranging from 0.1 to 1mm. Monodispersed emulsions wit
narrow size distributions were obtained using fractionat
technique@47#. The size distribution of the final emulsion ha
been measured by using a Malvern Instruments master s
Emulsion droplets with a diameter of about 200 nm ha
been used in our studies. The polydispersity of the emuls
used in our experiments was about 7%.

The polymer used in these experiments was a statis
copolymer of vinyl alcohol~CH2CHOH 88%! and vinyl ac-
etate@CH2CH (OCOCH3) 12%#, which is randomly distrib-
uted along the polymer chain, of three average molec
weights of 40 000, 115 000, and 155 000~here after referred
as PVA 40, 115, and 155 K respectively!, obtained from Al-
drich, U.S. and used as such. Here the vinyl alcohol is
drophilic and the vinyl acetate is hydrophobic in natu
These polymers are water soluble at room temperature
the theta temperature of PVA-vac in water is around 97
By varying the content of acetate, the hydrophobicity of t
polymer can be altered. The radius of gyrationRg of these
polymers obtained from the hydrodynamic radii measu
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ment corresponds to about 8, 12, and 16 nm, respectiv
The experiments were carried out at a concentration w
below the overlap concentration (C* ) for the two polymers.
The polymer concentration was 0.68 wt % for 40 K and 0
wt % for 115 K. PVA is a neutral polymer and hence th
electrostatic effect need not be considered in the interpr
tion.

Anionic surfactant used in our experiments was sodiu
dodecyl sulphate~SDS! (C12H25-SO4 Na). The purity of
SDS was 99.9% and was obtained from Sigma~U.S.!. The
purity of the cationic surfactants cetyltrimethylammoniu
bromide ~CTAB!, Tetradecyltrimethylammonium bromid
~TTAB! and the nonionic surfactant nonylphenol ethoxyla
~NP10! were also 99%. The critical micellar concentratio
~CMC! of SDS, CTAB, TTAB, and NP10 are 8.0, 0.9, 3.
and 0.7 mM, respectively. Triply distilled water was used
the preparation of surfactant and polymer solutions. Addit
of hydrochloric acid or NaOH controlled the pH of the sol
tions, wherever it was required.

III. EXPERIMENT

We briefly describe the principle of the force measu
ment approach, for details one may refer to earlier publi
tions @42–45#. As the ferrofluid droplets are superparama
netic in nature, an applied field induces a magnetic dipole
each drop, causing them to form chains. Without exter
field, these droplets have no permanent magnetic mom
because of the random orientation of the magnetic gra
within the droplets, due to thermal motion. An external ma
netic field orients these magnetic grains slightly toward
field direction, which results in a dipole moment in ea
droplet. The magnitude of the magnetic dipole moment
creases with the strength of the applied field until saturat
is reached. At low concentration, one-droplet-thick cha
are well separated and oriented along the field direction. D
to the presence of the one-dimensional ordered struct
Bragg peak can be observed, from which the interdrop
separation is estimated precisely. The condition for formin
linear chain is that the repulsive force between the drop
must exactly balance the attractive force between the d
lets induced by the applied magnetic field. The spacing
tween droplets is directly measured from the determinat
of the spectral distribution of the scattered light at a const
angle. For perfectly aligned particles with a separation ‘‘d,’’
the first order Bragg condition leads to 2d5lo /n. Wheren
is the refractive index of the suspending medium~n51.33
for water! andlo is the wavelength of the light Bragg sca
tered at an angle of 180 deg. The peak position moves
ward smaller wavelength as the field is increased. Beca
the droplets are monodispersed and negligibly deforma
owing to their large capillary pressure, the correspond
interfacial separation ish5d22a. The magnitude of the
induced dipole is controlled by the strength of the appl
field. The block diagram of the force measurement appara
is shown in Fig. 1. It comprises a solenoid-type electrom
net and variable current source, to subject the magn
emulsions to variable magnetic field. By varying the ma
6-2
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FIG. 1. Block diagram of the
force measurement experiment
setup.
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netic field strength, the distance between the colloidal p
ticles can be controlled. A white light source illuminates t
colloidal particle. Optical fibers direct and steer the incom
and out going light beam and a polarizing beam splitter tu
the reflected light 90 deg with respect to the incoming bea
A monochromator with holographic grating diffracts the lig
beam. A photodiode array with an interface card and a co
puter is used for detection of Bragg peak position, width, a
intensity.

The force measurement procedure is briefly discussed
low. To form a stable chain of droplets, the repulsive for
between the droplets must exactly balance the attrac
force between the dipoles induced by the applied magn
field. The dominant force in a field induced droplet chain
the dipole-dipole attraction. The van der Waals contribut
also becomes significant at short distances. The attrac
dipole force within an infinitely long chain is@48#

Fchain52 (
n51

`

n
6m2

~nd!4 52
1.202

2pm0

3m2

d4 . ~1!

Here, m is the induced magnetic moment of each dro
which can be determined self consistently from the intrin
susceptibility of the ferrofluid, spherical shape of the dro
and the presence of neighboring drops,

m5m04pa3xsHT/3. ~2!

Here,m0 is the magnetic permeability of free space andHT
is the total magnetic field acting on each drop.HT is the sum
of external applied field (Hext) and the field from the induced
magnetic moments (H1) in all the neighboring drops in the
chains. For a droplet within an infinitely long chain of pa
ticles with equal spacingd, the total dipole field from all
other particles is

H152(
n51

`
2m

~nd!3 51.202
4m

4pm0d3 . ~3!

Therefore, for an infinite dipole,HT becomes
01140
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HT5Hext1H1 . ~4!

Using Eqs.~1!–~4!, the repulsive force between the dropl
interfaces is calculated. The multipole term has been
glected in these calculations, since its contribution is l
than 1023Fm @48#.

In order to study the effect of polymer adsorption on t
force profiles, we first take an emulsion washed at very l
concentrations of SDS~around 1

40 of the CMC!. Then the
emulsion is washed with the polymer~PVA! solutions of
desired concentration. After 4/5 washes, at the desired c
centrations, we keep the emulsion for at least 48 h to re
the equilibrium adsorption values. Normally we do not s
much variation on the force profiles after 48 h of incubatio
The pH of the solutions was fixed at 5~which is close to
natural value induced by the polymer!. The emulsions re-
main perfectly stable after the wash in the concentrat
range reported here. However, with concentrations m
aboveC* ~e.g., 4C* !, we have noticed destabilization. Forc
measurements in such cases are not possible. After the p
mer washing procedure, the polydispersity of the emulsio
slightly narrowed down. Though we have not measured
polydispersity value after the wash, the Bragg peak f
width at half maximum~FWHM! has been found to be nar
rower than the one before washing, indicating that the em
sion polydispersity is reduced.

IV. RESULTS

The initial emulsion is stabilized with SDS~anionic sur-
factant! and the droplet surface is negatively charged. T
force measurement in the presence of SDS shows a c
electrostatic repulsive force profile due to the charges at
interface of the droplets and the force profiles very well f
low one of the electrostatic repulsive force equations depe
ing @32,42# on theka values. When the droplet double laye
is very thin, (ka,5) the force profile follows the equation

Fr~d!54p«c0
2a2Fkd 1

1

d2Gexp@2k~d22a!#, ~5!
6-3
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JOHN PHILIPet al. PHYSICAL REVIEW E 66, 011406 ~2002!
where« is the dielectric permittivity of the suspending m
dium, c0 is the electrical surface potential, andk is the in-
verse Debye length essentially depending on the electro
concentration (Cs) and can be represented as@32#

k215S 1

4p D @2LB
2Cs#

20.5, ~6!

whereLB is the Bjerrum length. When the concentration
above the CMC value (CCMC), the Debye length is empiri
cally deducible from the amount of free ions only and do
not include the presence of charged micelles@49#,

k215S 1

4p DLB
2@2CCMC1~Cs2CCMC!Q#20.5. ~7!

For systems with thin double layer (ka,5), the expres-
sion for the interaction force can be obtained by Derjag
approximation, where the surface potential is assumed to
constant and independent of the inter particle spacingh,

Fr~d!52p«c0
2ak

exp@2k~d22a!#

@11exp~2k~d22a!#
. ~8!

The intensity of the electrostatic forces is governed by
surface potential while the Debye length dictates the rang
repulsion. We have already shown that the experime
slopes for different surfactant concentrations were in go
agreement with the theoretical slopes. The unknown par
eter in the theoretical equation is the surface potential, wh
was evaluated from the best fit. Figure 2 shows the De
length values obtained from the experimental slope of
force profile at different surfactant concentrations and
corresponding values derived from Eqs.~6! and~7!. Both the
values were in reasonable good agreement with each o
The measured surface potential values were in very g
agreement with those values obtained independently f
the electrophoresis mobility. If we need to get rid of t
excess charges at the oil interface, a small quantity of
SDS based ferrofluid emulsion is washed with a nonio
surfactant~NP10! a few times. It is very easy to chec
whether the droplet interface is charge free, from the fo
measurement experiment. When the droplets are charge

FIG. 2. The Debye length values obtained from the experim
tal slope of the force profile at different surfactant concentrati
and the corresponding theoretically obtained values.
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we can see a clean hard sphere profile at very short in
droplet separation. Our experience shows that 3/4 was
under controlledpH would be sufficient enough to get
clean hard sphere profile.

Earlier it has been demonstrated that the force profile
the presence of adsorbed polymers and weak polyelectro
decay exponentially with a decay length proportional to
radius of gyration@43#. It has also been found that the dec
length is insensitive to the bulk polymer concentration a
the nature of the liquid-liquid interface. For both molecul
weights of the polymers, we have performed the force m
surement studies before adding surfactants into the sys
The force profiles were clearly exponential with characte
tic lengths close to the radius of gyration. Recent investi
tions using optical tweezers@50# ~which allow potential mea-
surements between two colloidal particles! on micron-sized
silica spheres adsorbed with polymers also found a sim
exponential decay length proportional to the radius of gy
tion, in agreement with both mean field and scaling the
@51,52#.

Figure 3 shows the variation of force profiles in the pre
ence of PVA of 40 K at a concentration of 0.5 wt % fo
various sodiumdodecyl sulphate concentrations. The sur
tant concentrations were varied from about1

50 of CMC to two
times CMC. The force profile without any SDS is also show
in the Fig. 3~open circles!, which can be considered as th
reference curve. The force profiles can be represented
simple exponential function similar to the one observed
the case of pure polymers@43,50#

F~h!5k expS 2h

l D , ~9!

whereh is the interdroplet spacing andl is the decay length.
The characteristic decay length without surfactant in t
case was 7.6 nm, which is close to the hydrodynamic rad
of gyration of the PVA. In the presence of very small amou
of surfactant (0.26 mM ) the magnitude of force profile

-
s

FIG. 3. The variation of force profiles in the presence of PVA
molecular weight 40 K at a concentration of 0.5 wt % for vario
sodiumdodecyl sulphate concentrations.
6-4
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changed drastically, without much variation in the dec
length. Here the decay length increases slightly from 7.6
8.4 nm. However, the first interaction distance~which we
define as the distance at which the force value is
310213 N, which is close to our detection limit of 10213 N!
increases from 36 to 44 nm. As the concentration of S
increases further, both the magnitude and the first interac
distance increase. The increase in the magnitude of fo
continues up to the CMC of SDS. On further increase in
surfactants concentration, the force profiles are not alte
considerably.

Let us consider the case where the droplets are cov
with polymer alone. At the concentrations used in our exp
ments, the oil-water interface is fully covered with adsorb
polymer ~i.e., the plateau region in the adsorption curv!.
This has been confirmed earlier from force measurem
studies and from surface tension experiments@45#. Typical
values of the adsorbed amount of polymers above the pla
concentration are about 1.5–2.2 mg/m2. In the case of PVA
40 K, the first repulsion is observed at a distance of abou
nm, which is'4Rg .

Figure 4 shows the force profile for PVA of molecul
weight 115 K. The observed results were similar to that of
K. The value of decay length in the absence of surfactant
11.2 against the unperturbed coil diameter of 12 nm. T
values of Debye lengths for various surfactant concentrat
due to electrostatic contributions~without polymer! and the
experimentally observed decay length in the presence o
sociative polymers of two molecular weights are shown
Fig. 5. In the case of associative polymers, the character
decay length increases up to roughly the critical mice
concentration and decreases further. For both molec
weights, the variations were almost identical. The exp
mental decay lengths in the presence of polymer surfac
complexes show that the characteristic decay length rem
the same as the free polymer coil radius of gyration.

The experimental results on the force profiles prov
ample reasons to believe that the association or bindin

FIG. 4. Variation of force profiles in the presence of PVA
molecular weight 115 K at a concentration of 0.5 wt % for vario
sodiumdodecyl sulphate concentrations.
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surfactant molecules takes place at low surfactant concen
tions. There are two possibilities, when surfactant is adde
the emulsion droplets covered with polymer. First case is t
the surfactant molecules can preferentially adsorb at the
water interface, displacing the adsorbed polymer. If this h
pens, the magnitude of the force profile should decrease
the force profile would be shifted to the opposite directi
than the observed direction. Ultimately when the polym
coils are entirely replaced by the surfactant micelles,
force profile should follow the classical electrostatic rep
sive profile with a decay length equal to the Debye length
to the depletion of free polymer coils. Clearly the experime
tal decay length at a large surfactant concentration of f
times CMC is much larger~about 10 nm! compared to the
expected Debye length of 2.8 nm. Therefore, we can cle
rule out this possibility of electrostatic repulsion. The seco
possibility is that the surfactant molecules and micelles
remain in the continuous phase, without being associate
bound to the polymer chains. If this happens we do not
pect much changes in either the magnitude or the strengt
the force profiles, except a slightly compressed polymer c
due to free micelles in the bulk solution. Obviously this
not the case as seen in our force profiles. Therefore, by c
sidering the above facts, it is clear that the surfactant m
ecules interact with the micelles at low concentrations
SDS, leading to significant changes in the magnitude of
force profiles.

Figure 6 shows the variation of the first interaction leng
as a function of SDS concentration for both PVA. Here t
first interaction distance (2L0) increases rapidly with in-
creasing surfactant concentrations up to the CMC value
then it almost saturates. The experimental observations
gests that in the presence of charged surfactant molecule
micelles, the neutral polymer chain at the interface is c
verted into partial polyelectrolytes, where the charges on
chain repel each other and the electrostatic repulsion co
tively leads to chain stretching. Probably this would expla
the large shift in the onset of repulsion observed in our
periments, in the presence of polymer surfactant comp
The longest decay length observed in the case of PVA
and 40 K was around the CMC value. Independent exp
ments, from viscometry, on the radius of gyration of t

FIG. 5. The expected values of Debye lengths for various s
factant concentrations due to electrostatic contributions and the
perimentally observed decay length in the presence of associ
polymers of molecular weight 40 and 115 K.
6-5
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JOHN PHILIPet al. PHYSICAL REVIEW E 66, 011406 ~2002!
polymers also confirm the same trend in theRg variations
with the maxima around the same surfactant concentrati

The experimental force profiles show that the surfact
polymer binding process is a continuous process in the S
concentration range of 0.1– 10 mM . This shows that even a
low surfactant concentrations, the surfactant molecules b
the polymer, without much change in viscosity or conduct
ity values. We have not observed large variations in the
lution viscosities in our experimental values of the polym
and surfactant concentrations. In the case of PVA 40 K at
wt %, the viscosity (h/h0) increased from 1 to 2 in the sur
factant concentration range of 0.8– 10 mM . Even the turbid-
ity changes were not significant. This is mainly because
polymer concentrations used in our experiments are m
lower. Up to four times of CMC of surfactants, we have n
observed any gelation or macroscopic phase separation
our emulsions and the emulsions remain stable.

Finally, in order to check the universality of the assoc
tive behavior of PVA, we have performed the force measu
ments in the presence of two cationic surfactants, CTAB
TTAB, and a nonionic surfactant, NP10. The polymer us
in this case was PVA 155 K and the concentration was 0.
In the case of cationic surfactant TTAB and CTAB, we ha
observed similar behaviors in the force profiles where as
association is observed in the case of NP10. The variatio
the first interaction length (2L0) for the cationic, anionic,

FIG. 6. The first interaction length 2L0 ~onset of repulsion! as a
function of SDS concentration for PVA molecular weight 40 a
115 K.

FIG. 7. The variation in the first interaction length (2L0) for
CTAB, TTAB, SDS, and NP10. The polymer used in this case w
PVA 155 K and the concentration was 0.5 wt %.
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and nonionic surfactants is shown in Fig. 7. The CMC valu
are indicated in brackets in the figure inset. We can see
the first interaction length remains the same in the case
NP10 up to a surfactant concentration of 2.5 mM , which
corresponds to about four times CMC. This shows that
association does not takes place in this case or the ass
tion is very weak. In the case of CTAB and TTAB, the ran
of interaction starts rising at surfactant concentrations v
close to the CMC values. In the case of SDS, CTAB, a
TTAB the onset of association begins at surfactant conc
trations of 0.118, 1.35, and 1.4 mM , respectively. So, the
difference in these three cases is that the surfactant con
trations at which the association begins are different for
cationic and anionic surfactants. In the case of SDS, the
sociation begins even at very low concentrations well bel

s

FIG. 8. Schematic illustration of the polymer-surfactant assoc
tion at the droplet interface.~a! Without any surfactant, the confor
mation of polymer at the droplet interface. Here, the adsorbed p
mer adopts some arbitrary conformation with loops, trains and ta
~b! Conformation of polymer-surfactant molecules, well below t
CMC value, where the added surfactant tends to associate with
polymer chains leading to a ‘‘stretched-tail-like’’ conformation. N
micelles are present at this stage.~c! Conformation of polymer-
surfactant complexes above the so-called CAC. Under this co
tion, the neutral polymer chain at the interface behaves like a pa
polyelectrolyte complex where the charges on the chain repel e
other and the electrostatic repulsion collectively leads to ch
stretching on length scales larger than the electrostatic blob siz
6-6
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the CMC value~ 1
60 of CMC!. However, in the case of cat

ionic surfactant the association begins at concentrations c
to CMC. At the moment, we do not have an explanation
this behavior. The interesting aspect we have noticed is
the emulsions stabilized with the cationic or anion
surfactant-polymer complexes are highly stable compare
the electrostatically or sterically stabilized emulsions@53#.

The experimental results show that the ionic surfact
molecules interact with the polymer coils, which leads to
conversion of neutral polymer chains to a partial polyel
trolytelike complexes with a stretched conformation@54#.
The drastic increase in the first interaction distance with
creasing surfactant concentrations suggests that the pol
chain adopts a ‘‘stretched-tail-like’’ conformation due
bound surfactant molecules. As the concentration increa
more and more surfactant molecules and micelles~above
critical aggregation concentration called CAC! go into the
folded chains~loops!, which stretch the loops further. Earlie
investigations@14,18# on the associative behavior of SDS o
polyethylene oxide is that the polymer adsorbed on the
face of SDS micelles. These micelles are slightly sma
than free micelles and are uniformly spaced on each poly
coil. The equilibrium spacing between the micelles on
polymer coil is governed by the balance of adsorption ene
of the polymer segments and the electrostatic repulsion
tween the micelles. This picture seems to be true only in
case of ionic surfactants, whereas no electrostatic repul
between the micelles is expected in the case of nonio
surfactants. This could be the reason why we have not
served any stretching of the polymer coils in the presenc
nonionic surfactant. It has been found that within the agg
gates, there is strong repulsion between the polymer mo
mers, but as a whole, it retains the unperturbed radius
gyration of the polymer without micelles. What we have o
served on the decay length from the force profile is con
tent with SANS experimental results~i.e., the radius of gy-
ration remains more or less the same!. We have also found
that our experimental decay lengths were consistent with
unperturbed radius of gyration values obtained from vis
metric measurement.

The possible picture evolving from the association
polymer and the surfactant is sketched in Fig. 8. Figure 8~a!
shows the polymer covered ferrofluid droplets in the abse
of surfactants. Here, the polymer is adsorbed at the oil-w
l

l-

os
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interface with some arbitrary conformation of loops, train
and tails. Figure 8~b! shows that the individual unimer
~small open circles! of the surfactants associate with polym
coil at concentrations below CMC. Figure 8~c! shows the
conformation above CMC where micelles~filled circles! co-
exist with individual surfactant molecules, which associa
with polymer coils, and the electrostatic repulsion betwe
the charged micelles or surfactant molecules leads to stre
ing of polymer coil. In fact, the stretching process can co
tinue up to the critical association concentration, whi
seems to be dependent on the surfactant molecules an
nature of the oil-water interface. Once the concentration
ceeds the CAC, the free micelles and polymer-micelles co
plexes can coexist. A saturation in the onset of repulsion
expected when the polymer coil is fully stretched.

V. CONCLUSIONS

We have studied the forces between emulsion droplet
the presence of a neutral polymer—polyvinyl alcohol w
ionic and nonionic surfactants. The force profiles in the pr
ence of associative polymer follow an exponential scal
with a characteristic decay length, close to the radius of
ration of the polymer alone. This decay length was wea
dependent on the surfactant concentration. The onset o
repulsive force dramatically increases with increase in
surfactant concentration, suggesting that the adsorbed p
mer coils adopt a stretched conformation due to associa
of surfactant molecules. The variation in the onset of rep
sion indicates that the surfactant-polymer binding is a c
tinuous process. These results suggest that the assoc
polymers can be potential candidates for making the em
sions stable for a sufficiently long period.
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