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Introduction

The interactions between surfactant molecules and syn-
thetic polymers in aqueous solutions are of interest for many
chemical, pharmaceutical, mineral processing and petroleum
engineering applications [1,2]. The ability of the sur-

factant and the polymer molecules to influence various solu-
tion and interfacial characteristics is controlled by the
state of their occurrence in aqueous solutions. We have
recently summarized six possible types of intermolecular
complexes between the polymer and the surfactant [3]. Of
these, two types of complexes are considered to form in solu-
tions of nonionic polymers (Figure 1). One type occurs in
block copolymers consisting of polar and nonpolar blocks. A
quantitative description of such a block copolymer-surfactant
complex has been developed in our earlier paper [4,5]. The
other type of complex is visualized as consisting of the
polymer molecule wrapped around spherical surfactant micelles
with the polymer segments partially penetrating the polar
head group region of the micelles. Indirect clue to its
formation is provided by studies which show that the binding
of some surfactants to nonionic polymers occurs only above a

critical concentration of the surfactant [6-11]. The
existence of such a critical binding concentration implies
that binding is a cooperative process and must involve a

cluster of surfactant molecules. Recent studies based on nmr

and neutron scattering measurements [12,13] have given
further evidence to the topology of such a complex.

The principal goal of this paper is to examine the
physical forces responsible for this latter type of polymer-
surfactant micelle association. Since the formation of a

polymer-micelle complex gives rise to gross conformational
changes in the polymer molecule, a measurement of the solu-
tion viscosity provides the simplest means for monitoring
polymer-micelle association.

are associated with each polymer molecule, the total mole
fraction of the surfactant (ST) is given [3-5] by

[ST]
= [Sf] + nXKb[Sf]XPx

1 + Vs/
+ M CIS,] (1)

where Sf is the mole fraction of the singly dispersed sur-

factant, PT is the total mole fraction of the polymer, is
the intrinsic binding constant for the polymer-micelle com-

plexation, and Km is the equilibrium constant for micelliza-
tion. In eq. (1), the three terms on the right hand side
represent the singly dispersed surfactant, polymer bound sur-

factant and surfactant in free micelles, respectively. The
critical binding concentration is approximately equal to
and the critical micelle concentration is close to
However, if polymer-micelle association occurs in a given
solution then the formation of free micelles takes place at a

surfactant concentration much beyond the CMC. The relative
magnitudes of Kb, Km, X and M determine whether or not

polymer-micelle complex formation occurs and what is the com-

position of the various species present in solution.

The physical picture of the polymer-surfactant micelle
complex described earlier suggests that the following factors
are relevant to the association process: (i) the penetration
of polymer segments in the polar head group region of the
micelles augments the shielding from water of the hydrocarbon
core of the micelle, (ii) the crowding of the polymer seg-
ments along with the surfactant head groups at the micelle
surface increases mutual steric repulsions, and (iii) the di-
poles of the polymer segments electrostatically interact with
the surfactant head groups at the micellar surface. Further,
since the micelles associating with the polymer are quite
similar to the free micelles, the formation of the polymer-
micelle complex is also influenced by factors determining
surfactant micellization.

Taking into account the physical factors relevant to

polymer-micelle association, the binding and micellization
equilibrium constants can be related:

(-RT^nK, )-(-RT-fnK ) = AG° + AG° . + AG°
 

. (2)
d m inter- Steric electro-

facial static

Experimental Results

The relative viscosity of the polyethylene oxide-
surfactant solution is plotted in Figure 2 as a function of
the surfactant concentration for different surfactants. For
anionic SDS, nrel remains invariant at 1 up to a concen-
tration of 4 x 10-3 M, indicating absence of any association.
Beyond 4 x 10-3 M SDS, the relative viscosity shows a large
increase which can be attributed to the association of SDS
micelles with the PEO segments and the resulting expansion of
the PEO molecules. Beyond 2.6 x 10-2 M SDS, a reduction in
the relative viscosity is observed. This is because, when
saturation binding of SDS to PEO is reached (say at 2.6 x

10-2 M SDS), further addition of SDS results in an increase
in the concentration of singly dispersed SDS molecules and of
free SDS micelles unattached to the polymer. This gives rise
to an increase in the ionic strength of the solution and a

consequent reduction in nrel, as is expected for poly-
electrolyte solutions [14]. The behavior of the other anionic
surfactants SDBS and UT-1 in solutions containing PEO are very
similar to that of the PEO + SDS solution. In contrast, all
the cationic surfactants display low degrees of binding to the
PEO, with EHD demonstrating virtually no binding. Also
remarkable is the complete absence of binding shown by the
nonionic surfactant Triton X-100. In the case of dextran
polymer, the relative viscosity of the Dextran-surfactant
solution for solutions containing SDBS and EHD remains 1

showing that no binding occurs. The absence of any surfactant
binding is also confirmed by surface tension measurements.

Thermodynamics of Polymer-Micelle Association

For an aqueous solution containing free micelles of size
M and polymer-micelle complexes in which n micelles of size A

In the case of dextran polymer, the rigidity of its
backbone does not permit the polymer segments to penetrate
the polar head group region of the micelles. As a result,
the various free energy contributions in eq. (2) are all zero

and Kb = Km. Assuming A = M, from eq. (1) we note that as

long as nPT << 1, for all values of Sf, the formation of free
micelles is favored compared to that of the polymer-micelle
complex. For 1000 ppm dextran of molecular weight 2 million,
PT = 10-8 and n = 10 to 103. Therefore, no association of
surfactant micelle to the polymer can occur as is indicated
by the viscometric and surface tension data.

In contrast, because of the flexible nature of poly-
ethylene oxide, the polymer segments can penetrate the polar
surface of the micelles and modify the nature of that inter-
face. Assuming that polymer segments shield about 10A2 (per
surfactant molecule) of the hydrocarbon core area of the
micelle from water, AGointerfacial is approximately - 1.2 RT,
taking the hydrocarbon-water interfacial tension to be 50
dynes/cm. AGsteric can be estimated in a manner similar to
that used in our micellization model [15].

AG,. .
= - RT £n[(a -a -a -)/(a -a )]Steric o p pol7 o p7

(3)

where a0 is the surface area per molecule of the hydrocarbon
core of the micelle, ap is the cross-sectional area of the
polar head group of the surfactant, and apol is the projected
area of the polymer segments at the micellar interface per
surfactant molecule. The area (a0-ap) is a measure of the
freedom of movement of head groups at the micelle surface in
the absence of polymer segments and (a0-ap-apol) is the
corresponding quantity when the polymer segments are present.
For a0 = 66A2 corresponding to the largest spherical micelle
and assuming apol = 10A2, AGoSteric is about 0.20 RT for
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ap
= 10A2, 0.35 RT for ap

= 30 A2 and 1 RT for ap
= 50A2.

An upper bound of the electrostatic contribution can be
estimated by treating the electron deficient oxygen atom of
the ether linkage in PEO as free ions which modify the
electrostatic repulsion between the surfactant head groups,
AGoelectrostatic is therefore the difference in the electro-
static repulsions between surfactant head groups [15] at the
micellar surface when PEO is present and when it is absent.
By this approximation, PEO of molecular weight 5 x 106 at
1000 ppm is equivalent to about 0.05 M electrolyte, and the
corresponding AGoelectrostatic is -0.12/RT for SDS. This con-
tribution is favorable to polymer-micelle association. For
cationic surfactants interacting with PEO, AGelectrostatic is
+ ve and hence is unfavorable to polymer-micelle association.

The approximate estimates for the free energy contribu-
tions show that as the size of the polar head group of the
surfactant increases, the steric repulsion increases. Conse-
quently both and the extent of polymer-micelle complexa-
tion would decrease. Further the electrostatic contribution
is favorable to the association of anionic micelles and
unfavorable to that of cationic micelles. This explains the
viscometric data of PEO in the presence of various surfactants
shown in Figure 2. All the above estimates are obtained, for
the illustrative purposes of this paper, based on apol = 10A2.
However, a better estimate of this projected area may be
possible from a consideration of the atomic dimensions and
bond movements of the PEO segments and the surfactant head
groups.

Conclusion

The formation of nonionic polymer surfactant micelle
complexes is governed by (i) the extent of augmented shielding
provided by polymer segments to the hydrocarbon core of the
micelles, and (ii) the steric and electrostatic interactions
between the polymer segments and the surfactant head groups
at the micellar surface. For these reasons, little or no

complex formation occurs either if the polymers have rigid
backbones, or if the surfactants have bulky head groups or if
the polarity of the surfactant head group is similar to that
of the polymer.
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POLYMERS AND SURFACTANTS EVALUATED

Polyethylene Oxide (PEO), Dextran (DEX), Sodium Dodecyl
Sulfate (SDS), Sodium Dodecyl Benzene Sulfonate (SDBS),
8-Phenyl Hexadecane Benzene Sulfonate (UT-1), Dodecyl Amine
Hydrochloride (DAC), Didodecyl Dimethyl Ammonium Bromide
(DDAB), Ethyl Hexadecyl Dimethyl Ammonium Bromide (EHD),
Isooctyl Phenoxy Polyoxyethanol (Triton X-100).

1. Schematic descriptions of nonionic polymer-surfactant
complexes. In the block copolymer-surfactant complex
(Type 5), the dark lines represent the polar blocks of
the polymer molecule whereas the lighter lines represent
the non-polar blocks. Type 6 is the visualization of a

complex between surfactant micelles and a polymer
molecule.

2. Influence of various surfactants on the relative viscosity
of solutions containing polyethylene oxide-surfactant
micelle complexes.
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