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ABSTRACT: Force measurement between emulsion droplets in the presence of a neutral polymer, poly-
(vinyl alcohol), and an ionic surfactant, sodium dodecyl sulfate, reveals that the interaction between
polymer, surfactant, and colloid can lead to three distinct scenarios, depending on the sequence of
adsorption of polymer and surfactant onto the colloidal interface. In the first two cases, where the colloidal
interface is adsorbed with or without surfactant molecules, polymer-surfactant complexation occurs in
the bulk phase but without being adsorbed at the interface. Under the above condition, the repulsive
force between colloidal droplets is not significantly altered by polymer-surfactant complexes. In the third
case, where the polymer is preadsorbed at the colloidal interface, polymer-surfactant interaction leads
to dramatic changes in repulsive forces due to conformational changes of polymers at the interface,
enhancing the stability of the colloid considerably.

Introduction
The ability of polymer-surfactant complexes to alter

rheological properties and stability of colloidal formula-
tions has been exploited in various industrial products
such as paints, detergents, cosmetics, pharmaceuticals,
etc. There is a considerable amount of literature on the
topic of polymer-surfactant interaction, and we list only
a few articles that are relevant to the context of this
work.1-38 Most of the investigations on associative
behavior deal with interactions between polymer and
surfactant molecules in bulk solutions.1-21 Surprisingly,
the effect of polymer-surfactant interactions on col-
loidal stability has been investigated sparsely, though
it has tremendous technological importance, probably
due to lack of effective experimental tools. There are a
few studies on the effect of force between two mica
surfaces, under the influence of polymer-surfactant
interactions.22-27 However, polymer-surfactant interac-
tions in the presence of colloids can be much more
complicated. Three different situations can exist, de-
pending upon the nature of polymer, the interface, and
the surfactant.28-33 In the first case, the polymer and
surfactant are noncomplexing but both adsorb at the
interface, where there will be competition for surface
sites. (Another possible scenario in the above case is that
one of the species may adsorb at the interface.) In the
second case, the polymer and surfactant form a complex
but only one adsorb at the interface. The nonadsorbing
species may complex with the adsorbed species, thus
becoming effectively attached to the interface. There
may be a competition between the adsorbed surfactant-
polymer complexes and solution complexes. In the third
case, both polymer and the surfactant adsorb at the
interface and form solution complexes. Thus, they may
adsorb as a complex directly from solution and adsorb
individually. Here, competition may exist between sur-
factant, polymer, and the complex for adsorption.

Although there are number of studies on the associa-
tive nature of polymers in bulk solutions,1-21 solid
interfaces,28-38 and air-water interface,18,36 there are

no reports on the effect of surfactant interaction with a
polymer, which is already adsorbed at a liquid-liquid
interface such as emulsions. Earlier, Chari et al.18 have
made an attempt to understand the sequential adsorp-
tion behavior of polymer and surfactants in bulk solu-
tions, that is in equilibrium with colloidal particles, to
obtain insight into the stability toward Oswald ripening,
solvent-mediated phase transformation, and the inter-
play between polymer-surfactant interaction. They
have used ESR and equilibrium dialysis methods to
probe the stability aspects. However, it must be noted
that the destabilization mechanism, in the present
system, is mainly due to Brownian coagulation and
coalescence mechanisms due to poorly miscible nature
of octane and water. Compared to the classical approach
of assessing the stability of a colloidal system by visually
observing the settling of the colloidal formulation, the
force measurement tool utilized in our experiment is a
unique and robust approach which provides valuable
insights into the association phenomena (e.g., exact
values of decay length, radius of gyration of the ad-
sorbed polymers (Rg), first interaction length where the
tails begin to overlap, magnitude of force, etc.).

Since the interplay of forces acting between the
colloidal particles determines the stability of colloidal
systems, an understanding of the nature of forces
existing between colloidal particles is challenging from
both a fundamental point of view and practical consid-
eration to tailor colloidal formulations with long-term
stability. Using a new force measurement approach,39-41

we have been successful in investigating the role of
associative polymers on colloidal forces in the presence
of ionic and nonionic surfactants. Especially, our ex-
perimental tool has been very effective in obtaining
insight into the very early stages of polymer-surfac-
tant-colloidal interaction, i.e., much below the critical
aggregation concentration (cac). Recently, we have
investigated the third scenario, i.e., the effect of sur-
factant interaction with a polymer that is already
adsorbed at an oil-in-water interface and its influence
on colloidal forces.41-43 These investigations reveal that
neutral polymer layers, already adsorbed at an oil-in-
water interface, undergo a stretching due to its interac-
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tion with surfactants. Upon stretching, the first inter-
action length follows a power law dependence on
surfactant concentration.42 As a continuation of the
above work, we investigate the effect of polymer-
surfactant interaction on repulsive forces where the
colloidal particles are (I) preadsorbed with surfactant
molecules, (II) barely covered with surfactant molecules,
and (III) preadsorbed with polymer.

Experimental Section
Materials. Colloidal formulation used in the experiments

was a direct emulsion (i.e., oil-in-water) of ferrofluid. The
ferrofluid oil consists of a collection of ferromagnetic domains
of Fe2O3, of about 10 nm size, dispersed in a continuous phase
of octane. Monodispersed emulsions with narrow size distribu-
tions were obtained using the fractionation technique.44 When
surfactant concentration is above a critical micellar concentra-
tion, emulsions droplets begin to flocculate due to depletion
flocculation induced by nonadsorbed surfactant. As emulsion
droplets approach closer, the thickness of the continuous phase
film becomes smaller and smaller, and when it is smaller than
the micelle diameter, micelles are expelled from the thin film.
Therefore, the thin film region experiences a larger activity
of the solvent than the surrounding, and an osmotic pressure
develops, pushing the droplets closer. On addition of surfactant
to a critical concentration to a typical polydispersed O/W
emulsion, the dense phase of aggregated oil droplets separates
from a dilute phase of free droplets. At the flocculation
threshold, the dense phase contains most of the bigger droplets
and the dilute phase mainly smaller ones. In the first step,
the dilute phase is separated, and the dense phase is again
diluted with more surfactant. The above process is repeated
several times to obtain monodisperesed emulsion. Monodis-
persed oil-in-water emulsions with droplet diameter of about
194 nm have been used in our studies. The surfactant used in
our experiment, sodium dodecyl sulfate (SDS), was obtained
from Sigma. The polymer used in the studies was a statistical
copolymer of vinyl alcohol (88%) and vinyl acetate (vac-12%),
which is randomly distributed along the polymer chain with
average molecular weight of 155 000 units (155K). The un-
perturbed radius of gyration of the free polymer (Rg) was
obtained from dynamic light scattering and viscometric mea-
surements. The polymer concentration used in all our experi-
ments was 0.6 wt %. Triply distilled water filtered with a 0.22
µm Millipore filter was used. The size distribution of the final
emulsion has been measured by using a Malvern Instruments
master sizer. An optical phase contrast microscope (M/s Leica
DM IRM, Germany) equipped with a digital camera (JVC) and
imaging software (Leica) has been used for micromanipulation
of the emulsion droplets.

Methods: Force Measurement. Details of the force
measurement experimental procedure were described in ear-
lier publications.39-41 Because of the superparamagnetic nature
of ferrofluid droplets, they form chains when subjected to an
applied field because of induced magnetic dipole in each
droplet. The magnitude of the induced dipole is controlled by
the strength of the applied magnetic field. At low concentra-
tion, one droplet thick chains are well separated and oriented
along the field direction. Because of the presence of the one-
dimensional ordered structure, a Bragg peak appears, from
which the interdroplet separation (h) has been measured
precisely using a spectrograph. The condition for forming a
linear chain is that the repulsive force between the droplets
must exactly balance the attractive force between the droplets
induced by the applied magnetic field. The attractive dipole
force within an infinitely long chain is45

Here, m is the induced magnetic moment of each droplet,
which can be determined self-consistently from the intrinsic

susceptibility of the ferrofluid, spherical shape of the drop, and
presence of neighboring drops.

Here, µ0 is the magnetic permeability of free space and HT is
the total magnetic field acting on each drop. It must be noted
that the formula used in the force calculation assumes a
spherical shape for the droplets. Because of strong surface
tension, the elongation of the nanometer-sized droplet can be
very small. According to a calculation,45 for a ferrofluid droplet
of radius (r0) equal to 100 nm, at a magnetic field strength of
250 Oe, the eccentricity value is about 1.3 × 10-3. This
corresponds to the major axis “a” ) ((1-4) × 10-4)r0 and the
minor axis “b” ) ((1-2) × 10-4)r0. Therefore, it is evident that
the elongation of the droplet is negligible in the field strength
(force) used in our experiments.

The sensitivity in the distance measurement in our experi-
mental setup was 0.1 nm. The range of force that can be probed
using this technique is 10-11-10-13 N. Compared to the surface
force apparatus,46,47 where the force is measured between two
mica surfaces, we probe relatively weak forces existing be-
tween individual nanometer-sized colloidal particles. To study
the effect of polymer adsorption on the force profiles, the
emulsion is washed with PVA or surfactant solution for about
4-5 times and then incubated for about 72 h. No significant
variations in the force profiles were noticed under these
conditions. For association experiments, the required quantity
of surfactants is added to the incubated emulsion, and the force
measurements have been performed at 23 °C.

Experimental Results and Discussion
From the force profile, we deduce the decay length

(λ) from the slope and the first interaction length or
onset of repulsion (2L0) defined as the distance at which
the magnitude of force is 2 × 10-13 N. What is measured
by this technique is the repulsive forces between the
individual emulsion droplets as a function of distance
between them. For the sake of clarity, we first discuss
the nature of the force profiles when the colloidal
suspension is stabilized with surfactant and polymers
independently.

For a surfactant stabilized colloids, the electrostatic
double-layer force profiles decays roughly exponentially
with a characteristic length called the Debye length κ,
i.e., F(h) ≈ ψ0 exp(-κh). Here, the magnitude of force
is governed by the surface potential.39-41,47-50 The
inverse Debye length (κ-1) essentially depends on the
electrolyte concentration (Cs ) and can be represented
as46,47

where “q” is the charge, kT is the thermal energy, and
ε is the dielectric permittivity of the suspending me-
dium. Recent studies on force profiles between two mica
surfaces, using surface force apparatus, in the presence
of monovalent electrolytes also found excellent agree-
ment between the experimental and theoretically pre-
dicted values of the Debye length.50,51 However, elec-
trostatic screening length in solutions of multivalent
electrolytes shows deviations from theoretical predic-
tions.49

Measurement of forces between emulsion droplets in
the presence of ionic surfactants shows that the experi-
mental slopes of the force profiles for different surfac-
tant concentrations are in good agreement with the
theoretical predictions.39-41 The surface potential values
obtained from the best fit on the force profiles were also
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found to be in very good agreement with those obtained
independently from the electrophoresis mobility (e.g.,
-45 mV for sodium dodecyl sulfate stabilized octane
droplets from the best fit against -47 mV from electro-
phoresis mobility experiment). In the case of nonionic
surfactant stabilized droplets, a hard sphere force profile
at close contact (interdroplet spacing h ) 0) and the
observed diameter of droplet (2a ) λ0/2n) were in
reasonable agreement with that obtained from light
scattering experiments.40 Therefore, both magnitude
and decay length, obtained from the force profiles,
compare very well with theoretical predictions in simple
model systems.

The main contributions to the interaction free energy
for two colloidal particles, covered with polymers, ap-
proaching each other are originating from the loss of
configurational entropy of the polymer and the excluded-
volume interaction. The force profiles in the presence
of adsorbed polymers and weak polyelectrolytes decay
exponentially with a characteristic length proportional
to the radius of gyration.51,52

where “h” is the interdroplet spacing and “λ” is the decay
length. These observations were consistent with the
theoretical predictions obtained using both a mean field
and a scaling approach.53,54 The theory distinguishes the
loops and tail sections of the adsorbed chains and
involves three length scales: the adsorbed layer thick-
ness λ, an adsorption length z* that separates the
regions where the monomer concentration is dominated
by loops and by tails, and a microscopic length “b”
inversely proportional to the adsorption strength. The
experimentally observed decay length values for poly-
mers (PVA-vac) and polyelectrolytes (PAA) of different
molecular weights were in good agreement with the Rg
values obtained from light scattering and viscometry.
For example, for PVA of molecular weight 40 000 and
155 000, the characteristic decay length values obtained
from the force profile were about 6 and 16 nm, respec-
tively, and are in good agreement with the hydrody-
namic radius of 6.4 and 16.5 nm obtained from our
viscometric and light scattering measurements. Our
experimental studies on a variety of polymers and
polyelectrolytes of different molecular weights show that
the decay length values are comparable to the unper-
turbed radius of gyration. Recent investigations using
optical tweezers55 on micron-sized silica spheres ad-
sorbed with polymers also found a similar exponential
decay length proportional to the radius of gyration, in
agreement with both mean field and a scaling theory (λ
≈ 0.6Rg). Though the magnitude of force and the
distance ranges in the above two cases are significantly
different, the correlation between the decay length and
radius of gyration was remarkable. Therefore, the force
measurement experimental technique has been estab-
lished as a powerful tool to study the electrostatic, steric,
and electrosteric interactions between emulsion drop-
lets. It also gives accurate values of Debye length and
surface potentials for charge-stabilized colloids and
unperturbed radius of gyration of the polymer adsorbed
at the interface.

First, we discuss the results of case I where emulsion
is initially stabilized with SDS at 8 mM (cmc). Into the
above system, polymer concentration is increased sys-
tematically. The repulsive force as a function of distance

between the ferrofluid droplets, stabilized with SDS at
8 mM concentration, is shown in Figure 1 (marked as
0% PVA). Slowly we introduce PVA of different concen-
trations varying from 0.002, 0.005, 0.01, and 0.5% to
study the effect of polymer-surfactant complexation on
force profiles. After each addition, the emulsion is
incubated for over 48 h for reaching the equilibrium. It
can be seen that the force profiles remain almost the
same as in the case of 0% PVA. The average decay
length for these curves was found to be 2.7 nm and is
shown by the solid line. In the above case, it is obvious
that the bulk aqueous fluid contains surfactant mol-
ecules (free) in equilibrium with micelles. As the effec-
tive concentration is above cmc, the interface must be
fully covered by surfactant molecules, and the expected
decay length under the above condition is 3.4 nm. The
experimental value of the decay length obtained from
the force profile, 2.9 nm, is in good agreement with the
predicted value. When polymer is introduced into the
solution, some micelles from the bulk will associate or
bind with the polymer coil and remain in equilibrium
with the free micelles and excess polymers (depicted in
Figure 8). At the cmc of SDS, the interface of emulsion
droplets must be fully covered with surfactant molecules
and correspond to the plateau of the adsorption curve.
When the emulsion is preadsorbed with surfactant
molecules, the introduction of polymer did not influence
the force profile significantly. If there was adsorption
of polymer or polymer-surfactant complexes at the
emulsion interface, the decay length would have been
increased to a value close to the unperturbed radius of
gyration of the PVA, which was around 16 nm. However,
the decay length variation for the PVA concentration
range of 0.001-0.5 wt % was 2.93-2.51 nm, and the
corresponding 2L0 values were 20.4 and 18.6 nm,
respectively. Both the decay length and the 2L0 values,
with varying polymer concentration, are plotted in
Figure 2. Neither the decay length nor the 2L0 values
vary significantly with increasing polymer concentra-
tion.

Figure 3 shows the force distance profile for an
emulsion very weakly charged (stabilized with SDS at
a concentration of 0.27 mM or cmc/30). Polymer and
surfactant were premixed separately and later added
to the emulsion. In all these cases, the polymer concen-
tration was fixed at 0.6 wt %. Premixed polymer-
surfactant mixture was incubated sufficiently (>2 h)

F(h) ) k exp(-h
λ ) (4)

Figure 1. Forces between the ferrofluid droplets, preadsorbed
with sodium dodecyl sulfate (SDS) at 8 mM (case I), as a
function of distance, for various PVA concentrations: 0, 0.002,
0.005, 0.01, and 0.5 wt %. The solid line represents the average
value of the best fit, where the average decay length is about
2.7 nm.
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before adding to the emulsion. The force profiles are
again repulsive and exponentially decaying with a
characteristic decay length comparable to the Debye
lengths, corresponding to the equivalent amount of
surfactant concentration present in the premixed sys-
tem. The values of the decay length obtained from the
force profiles for surfactant concentrations 0.27, 0.81,
1.16, 2.7, 8.1, 40.5, 81, and 160 mM were 7.52 (18.9),
7.5 (10.9), 6 (9.1), 4 (6.0), 3 (3.4), 2.5 (2.8), 2.1 (2.3), and
1.86 (1.9) nm, respectively. The theoretical values of
Debye length for equivalent surfactant concentrations
are given in parenthese. The first interaction length
dropped from 42 to 14 nm over the above concentration
range. This shows that although polymer-surfactant
complexes are formed in the bulk solution, the excess
surfactant molecules have an affinity to adsorb at
droplet interface. Here, neither the polymer nor the
polymer-surfactant complexes are adsorbed at the
emulsion interface.

For case III, where the polymer is preadsorbed at the
emulsion droplet interface, the force profiles are shown
in Figure 4. The force profile in the absence of any
surfactant is the reference curve (0 mM). The polymer
concentration in all the curves was 0.6 wt %, corre-
sponding to the plateau in the adsorption isotherm
(1.5-2 mg/m2 for the oil-water interface).51,56 The force
profiles are repulsive and exponentially decaying with
a characteristic decay length comparable to the Rg of

free polymer (16 nm). As the concentration of the
surfactant increases, the decay length and the onset of
repulsion increase. Here, the SDS concentration was
varied from 0.1 to 1.6 mM. Beyond 1.6 mM, we were
not able to measure the Bragg peak (and hence the
interdroplet spacing h) due to poor reflectivity from the
samples. The variations of the experimentally obtained
decay length and 2L0 values for case II and case III are
shown in Figures 5 and 6, respectively. In case II, both
decay length and 2L0 values decrease with increasing
surfactant concentration, while under case III, both the

Figure 2. Decay length (λ) and first interaction length (2L0)
values deduced from the force curves in Figure 1 as a function
of polymer concentrations. Emulsion used in the above case
was stabilized with SDS at 8 mM.

Figure 3. Force profiles for different SDS concentrations (case
II), where premixed PVA-SDS was added to the emulsion. In
all the cases, the polymer concentration was 0.6 wt %. The
surfactant concentrations were 0.27, 0.81, 1.16, 8.1, 40.5, 81,
and 160 mM. The best fits, using eq 4, are shown by the solid
lines.

Figure 4. Force profiles for different SDS concentrations (case
III), where PVA is preadsorbed on emulsion droplets. In all
the cases, the polymer concentration was fixed at 0.6 wt %.
The surfactant concentrations were 0.1, 0.2, 0.28, 0.45, 0.6,
0.8, 1.157, and 1.6 mM. The best fits, using eq 4, are shown
by the solid lines.

Figure 5. Decay length, values deduced from the force curves
in Figures 3 and 4, as a function of surfactant concentrations.
Solid line is a guide to the eye.

Figure 6. First interaction length (2L0) values deduced from
the force curves in Figures 3 and 4 as a function of surfactant
concentration. Solid line is a guide to the eye.

Macromolecules, Vol. 36, No. 24, 2003 Polymer, Surfactant, and Colloidal Interaction 9233



values increase with surfactant concentration, beyond
some surfactant concentration. The decay length values
for the surfactant concentrations 0.1, 0.2, 0.28, 0.45, 0.6,
0.8, 1.157, and 1.6 mM were 14.6, 14.5, 15, 15.8, 17.37,
18.9, 19, and 19.9 nm, respectively. It can be seen that
the 2L0 value has increased from 93 to 165 nm when
the surfactant concentration was changed from 0.1 to
1.6 mM. Though we were not able to increase the
surfactant concentration up to the saturation levels, we
have been able to see the saturation points clearly for
polymers of low molecular weights (40K and 115K).42,43

These results indicate that there is no desorption of the
polymer from the droplet interface, with increasing
surfactant concentration, in case III. These results show
that the interaction between the surfactant and pread-
sorbed polymer drastically changes polymer conforma-
tion at the interface and hence the repulsive forces,
especially the onset of repulsion. The polymer-surfac-
tant interaction leads to changes in the hydrophobic-
hydrophilic balance of the polymer coil, which causes
conformational changes in the polymer coil. Though the
experimental decay lengths increases marginally with
increasing surfactant concentrations, the magnitude of
increase was not significant compared to the increase
of 2L0 values.

Small-angle neutron scattering (SANS) results33 on
polystyrene latex preadsorbed with gelatin showed that
the adsorption of gelatin on the latex particle increases
with SDS up to a concentration range of 2-4 mM.
Further increase in the SDS leads to saturation at
around 16 mM, corresponding to a maximum expansion
of gelatin layer due to saturation in the inter- and
intrachain repulsion. Although the nature of interface
in the above experiment is very much different from our
case (i.e., negatively charged polystyrene-water inter-
face adsorbed with polyampholyte gelatin), we could also
see a saturation in the decay length at higher surfactant
concentration (about 4.0 mM SDS at a concentration of
0.45 wt %). In the case of PVA at lower molecular
weights (40K) the saturation occurs at a surfactant
concentration of 8 mM.42,43 Though desorption of ad-
sorbed complexes (gelatin-SDS) from the polystyrene
at very high concentrations of SDS (.cmc) was ob-
served, such desorption was not evident from the force
profiles in the case of emulsion droplets, probably due
to lower surfactant concentrations used in our experi-
ments. The force profiles were remarkably reproducible
in the presence of polymer-surfactant complexes over
a period of more than 12 months, indicating equilibrium
in the adsorption characteristics (Figure 7). In the
presence of polymer alone, the force profiles often show
slight hysteresis with time. However, no such hysteresis
has been observed under associating conditions.

It is well-known that the critical aggregation concen-
tration (cac) values vary with the nature of surfactants
(alkyl chain length, headgroup, charge density, etc.). But
the question here is whether the cac values are the same
in the case of two-component (polymer-surfactant) and
three-component systems (polymer-surfactant-colloid).
We have measured the cac values in bulk solutions
(without emulsion) using conductivity and viscometry,
and values in the bulk solution for SDS- PVA system
were about 2.9.mM (for 155K) and 4.3 mM (for 40K).
However, the force experiments with three-component
system show that the onset of repulsion begins at
surfactant concentrations of 0.12 and 0.16 mM for 155K
and 40K, respectively. We must note that the repulsive

force profile measured here is due to steric interaction
between colloidal particles covered with polymers and
not due to the interaction between polymer-surfactant
complexes in the bulk. This shows that the onset of
repulsion we measure from the force profile is highly
sensitive to the association phenomena. These experi-
mental observations suggest that in the case of three
component systems one needs to simultaneously exam-
ine what happens to the polymer at the interface and
those in the bulk during the association process. This
also suggests that the critical concentrations at which
the association occurs for the adsorbed polymer and the
free polymer in the bulk solution could be different.

In contrast to our force measurement and SANS33

results, surface force measurements on the association
between a low charge density polyelectrolyte, adsorbed
onto negatively charged mica (and silica) surfaces, and
sodium dodecyl sulfate show considerable reduction of
the repulsive forces as the surfactant concentration is
increased.26 It has been found that the onset of repulsion
(2L0) was decreased from 80 to about 40 nm when the
SDS concentration is increased from 0 to 2 mM, due to
desorption of the polyelectrolyte at higher surfactant
concentrations. These experimental results clearly show
that the adsorption at the interface depends on the
sequence or conditions at which the surfactant and
polymer are introduced into the colloidal formulations.
Recent neutron reflectivity studies,6 to determine the
adsorbed amount of surfactants at the interfaces in
multicomponent systems, also reveal that the adsorption
at the interface depends on the competition between the
complex formation in the bulk and at the interface.

On the basis of the above experimental findings, the
expected conformations of polymer-surfactant com-
plexes at the oil-water interface are depicted in Figure
8a-c. In case I, the added polymer associates with
excess surfactants present in the bulk solution, but the
complexes prefer to remain in the bulk phase. Alter-
nately, the polymer-surfactant complexes are unable
to displace the bound surfactant molecules from the
liquid-liquid interface. Irrespective of the amount of
polymer-surfactant concentration in the bulk, the
experimental decay length values (2.7 nm) remain
comparable to the Debye lengths (3.4 nm), correspond-
ing to the concentration of ion species in the bulk
solution (eq 3). This means that the force profile is
dictated by the double-layer forces due to adsorbed
surfactant molecules. In case II, the decay length
decreases with increasing surfactant concentration.

Figure 7. Force-distance profiles for PVA 155-SDS stabilized
emulsion at various intervals of time. The polymer concentra-
tion was 0.65 wt %, and the surfactant concentration was 1.6
mM. The solid line shows the exponential fit (eq 4).
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Above some surfactant concentration (i.e., above 8 mM
SDS), the decay length almost coincides with the Debye
length, indicating that the droplet interface is fully
adsorbed with surfactant molecules. This shows that
polymer-surfactant complexes remain in the bulk solu-
tion. In case III, the initial decay length values (≈15.0
nm) correspond to the Rg value of the PVA, indicating
that the polymer is adsorbed at the oil-water interface.
As the concentration of SDS increases, it interacts with
the adsorbed polymer tails, leading to conformational
changes of the adsorbed polymer. We believe that the
ionic surfactants are bound to the sparsely covered
“distal regime” which is further stretched by surfactant
molecules or micelles. As the concentration increases,
more and more surfactant molecules and micelles go
into the folded chains (central regime) that stretch more
loops further. Therefore, at higher surfactant concentra-
tions, the neutral polymer chains at the interface are
likely to adopt diblock polyelectrolyte type conforma-
tions on the emulsion droplet, with one block (hydro-
phobic-vac) anchored at the oil interface and the other
block (hydrophilic-PVA) with adsorbed micelles, stretched
out in the continuous phase. Here, the charges on the
chain repel each other, and the electrostatic repulsion
collectively lead to chain stretching on length scales
larger than the electrostatic blob size.57,58 The stretching
is expected to continue until the coils are saturated with
adsorbed surfactant micelles. Finally, these experimen-
tal findings reveal that the polymer-surfactant com-
plexation results originating from various experimental
techniques can be compared only if the sequence of
adsorption and experimental conditions are similar.

Concerning the generality, we have studied the force
measurements using polymers of three different molec-

ular weights (40K, 115K, 155K), four surfactants (cat-
ionic, anionic, and nonionic), and emulsions made of
different oils. In all those cases, we could observe the
same phenomena. More careful experiments like SANS
may bring new insights into this rather “intriguing”
stretching phenomena.

Conclusions

Systematic force measurements between emulsion
droplets in the presence of neutral polymer and surfac-
tant reveal that the polymer-surfactant can lead to
three distinct scenarios, depending on the sequence of
adsorption of polymer or surfactant onto the colloid. The
stability of the colloid can be enhanced only if the
polymer is preadsorbed on the colloids, before the
polymer-surfactant complexation is initiated. Under
the above condition, the polymer-surfactant interaction
leads to dramatic changes in the repulsive forces due
to conformational changes of the polymer at the inter-
face. The adsorption at an interface depends on the
competition between the complex formation in the bulk
and at the interface. Finally, the new experimental
findings provide the right conditions at which the
polymer-surfactant complexation can enhance the sta-
bility of the colloidal suspension significantly and the
role of sequential adsorption of polymer, surfactant, and
colloid on repulsive forces.
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