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Effect of polymer-surfactant association on colloidal force

John Philip? T. Jaykumar, P. Kalyanasundaram, and Baldev Raj
DPEND, Indira Gandhi Centre for Atomic Research, Kalpakkam-603 102, India

O. Mondain-Monval
Centre Recherche Paul Pascal, Avenue Albert Schewitzer, 33600 Pessac, France
(Received 28 November 2001; revised manuscript received 20 February 2002; published 30 July 2002

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 sodiumdodecy! sulphate, the cationic surfactants are cetyltrimethylammonium bromide and
tetradecyltrimethylammonium bromide, and the nonionic surfactant is nonylphenol ethoyRi@. 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.
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[. INTRODUCTION cal applications. In this paper, we try to obtain some insights
into the polymer-surfactant association process from the col-
Polymer-surfactant interactions have been a topic of infoidal force measurements.
tense research for the last 3 decafles27]. Understanding Force measurement techniques have been widely used to
of the associative behavior of such polymer-surfactant comgain insights into the colloidal stability. The net force acting
plexes is not only of fundamental interest, but also findsbetween the colloidal particles determines the stability of the
many industrial applications. The ability of polymer- colloidal system. The most important forces that determine
surfactant complexes to alter the rheological properties ofhe stability of the colloidal dispersions are van der Waals
aqueous solutions led to many formulations in the area oéttractive forces, electrostatic forces and steric forces due to
medicine, food, detergent, enhanced oil recovery, cosmeticshe adsorbed polymers. Although, stabilization of the colloi-
etc. There are numerous studies to obtain insights into theal dispersions with macromolecules has been explored in
polymer-surfactant or polyelectrolyte surfactant complexesyarious technological applications for many years, the inter-
using various techniques such as small angle neutron scattetetions between polymer bearing surfaces have been studied
ing (SANS), x-ray reflectivity, light scattering, electron spin directly only after the introduction of the surface force mea-
resonance, surface tension, viscometry, nuclear magneti&urement apparati&8]. Steric stabilization of the colloidal
resonancéNMR) spectroscopy, dye solubilization, conduc- dispersions has triggered a lot of interest in recent years due
timetry, etc.[13-21]. Some of the most recent studies on to its several advantages over its electrostatic counterpart and
surfactant associations include surfactant assisted entangl&ore importantly due to its numerous industrial applications
ment of interfacial polymer chains using dynamic light scat-[29,30. It is well known that electrostatically stabilized col-
tering [23], investigations on the binding isotherm of star loids often coagulate when the ionic strength of the medium
polymers with surfactants by NMR and small angle neutronis increased sufficiently, due to the reduction in the spatial
scattering[24], foaming behavior of anionic surfactants in extension of the electrical double layg&l]. One major ad-
the presence and absence of nonionic polyf28}, interac- vantage of using macromolecules as stabilizers is that the
tion between polgacrylic acid and an ethoxylated nonionic double layers are less sensitive to electrolyte concentration.
surfactant[26], and interaction of microblocky twin tailed The forces between surfactant and polymer covered inter-
acrylamido terpolymers with different kinds of surfactantsfaces have been investigated thoroughly using various force
[27]. It should be realized that this topic of polymer- measurement techniques, as a result, this topic is rich and
surfactant association is so vast and we have tried to list onlynderstood to a great extef82—35. Compared to the un-
some of the recent papers concerning polymer-surfactant aderstanding of forces in the presence of surfactants or poly-
sociation. Most of the above investigations were aimed taners, the understanding of polymer-surfactant complexes is
understand the nature of interactions from fundamental poirgtill in infancy. In recent years there have been some at-
of view, which could be finally transformed into technologi- tempts to explore the forces in the presence of associative
polymers and polyelectrolytd86—41. The effect of an an-
ionic surfactant addition to the forces between surfaces pre-
*Corresponding author. Email address: philip@igcar.ernet.in ~ coated with a high charge density cationic polyelectrolyte
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was investigated by Claess@®6]. Similarly the associative ment corresponds to about 8, 12, and 16 nm, respectively.
behavior of ionic surfactants and polylectrolytes has beeThe experiments were carried out at a concentration well
studied[37]. Atomic force microscopy is employed to inves- below the overlap concentratiol€t) for the two polymers.
tigate the interaction forces between a mica surface and ®he polymer concentration was 0.68 wt % for 40 K and 0.5
colloidal glass sphere in the presence of a high moleculagt o, for 115 K. PVA is a neutral polymer and hence the
weight cationic polyelectrolyte and an anionic surfactante|ectrostatic effect need not be considered in the interpreta-
[38]. Most of the force measurements have been carried oyjon.

by using the surface force apparatus SFA. Numerous other anionic surfactant used in our experiments was sodium-

approaches have also been invented for measuring surfata%dec | sulphateSD C.-H.SO, Na). The purity of
forces directly and indirectly. Recently a new technifg@-  ong xas 98.9%e(andsw£\slc2)bt2;ineé fror)n. Sigh |ps_)_ ¥he

45], called magnetic field induced chaining technidMECT . . - .
ha]s been introgduced to probe the forces %etweer(1q tiny zzolloipumy. of the cationic surfactqnts cetyltnmet_hylammon_mm
dal particles. In the case of SFA, the force is measured belgromlde (CTAB), Tetradecyltrimethylammonium  bromide

tween semimacroscopic surfadesica) whereas in MCT, the (TTAB) and the nonionic surfactant nonylphenol ethoxylate
f OSCOp ) ’ (NP10 were also 99%. The critical micellar concentration
orces between individual colloidal droplets are measured CMC) of SDS, CTAB, TTAB, and NP10 are 8.0, 0.9, 3.5

Using this technique, one can measure the colloidal forces iand 0.7 mM réspecti\;ely Tri’ply distilled water .W:as .uéed. i’n
Zis\?l;griigggety of materials encountered in emulsions an(?he preparation of surfactant and polymer solutions. Addition

In this paper we report the results of the force measure(—)f hydrochloric acid or NaOH controlled the pH of the solu-

ment between emulsion droplets for understanding the assct)'—ons’ wherever it was required.
ciative behavior of polymer-surfactant complexes and its in-
fluence on the long-term stability of the emulsions. We
investigate the forces between individual emulsion droplets lll. EXPERIMENT
(oil in waten in the presence of polyvinyl alcoh@PVA) and We briefly describe the principle of the force measure-
under varying surfactant concentrations. We compare thgent approach, for details one may refer to earlier publica-
force measurement data in the presence of polymerions[42-45. As the ferrofluid droplets are superparamag-
surfactant mixture with those obtained in the presence Ofgtic in nature, an applied field induces a magnetic dipole in
polymer and the surfactant independently. each drop, causing them to form chains. Without external
field, these droplets have no permanent magnetic moments
II. MATERIALS b(_acguse of the random orientation o_f the magnetic grains
within the droplets, due to thermal motion. An external mag-
Emulsion used in our studies was Ferro flgail in wa-  netic field orients these magnetic grains slightly toward the
ter). Ferro fluid oil consists of a collection of ferromagnetic field direction, which results in a dipole moment in each
domains of FgO5 dispersed in the octane. The typical size of droplet. The magnitude of the magnetic dipole moment in-
the FeO; particles is about 10 nm. The inner surfactant usectreases with the strength of the applied field until saturation
to stabilize the oxide particles against van der Waals attrads reached. At low concentration, one-droplet-thick chains
tion was oleic acid. The technique used to make the stockre well separated and oriented along the field direction. Due
emulsion is the classical inversion methjatb]. After mix- to the presence of the one-dimensional ordered structure,
ing, we obtain a polydispersed emulsion with a droplet sizeBragg peak can be observed, from which the interdroplet
ranging from 0.1 to 1Lum. Monodispersed emulsions with separation is estimated precisely. The condition for forming a
narrow size distributions were obtained using fractionatiorlinear chain is that the repulsive force between the droplets
techniqug 47]. The size distribution of the final emulsion has must exactly balance the attractive force between the drop-
been measured by using a Malvern Instruments master sizdets induced by the applied magnetic field. The spacing be-
Emulsion droplets with a diameter of about 200 nm havetween droplets is directly measured from the determination
been used in our studies. The polydispersity of the emulsionsf the spectral distribution of the scattered light at a constant
used in our experiments was about 7%. angle. For perfectly aligned particles with a separatioi’
The polymer used in these experiments was a statisticahe first order Bragg condition leads t@2 A,/n. Wheren
copolymer of vinyl alcoholCH,CHOH 88% and vinyl ac- is the refractive index of the suspending medigm=1.33
etate[CH,CH (OCOCH,)) 12%)], which is randomly distrib-  for watep and)\, is the wavelength of the light Bragg scat-
uted along the polymer chain, of three average moleculatered at an angle of 180 deg. The peak position moves to-
weights of 40000, 115000, and 155 00tere after referred ward smaller wavelength as the field is increased. Because
as PVA 40, 115, and 155 K respectivelpbtained from Al-  the droplets are monodispersed and negligibly deformable
drich, U.S. and used as such. Here the vinyl alcohol is hyewing to their large capillary pressure, the corresponding
drophilic and the vinyl acetate is hydrophobic in nature.interfacial separation i$'=d—2a. The magnitude of the
These polymers are water soluble at room temperature aridduced dipole is controlled by the strength of the applied
the theta temperature of PVA-vac in water is around 97 °Cfield. The block diagram of the force measurement apparatus
By varying the content of acetate, the hydrophobicity of theis shown in Fig. 1. It comprises a solenoid-type electromag-
polymer can be altered. The radius of gyratiep of these net and variable current source, to subject the magnetic
polymers obtained from the hydrodynamic radii measureemulsions to variable magnetic field. By varying the mag-
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FIG. 1. Block diagram of the
) force measurement experimental
Photo diode array
| P.C. setup.
Monochromator '
Bragg peak A
Interface card  —
netic field strength, the distance between the colloidal par- Hy=Hegqt H;. (4

ticles can be controlled. A white light source illuminates the
colloidal particle. Optical fibers direct and steer the incomingUsing Egs.(1)—(4), the repulsive force between the droplet
and out going light beam and a polarizing beam splitter turnsnterfaces is calculated. The multipole term has been ne-
the reflected light 90 deg with respect to the incoming beamglected in these calculations, since its contribution is less
A monochromator with holographic grating diffracts the light than 10 3F, [48].
beam. A photodiode array with an interface card and a com- In order to study the effect of polymer adsorption on the
puter is used for detection of Bragg peak position, width, andorce profiles, we first take an emulsion washed at very low
intensity. concentrations of SD$around z; of the CMQ. Then the
The force measurement procedure is briefly discussed bemulsion is washed with the polymégPVA) solutions of
low. To form a stable chain of droplets, the repulsive forcedesired concentration. After 4/5 washes, at the desired con-
between the droplets must exactly balance the attractiveentrations, we keep the emulsion for at least 48 h to reach
force between the dipoles induced by the applied magnetithe equilibrium adsorption values. Normally we do not see
field. The dominant force in a field induced droplet chain ismuch variation on the force profiles after 48 h of incubation.
the dipole-dipole attraction. The van der Waals contributionThe pH of the solutions was fixed at &vhich is close to
also becomes significant at short distances. The attractiigatural value induced by the polymeiThe emulsions re-

dipole force within an infinitely long chain igt8] main perfectly stable after the wash in the concentration
. range reported here. However, with concentrations much
S 6m’ ~1.202 3m? ! aboveC* (e.g., 4C*), we have noticed destabilization. Force
chain— = &4 n (nd)*  2m7ue d* (1) measurements in such cases are not possible. After the poly-

mer washing procedure, the polydispersity of the emulsion is
Here, m is the induced magnetic moment of each drop,S|ight|y narrowed down. Though we have not measured the
which can be determined self consistently from the intrinsicpolydispersity value after the wash, the Bragg peak full
susceptibility of the ferrofiuid, spherical shape of the drop,width at half maximum(FWHM) has been found to be nar-
and the presence of neighboring drops, rower than the one before washing, indicating that the emul-
sion polydispersity is reduced.
m= ,LL047Ta3XSH T/3 (2)
Here, uq is the magnetic permeability of free space aihgl V. RESULTS
is the total magnetic field acting on each drbl: is the sum The initial emulsion is stabilized with SD&nionic sur-
of external applied fieldH ¢,y and the field from the induced factan} and the droplet surface is negatively charged. The
magnetic momentsH,) in all the neighboring drops in the force measurement in the presence of SDS shows a clean
chains. For a droplet within an infinitely long chain of par- electrostatic repulsive force profile due to the charges at the
ticles with equal spacingl, the total dipole field from all interface of the droplets and the force profiles very well fol-

other particles is low one of the electrostatic repulsive force equations depend-
. ing [32,42 on thexa values. When the droplet double layer
H _22 2m 1200 am 3 is very thin, (ka<5) the force profile follows the equation
VNS (d® T A ped®

1
F.(d)=4ms y2a? §+ J|exd—x(d=22)], (5

Therefore, for an infinite dipole;l becomes
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FIG. 2. The Debye length values obtained from the experimen-
tal slope of the force profile at different surfactant concentrations o
and the corresponding theoretically obtained values. 0 20 40 60 80

. . . . . : Interdroplet spacing (nm)
wheree is the dielectric permittivity of the suspending me-

dium, i is the electrical surface potential, ards the in- FIG. 3. The variation of force profiles in the presence of PVA of
verse Debye length essentially depending on the electrolytamolecular weight 40 K at a concentration of 0.5 wt % for various
concentration ) and can be represented [@2] sodiumdodecyl sulphate concentrations.

B B we can see a clean hard sphere profile at very short inter-
Kk t=|—=|[2LEC,7°° (6) i i
4 B™s ' droplet separation. Our experience shows that 3/4 washes
under controlledpH would be sufficient enough to get a
wherelLg is the Bjerrum length. When the concentration is clean hard sphere profile.

above the CMC valueCGcyc), the Debye length is empiri- Earlier it has been demonstrated that the force profiles in
cally deducible from the amount of free ions only and doeghe presence of adsorbed polymers and weak polyelectrolytes
not include the presence of charged mice[g), decay exponentially with a decay length proportional to the

radius of gyratior{43]. It has also been found that the decay
N _ length is insensitive to the bulk polymer concentration and
K l:(E)Lé[ZCCMCHCS_ Comc)Q1™™% () the nature of the liquid-liquid intef)rfa)ée. For both molecular
weights of the polymers, we have performed the force mea-
For systems with thin double layek&<5), the expres- surement studies before adding surfactants into the system.
sion for the interaction force can be obtained by DerjaguinThe force profiles were clearly exponential with characteris-
approximation, where the surface potential is assumed to béc lengths close to the radius of gyration. Recent investiga-

constant and independent of the inter particle spahing tions using optical tweezef50] (which allow potential mea-
surements between two colloidal partigles micron-sized
exf —«(d—2a)] silica spheres adsorbed with polymers also found a similar

Fr(d)ZZWS(//(Z)aK

[1+exp —«(d—2a)] ®) exponential decay length proportional to the radius of gyra-
tion, in agreement with both mean field and scaling theory
The intensity of the electrostatic forces is governed by thé51,52.
surface potential while the Debye length dictates the range of Figure 3 shows the variation of force profiles in the pres-
repulsion. We have already shown that the experimentatnce of PVA of 40 K at a concentration of 0.5 wt% for
slopes for different surfactant concentrations were in goodarious sodiumdodecyl sulphate concentrations. The surfac-
agreement with the theoretical slopes. The unknown parantant concentrations were varied from abguof CMC to two
eter in the theoretical equation is the surface potential, whictimes CMC. The force profile without any SDS is also shown
was evaluated from the best fit. Figure 2 shows the Debyé@ the Fig. 3(open circleg which can be considered as the
length values obtained from the experimental slope of theeference curve. The force profiles can be represented by a
force profile at different surfactant concentrations and thesimple exponential function similar to the one observed in
corresponding values derived from E¢®). and(7). Both the  the case of pure polymefd3,50
values were in reasonable good agreement with each other.
The measured surface potential values were in very good F(h)=kexp<—
agreement with those values obtained independently from A
the electrophoresis mobility. If we need to get rid of the
excess charges at the oil interface, a small quantity of th&hereh is the interdroplet spacing andis the decay length.
SDS based ferrofluid emulsion is washed with a nonionicThe characteristic decay length without surfactant in this
surfactant(NP10 a few times. It is very easy to check case was 7.6 nm, which is close to the hydrodynamic radius
whether the droplet interface is charge free, from the forceof gyration of the PVA. In the presence of very small amount
measurement experiment. When the droplets are charge fregf, surfactant (0.26 i) the magnitude of force profile

: (€)

011406-4



EFFECT OF POLYMER-SURFACTANT ASSOCIATION ON . ..

30

PHYSICAL REVIEW &b, 011406 (2002

10" s e S ———— . -
— —+—spsom | ] & SDS only
—o—0.00016 M | 1 z ° s 115K
S ooem | - €2 cd0K |
—o—o.0012M | | £
—=—0.002 M g .
L ]
Z —&— 0.004 M 1 - " .
b —&—0.008 M gwof " SN . o .
£ . n —0—0.016 M 8 * °8 e o
£ 107 ¢ —v—0.032M . o5
r ] © © o 00
1 0 Y T
3 | 0.0001 0.001 0.01 0.1
G y SDS Concentration (M)
FIG. 5. The expected values of Debye lengths for various sur-
factant concentrations due to electrostatic contributions and the ex-
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perimentally observed decay length in the presence of associative
polymers of molecular weight 40 and 115 K.
Interdroplet spacing (nm)

surfactant molecules takes place at low surfactant concentra-
tions. There are two possibilities, when surfactant is added to
the emulsion droplets covered with polymer. First case is that
the surfactant molecules can preferentially adsorb at the oil-
changed drastically, without much variation in the decaywater interface, displacing the adsorbed polymer. If this hap-
length. Here the decay length increases slightly from 7.6 tgens, the magnitude of the force profile should decrease and
8.4 nm. However, the first interaction distangghich we the force profile would be shifted to the opposite direction
define as the distance at which the force value is 2.@han the observed direction. Ultimately when the polymer
x 10" N, which is close to our detection limit of I63N)  coils are entirely replaced by the surfactant micelles, the
increases from 36 to 44 nm. As the concentration of SDSorce profile should follow the classical electrostatic repul-
increases further, both the magnitude and the first interactiosive profile with a decay length equal to the Debye length up
distance increase. The increase in the magnitude of force® the depletion of free polymer coils. Clearly the experimen-
continues up to the CMC of SDS. On further increase in thdgal decay length at a large surfactant concentration of four
surfactants concentration, the force profiles are not altereimes CMC is much largeftabout 10 nm compared to the
considerably. expected Debye length of 2.8 nm. Therefore, we can clearly
Let us consider the case where the droplets are coveredle out this possibility of electrostatic repulsion. The second
with polymer alone. At the concentrations used in our experipossibility is that the surfactant molecules and micelles can
ments, the oil-water interface is fully covered with adsorbedremain in the continuous phase, without being associated or
polymer (i.e., the plateau region in the adsorption cyrve bound to the polymer chains. If this happens we do not ex-
This has been confirmed earlier from force measuremerpect much changes in either the magnitude or the strength of
studies and from surface tension experimdd{s]. Typical  the force profiles, except a slightly compressed polymer coil
values of the adsorbed amount of polymers above the platealue to free micelles in the bulk solution. Obviously this is
concentration are about 1.5-2.2 mg/rin the case of PVA not the case as seen in our force profiles. Therefore, by con-
40 K, the first repulsion is observed at a distance of about 38idering the above facts, it is clear that the surfactant mol-
nm, which is~4R;. ecules interact with the micelles at low concentrations of
Figure 4 shows the force profile for PVA of molecular SDS, leading to significant changes in the magnitude of the
weight 115 K. The observed results were similar to that of 40force profiles.
K. The value of decay length in the absence of surfactant was Figure 6 shows the variation of the first interaction length
11.2 against the unperturbed coil diameter of 12 nm. The&s a function of SDS concentration for both PVA. Here the
values of Debye lengths for various surfactant concentrationfirst interaction distance (%) increases rapidly with in-
due to electrostatic contributiorfgithout polymej and the creasing surfactant concentrations up to the CMC value and
experimentally observed decay length in the presence of aghen it almost saturates. The experimental observations sug-
sociative polymers of two molecular weights are shown ingests that in the presence of charged surfactant molecules or
Fig. 5. In the case of associative polymers, the characteristimicelles, the neutral polymer chain at the interface is con-
decay length increases up to roughly the critical micellarverted into partial polyelectrolytes, where the charges on the
concentration and decreases further. For both moleculathain repel each other and the electrostatic repulsion collec-
weights, the variations were almost identical. The experitively leads to chain stretching. Probably this would explain
mental decay lengths in the presence of polymer surfactarthe large shift in the onset of repulsion observed in our ex-
complexes show that the characteristic decay length remaingeriments, in the presence of polymer surfactant complex.
the same as the free polymer coil radius of gyration. The longest decay length observed in the case of PVA 115
The experimental results on the force profiles provideand 40 K was around the CMC value. Independent experi-
ample reasons to believe that the association or binding ohents, from viscometry, on the radius of gyration of the

FIG. 4. Variation of force profiles in the presence of PVA of
molecular weight 115 K at a concentration of 0.5 wt % for various
sodiumdodecyl! sulphate concentrations.
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polymers also confirm the same trend in tRg variations
with the maxima around the same surfactant concentration. (c) p B 5
The experimental force profiles show that the surfactant é_@

polymer binding process is a continuous process in the SD< y 8 (‘:}f

concentration range of 0.1—10Mn This shows that even at e .1;9 b\ ® @ ® @

low surfactant concentrations, the surfactant molecules binc %% f ‘ AP ~

the polymer, without much change in viscosity or conductiv- os ¥

ity values. We have not observed large variations in the so- \ '
°

®,
lution viscosities in our experimental values of the polymer o
and surfactant concentrations. In the case of PVA 40 K at 0.5 & ] '
. . . . 90, < .
wt %, the viscosity §/ 7o) increased from 1 to 2 in the sur- g,gi) " y
factant concentration range of 0.8—10/mEven the turbid- % S92, ;’
ity changes were not significant. This is mainly because the By ° e

polymer concentrations used in our experiments are much
lower. Up to four times of CMC of surfactants, we have not FIG. 8. Schematic illustration of the polymer-surfactant associa-
observed any gelation or macroscopic phase separations fi@n at the droplet interfacda) Without any surfactant, the confor-
our emulsions and the emulsions remain stable. mation of polymer at the droplet interface. Here, the adsorbed poly-
Finally, in order to check the universality of the associa-mer adopts some arbitrary conformation with loops, trains and tails.
tive behavior of PVA, we have performed the force measure(P) Conformation of polymer-surfactant molecules, well below the
ments in the presence of two cationic surfactants, CTAB an&MC value, where the added surfactant tends to associate with the
TTAB, and a nonionic surfactant, NP10. The polymer useQoo_lymer chains leading to a “stretched-tail—like"_conformation. No
in this case was PVA 155 K and the concentration was 0.59¢1Celles are present at this stage) Conformation of polymer-

In the case of cationic surfactant TTAB and CTAB, we haves.uncaCtant complexes above. the SO'(.:a"ed CAC. Under. this Con(.j"
tion, the neutral polymer chain at the interface behaves like a partial

observed similar behaviors in the force profiles where as n%olyelectrolyte complex where the charges on the chain repel each

association is observed in the case of NP10. The variation i ther and the electrostatic repulsion collectively leads to chain
stretching on length scales larger than the electrostatic blob size.

the first interaction length (2;) for the cationic, anionic,

200 ® CTAB (0.9mv) and nonionic surfactants is shown in Fig. 7. The CMC values
R o TTAB (35mM) are indicated in brackets in the figure inset. We can see that
150 %BQ—ASDS (8 mv the first interaction length remains the same in the case of
T “ .-0” X NP10 (07 i NP10 up to a surfactant concentration of 2.BImwhich
50 100 A A o0 corresponds to about four times CMC. This shows that the
& A A x oox association does not takes place in this case or the associa-
50 |X__x_ x® o X2€07e9 g tion is very weak. In the case of CTAB and TTAB, the range
of interaction starts rising at surfactant concentrations very
0 close to the CMC values. In the case of SDS, CTAB, and
0.0000% 0.0001 0.001 0.01 0.4 TTAB the onset of association begins at surfactant concen-

trations of 0.118, 1.35, and 1.4Nh respectively. So, the
difference in these three cases is that the surfactant concen-
FIG. 7. The variation in the first interaction lengthl(y) for  trations at which the association begins are different for the
CTAB, TTAB, SDS, and NP10. The polymer used in this case wascationic and anionic surfactants. In the case of SDS, the as-
PVA 155 K and the concentration was 0.5 wt %. sociation begins even at very low concentrations well below

Surfactant Concentration (M)
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the CMC value(g of CMC). However, in the case of cat- interface with some arbitrary conformation of loops, trains,

ionic surfactant the association begins at concentrations closad tails. Figure &) shows that the individual unimers

to CMC. At the moment, we do not have an explanation for(small open circlesof the surfactants associate with polymer

this behavior. The interesting aspect we have noticed is thatoil at concentrations below CMC. FigurécB shows the

the emulsions stabilized with the cationic or anionic conformation above CMC where micellédled circles co-

surfactant-polymer complexes are highly stable compared texist with individual surfactant molecules, which associates

the electrostatically or sterically stabilized emulsi¢B3]. with polymer coils, and the electrostatic repulsion between
The experimental results show that the ionic surfactanthe charged micelles or surfactant molecules leads to stretch-

molecules interact with the polymer coils, which leads to aing of polymer coil. In fact, the stretching process can con-

conversion of neutral polymer chains to a partial polyelectinue up to the critical association concentration, which

trolytelike complexes with a stretched conformatitsy]. seems to be dependent on the surfactant molecules and the

The drastic increase in the first interaction distance with in-nature of the oil-water interface. Once the concentration ex-

creasing surfactant concentrations suggests that the polymeeeds the CAC, the free micelles and polymer-micelles com-

chain adopts a “stretched-tail-like” conformation due to plexes can coexist. A saturation in the onset of repulsion is

bound surfactant molecules. As the concentration increasesxpected when the polymer coil is fully stretched.

more and more surfactant molecules and mice(ksove

critical aggregation concentration called CAGo into the V. CONCLUSIONS

folded chaingloops, which stretch the loops further. Earlier We have studied the forces between emulsion droplets in

investigationg 14,18 on the associative behavior of SDS on the presence of a neutral polymer—polyvinyl alcohol with

polyethylene oxide is that the polymer adsorbed on the sur-_". o SR
face of SDS micelles. These micelles are slightly smallef®nic and nonionic surfactants. The force profiles in the pres-
than free micelles and.are uniformly spaced on each ponmeerr.1Ce of associative polymer follow an exponentlgl scaling
coil. The equilibrium spacing between the micelles on theWlth a characteristic decay length, close to the radius of gy-

o . ration of the polymer alone. This decay length was weakl
polymer coll is governed by the balance of adgorpnon ?nerg)éependent orf) th}:e surfactant concentra)t/ion gl’he onset of t)rlle
of the polymer segments and the electrostatic repulsion be- . . . L ;
fepulsive force dramatically increases with increase in the

tween the micelles. This picture seems to be true only in theurfactant concentration. suagesting that the adsorbed polv-
case of ionic surfactants, whereas no electrostatic repulsio » SUgg 9 poly

between the micelles is expected in the case of nonionier coils adopt a stretched conformation due to association

surfactants. This could be the reason why we have not o of surfactant molecules. The variation in the onset of repul-

served any stretching of the polymer coils in the presence oﬁfﬁohnsd'C?;izstgafrazesjiggﬁfﬁsnggoIyergfrﬂ?é?dtwg ;Ss:ogic;?i_ve
nonionic surfactant. It has been found that within the aggre- b : . Sugg .
olymers can be potential candidates for making the emul-

gates, there is strong repulsion between the polymer mond - :
mers, but as a whole, it retains the unperturbed radius ot oS stable for a sufficiently long period.
gyration of the polymer without micelles. What we have ob-
served on the decay length from the force profile is consis-
tent with SANS experimental resul{gse., the radius of gy- Authors wish to thank S.B. Bhoje, Director, Indira Gandhi
ration remains more or less the sgmé/e have also found Center for Atomic Research for his interest and support for
that our experimental decay lengths were consistent with thhis research program and Dr. S.L. Mannan, Associate Direc-
unperturbed radius of gyration values obtained from viscotor, M.D.G. for encouragements. R. Kiran and G. Gnana
metric measurement. Prakash are acknowledged for technical assistance. Support

The possible picture evolving from the association offrom Indo-French center for promotion of advanced scien-
polymer and the surfactant is sketched in Fig. 8. Figue 8 tific researci{IFCPAR), New Delhi is greatly acknowledged.
shows the polymer covered ferrofluid droplets in the absencé.P. is grateful to J. Bibette and F. Leal Calderon for initiating
of surfactants. Here, the polymer is adsorbed at the oil-watethis cooperation.
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