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I. ABSTRACT 

The importance of interfacial interactions in governing micellization, mixed 

micellization, polymer-micelle complexation and solubilization is examined in 

this review. A cotrunon thermodynamic approach is used to treat these different 

phenomena involving surfactant self-assembly. In all the cases, the free energy 
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of self-assembly can be decomposed into bulk and interfacial components. The 

interfacial component arises from two competing contributions. One is due to 

the free energy of formation of the micellar core-solvent interface while the 

other is due to the steric and electrostatic interactions among the head 

groups at the micellar surface. The competition between these two contribu- 

tions is shown here as determining all the fundamental features of self-assembly. 

Specifically, we discuss in this review the influence of interfacial interac- 

tions on the cooperativity of self-assembly, the critical micelle concentration, 

the size and size distribution of micelles, the transition from spherical to 

cylindrical micelles, the non-ideal behavior in mixed surfactants, the complex- 

ation or non-complexation of micelles with polymers, the solubilization of 

aliphatic and aromatic hydrocarbons and the selective and synergistic solubiliza- 

tion of hydrocarbon mixtures. 

II. INTRODUCTION 

Surfactant molecules self-assemble in dilute aqueous solutions so as to 

achieve segregation of their hydrophobic parts from the solvent medium. Var- 

ious patterns of molecular architecture result from this self-assembly. These 

include spherical or globular micelles, large rod-like micelles and spherical 

vesicles (Fig. 1). In more concentrated solutions, other liquid crystalline 

structures are generated. The structure of the micelle consists of a hydro- 

phobic core made up of surfactant tails surrounded by a polar surface formed 

by the surfactant head groups in contact with water. Vesicles are spherical 

bilayers of surfactant molecules. In vesicles, the surfactant tails are assem- 

bled into a hydrophobic spherical shell covered on the inside as well as on 

the outside by polar surfaces made up of the surfactant head groups. Studies 

MICELLES 

VESICLES 

Fig. 1. Schematic representation of spherical and rodlike micelles and spherical 
bilayer vesicle. 
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on surfactant systems have generally focused on determining the minimum con- 

centration of the surfactant at which the aggregates begin to form (known as 

the critical micelle concentration, cmc), the type of the aggregates gener- 

ated and their size distribution, the average size of the aggregate and the 

nature of the intra-aggregate organization of the constituent molecules (ref. 

l-4). 

In solutions containing more than one type of surfactant molecule, mixed 

aggregates are formed. Here, the cmc depends upon the composition of the 

surfactant mixture. This dependence has been measured for a number of binary 

surfactant mixtures (ref. 5-14). It is found that many systems display values 

of cmc which deviate from those anticipated for ideal mixtures. The non-ideal 

behavior experimentally observed for the cmc of surfactant mixtures has been 

described, rather than predicted, using empirical thermodynamic models for 

non-ideality in mixtures. In addition to the non-ideal composition dependence 

of the cmc, the size of the micelles formed and their composition also depend 

on the composition of the surfactant mixture. However, these relations have 

not yet been investigated adequately in the literature. 

In surfactant solutions which contain nonionic polymer molecules, 'the 

formation of complexes 'between surfactant micelles and polymers (Fig. 2) has 

been inferred (ref. 15-26). The structure of the complex is visualized as 

consisting of the polymer molecule interacting with normal.micelles at their 

polar group-water interfaces. It has been found experimentally that micelle 

formation in the presence of polymer molecules occurs at a Dower critical micelle 

concentration and the average size of the micelles is smaller when compared 

to a polymer free surfactant solution. Further, not all surfactants are 

found to form complexes with the nonionic polymers. While anionic micelles 

are known to associate with the polymer, nonionic micelles appear not to asso- 

ciate. Detailed experimental and theoretical studies are still lacking to 

elucidate the nature of micelle-polymer complexation. 

Fig. 2. Schematic representation of the polymer-micelle complex. Descrip- 
tion of this structure is discussed in Part V-A-l. 
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An important phenomenon occurring in micellar solutions is the enhancement 

in the solubility of hydrophobic solutes that are otherwise only sparingly 

soluble in water (ref. 27- 35). Such solubilization is made possible by the 

presence of hydrophobic cores in micelles which act as compatible mediums for 

the location of hydrophobic solubilizates (Fig. 3). Experimental results 

indicate enhancement in the solubilities by many orders of magnitude. It 

is found that solutes of smaller molecular sizes are solubilized in greater 

numbers inside the micelles compared to those with larger molecular sizes. 

Further, aromatic solutes are incorporated in larger amounts inside the mi- 

celles compared to aliphatic solutes of comparable molecular volume. 

MICROEMULSION 

OIL/WATER 

Fig. 3. Schematic representation of Type I and Type II solubilization. Type 
II solubilization is also known as microemulsification. 

Theoretical studies of surfactant solutions have sought to explain the 

various phenomena mentioned above. The fact that micelles are large in 

size compared to molecular clusters such as dimers, trimers, etc., has been 

explained by Mukerjee in terms of the cooperativity of self-association (ref. 

36- 38). At the same time, as shown by Mukerjee, the finiteness in the size 

of the micelles,rather than an infinite growth, requires the existence of 

some anti-cooperativity. Tanford pioneered a model (ref. 1,3g) for the free 

energy of micellization to show that the cooperative growth of micelles is 

the consequence of hydrophobic interactions, while the repulsions among the 

surfactant head groups limit the aggregate to a finite size. The critical 

micelle concentration which is only operationally defined in terms of the 

methods used for its determination was given a theoretical definition by 

Ruckenstein and Nagarajan (ref. 40- 43). They defined the critical concen- 

tration as the surfactant concentration at which the size distribution of 

the micelles changes from a monotonically decreasing one to a function 
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exhibiting extrema. The importance of geometrical considerations to relate 

the micelle shape to its size was suggested by Tartar (ref. 44) and Tanford 

(ref. 1). The work of Israelachvili, Mitchell and Ninham (ref. 45- 47) has 

helped elucidate how the type of the aggregate formed depends on the 

molecular size of the surfactant and on the aggregate surface area per SUrfaC- 

tant obtained from equilibrium considerations. Dill and Flory (ref. 48,49) 

and Gruen (ref. 50,51) have modelled the intra-aggregate conformation of the 

surfactant molecules to obtain some estimates of the extent of ordering of 

surfactant tails inside the micelle compared to liquid hydrocarbons. 

In our earlier work, a thermodynamic treatment of aggregation was developed 

(ref. 52- 54) which permits prediction of the cmc, the size distribution and 

the average size of micelles and vesicles. This treatment has been extended 

to describe mixed micellization (ref. 55), micelle formation in the presence 

of non-ionic polymers in solution (ref. 56) and solubilization (ref. 57,58). 

This work provides the main basis of the present review. 

The main goal of this review is to emphasize the central role played by 

the interfacial interactions, namely the interactions occurring at the aggregate- 

water interface, in governing micellization, mixed micellization, micelle- 

polymer complexation and solubilization. Firstly, the molecular origin of 

cooperativity and anti-cooperativity of aggregation is traced to the inter- 

facial interactions. Specifically, the transition from cooperativity favor- 

ing large micelles to anti-cooperativity preventing infinite growth is shown 

to arise from the nature of dependence of the interfacial interactions on the 

size of the micelle. Interestingly, the theoretical definition of the cmc 

based on an inflection in the size distribution function is found to have a 

sound physical meaning in terms of cooperativity and anti-cooperativity. Fur- 

ther, the surface area per surfactant molecule of the optimal aggregate is 

shown to depend solely on the interfacial interactions. Consequently, the 

type, size and size distribution of aggregates is determined entirely by the 

interfacial interactions. This relation is examined for a variety of molec- 

ular structures of surfactant molecules. In mixed surfactant systems, the 

non-ideality in the mixture behavior is shown to arise entirely from the 

nature of dependence of interfacial interactions on the mixture composition. 

Various kinds of binary surfactant mixtures exhibiting different degrees of 

non-ideal behavior are explored. In solutions containing nonionic polymers, 

the lowering of the cmc and the decrease in the average size of the micelles 

are explained in terms of how the polymer molecule modifies the interfacial 

interactions at the micelle surface. On this basis, the complexation of cer- 

tain surfactant micelles with polymers and the absence of complexation of 

other surfactant micelles with polymers are both elucidated. Finally, the 
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extent of solubilization in micellar solutions is shown to be governed mainly 

by the interfacial interactions. This is used to explain the dependence of 

the amount of solubilization on the molecular volume and the polarity of the 

solubilizate. Further, the synergistic solubilization behavior exhibited by 

mixed hydrocarbon solutes is interpreted in terms of the interactions at the 

micelle-water interface. 

The present review is divided into five main parts. In Part III, the thermo- 

dynamic treatment of micellization is developed for single surfactants. The 

treatment is extended to binary mixtures of surfactants in Part IV. In Part V, 

the formation of micelle-polymer complexes is described. The treatment of 

solubilization is developed in Part VI. The last part summarizes the principal 

conclusions from this review. 

III. MICELLIZATION 

A. General thermodynamic relations 

1. Size distribution of micelles. The surfactant solution is made up of 

singly dispersed surfactant molecules, aggregates of various types, shapes 

and sizes and the solvent water. In this treatment, aggregates of different 

types and sizes are considered as distinct chemical species, each characterized 

by its own standard chemical potential. The standard states for the aggregates 

and the singly dispersed amphiphiles are taken to be the infinitely dilute 

solutions while the standard state for water is that of pure liquid. The 

system is considered dilute in surfactant and hence the interactions among 

the various aggregates are not taken into account. The total Gibbs energy of 

the solution G can be written as: 

G = hj*u~tNI~~t~Ng'~tkT[%ln~/Ft NIlnNI/F+x N lnNg/F], 

g g 
where: 

F = N,+NI+xN . 
9 g 

(1) 

Here, N refers to the number of chemical species of a given type, 11' is the 

standard Gibbs energy of the species, k is the Boltzmann constant and T is 

the temperature. The subscripts w, 1, g refer to water, singly dispersed sur- 

factant and an aggregate of aggregation number g, respectively. The ideal 

entropy of mixing is used here although the various species differ in their 

sizes. At equilibrium, the total Gibbs energy of the solution G is a minimum 

subject to the constraint that the total surfactant concentration is specified; 

Nl + bNg = constant. (3) 
g 
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The minimization of G provides the relation: 

11; + kTlnNg/F = g[~i + kTln NI/F] , for each g. (4) 

The above relation expresses the equivalence in chemical potential of the sur- 

factant in the singly dispersed state and in each of the aggregates. The 

equilibrium size distribution of the aggregates is obtained from above as: 

Xg = Xy exp-[pi- gpy]/kT = Xf exp-[gn$kT] . (5) 

Here, Xg refers to the mole fraction of the aggregate of size g in the total 

solution, while X1 is the mole fraction of the singly dispersed surfactant. 

Both mole fractions are based on a solution containing F species. The quantity 

Avi/kT is the difference in the standard Gibbs energy between a surfactant . 

molecule present in an aggregate of size g and a singly dispersed surfactant 

molecule present in water. Given an explicit expression for the standard 

Gibbs energy difference, one can compute the size distribution of micelles 

and all other size dependent solution properties. One may observe that since 

the micelle size g is usually large enough and the micelle concentration X 
g 

near the cmc is small enough, Eq. 4 can be approximated as: 

ui/g = U; + kTln N1/F = II; + kTln X1 . 

This equation represents the description of micelles as a pseudophase in 

equilibrium with the singly dispersed surfactants. The fact that the Gibbs 

energy per molecule of this pseudophase may depend on the size of the phase 

is a characteristic feature for small systems like micelles. 

2. Cooperativity of micellization. The formation of micelles with a distri- 

bution of sizes can also be formally represented in terms of the stepwise 

association equilibria: 

AL 
[g- 11 + Ill - [gl . (7) 

Here, the aggregate of size g is considered to form on the addition of a 

singly dispersed surfactant to an aggregate of size g- 1. The stepwise asso- 

ciation equilibrium constant kg depends on the aggregation number g and this 

dependence can be established using the micelle size distribution (Eq. 5): 

(8) 

(9) 
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If the stepwise association equilibrium constant kg increases with g, then 

the larger aggregates are favored over the smaller aggregates. The system is 

said to exhibit cooperativity, sometimes referred to as positive cooperativity. 

If kg decreases with g, then the formation of the larger aggregates is increa- 

singly disfavored. Such a system is said to exhibit negative cooperativity or 

anti-cooperativity (ref. 36- 38,43). One can rewrite Eq. 9, noting that the 

difference term on the right-hand side can be replaced by a derivative: 

In kg =- d/dg[gAvi/kT] . (10) 

Given an explicit expression for AU: , one can examine the molecular origin of 

cooperativity associated with micellization. 

3. Theoretical cmc X rit and critical aggregate. A theoretical definition 

of the critical micelle concentration X was proposed (ref. 40) as the concen- 

tration of the singly dispersed surfactant at which the shape of the micelle 

size distribution function exhibits a transition from a monotonically decreasing 

one to a function possessing a maximum and a minimum. Therefore, at the trans- 

ition point the size distribution function has an inflection: 

dXg/dg = d2Xg/dg2 = 0 at g = gcrit * (11) 

Introducing the micelle size distribution (Eq. 5) in the above condition, one 

obtains: 

d*/dg*[gaui/kT] = 0 at g = gcrit 

and 

In X 
crit 

= d/dg[gaui/kT] = - In kg at g = gcrit . 

(12) 

(13) 

Eq. 12 in conjunction with the definition of kg as given by Eq. 10 implies 

that: 

d/dg[ln kg] = 0 at g = gcrit (14) 

We thus obtain the very interesting result that the critical aggregation number 

gcrlt corresponds to an extremum (shown later to be a maximum) of the stepwise 

association equilibrium constant. For aggregation numbers g< g,rit, kg in- 

creases with g and the association is cooperative. For g> gcrit, kg decreases 

with increasing g and the association is anti-cooperative. The theoretical 

cmc X crit is the reciprocal of the maximum in the stepwise association equilib- 

rium constant kg which occurs at the critical aggregation number gcrit. This 
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is a general result which is independent of specific models for the free 

energy of micellization. Since Xcrit depends on the description of the 

cooperative behavior of the micelles, the proximity of Xcrit to the experimen- 

tally accessible cmc depends strongly on how the cooperativity Of micelle forma- 

tion depends on the aggregation number. As will be shown later, Xcrit will be 

very close to experimental cmc if the anti-cooperative part of the free energy 

of micellization changes gradually with the aggregation number of the micelle. 

Indeed, this is what one would expect on physical grounds. Obviously, Xcrit 

will always be less than the experimental cmc. In model calculations performed 

by Ben-Naim and Stillinger (ref. 59), Xcrit was found to be about 20 times 

smaller than the experimental cmc. Such a large difference has been shown 

(ref. 42) to arise from the physically unreasonable representation of the 

cooperativity of micellization used by Ben-Naim and Stillinger. 

4. Pseudophase cmc and optimal aggregate. If the micelle is approximated 

as a pseudophase, the optimal aggregate is defined by the condition of minimiza- 

tion of the standard Gibbs energy per molecule of the micelle. This implies: 

d/dgb$/kT] = 0 at g = gopt . 

In view of Eq. 6, the cmc in the 

In Xopt 
= Aui/kT at g = gopt . 

Combining Eqs. 10, 15 and 16, we 

stepwise association equilibrium 

d/dg [gAu:lkT] = [Av:/kT] at g 

In Xopt = -Ink g atg=g opt * 

(15) 

pseudophase approximation is: 

(16) 

obtain the following relation between the 

constant kg and X 
opt: 

= gopt ; (17) 

(10) 

One may note that the optimal aggregation number calculated in the pseudo- 

phase approximation is somewhat larger than the aggregation number calculated 

from the detailed size distribution of the micelles. The theoretical Xcrit 

and X 
opt 

from the pseudophase approach are both equal to the inverse of the 

stepwise association constant, but evaluated at two different values of the 

micellar aggregation numbers. Since gcrit corresponds to the aggregation 

number where kg has a maximum and g opt lies in the anti-cooperative region 

of k 
9' 

the difference between Xcrit and X 
opt 

is determined by how the anti- 

cooperative part of the micellization free energy depends on the aggregation 

number g. Since the actual average size of the micelles <g> lies between 
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9 crit and g 
opt, the cmc measured experimentally will be between Xcrit and Xopt. 

Thus, the theoretical definition of cmc which describes the transition from cooper- 

ative to anti-cooperative behavior provides a lower bound for the cmc and the aver- 

age micelle size. The upper bound on the cmc and on the micelle size is provided 

by the pseudophase approximation. In Part III-C-l, the above ideas are quantita- 

tively discussed through illustrative calculations. 

B. Model for free energy of micellization 

1. Geometrical characteristics of micelles. Concerning the shape of the micelles 

and their surface area per surfactant molecule, we assume the following: (a) Small 

micelles are spherical up to an aggregation number gsp at which the radius r. of 

the hydrophobic core becomes equal to the extended length lo of the surfactant tail. 

The micelle surface area per surfactant is uniform throughout. (b) Very large mi- 

celles are cylinders of length L and radius lo with hemispherical ends. The area 

per molecule is that of spheres at the hemispherical ends and that of cylinders 

in the cylindrical middle. (c) Micelles which are not much larger than the largest 

spheres can have a variety of shapes such as ellipsoids, disks, etc. In the present 

study, these micelles are treated as cylinders with hemispherical ends. The micellar 

area per surfactant molecules is assumed to be quasi-uniform. This intermediate 

range is taken to extend up to L< 6 lo. 

For a surfactant molecule whose non-polar tail has a volume v. and extended 

length lo, the geometrical properties of the aggregates are summarized in Appendix 

B. One may observe that for the largest spherical micelle: 

r ~1 o__ o, g:4n1i/3vo,a = 4=$/g, a,3vo/lo 
(19) 

If the equilibrium conditions lead-to a value of area per surfactant molecule such 

that vo/a lo(1/3, then the geometrical packing conditions require the micelles 

to be spherical. Similarly, for 1/31vo/a 1,~1/2, the micelles will be cylindrical 

(ref. 1,44,45). To proceed further with quantitative calculations, one needs to 

formulate an explicit expression for the free energy of micellization. 

2. Contributions to free energy of micellization. The quantity [vi- gtiy] refers 

to the change in standard Gibbs energy when g surfactant molecules are transferred 

from water to a micelle of aggregation number g. By considering the physicochemical 

changes accompanying aggregation, one can develop an explicit expression for this 

free energy difference. Firstly, when micelles form, the hydrocarbon tails of the 

surfactant are removed from contact with water and transferred into the hydrocarbon 

liquid-like core of the micelle. However, the core of the micelle differs somewhat 

from a bulk hydrocarbon liquid because the polar head groups are anchored to the 

micelle surface and thus impose some ordering inside the micellar core. Secondly, 
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the formation of micelles is accompanied by the generation of an interface be- 

tween the hydrophobic core of the micelle and the surrounding water. Finally, 

the head groups of the surfactant are brought into close proximity of one another 

at the micellar surface. This gives rise to steric interactions among them. 

Also, if the polar groups are dipolar or ionic, then electrostatic interactions 

among the head groups at the micelle surface need to be considered. Taking 

these molecular features into account, in our earlier work (ref. 53,54), the 

free energy of micellization was formulated using a statistical thermodynamic 

approach. In later work and at present, the free energy expression is recast 

in a form analogous to the more simple and intuitively appealing expression 

pioneered by Tanford (ref. 1). One may write: 

[L;;- gu;]/kT = g&-$.lkT + gA uE,/kT + go(a- ao)/kT- gln (l- so/a) 

t gfone2B/2ckTr 
I 

,( 

(l+Kai)/(l+Kai+Kr) 

r 

(20) 

In the above expression, the first term refers to the free energy change 

associated with the transfer of the surfactant tail from water to a liquid 

hydrocarbon phase. However, the interior of the micelle is not identical to 

that of a liquid hydrocarbon because of the slight ordering of the tails in- 

side the micelle induced by the constraint on the polar head groups to remain 

at the micellar surface. This is in contrast to a bulk liquid hydrocarbon 

where both the end segments of the hydrocarbon chain are allowed to occupy 

any location within the liquid. The second term accounts for the free energy 

corrections (both enthalpic and entropic) associated with this ordering ef- 

fect. The third term represents the free energy of formation of an interface 

between the non-polar core of the micelle and water. Here, u is the macro- 

scopic hydrocarbon-water interfacial tension, a is the surface area per mole- 

cule of the micelle at the core surface and a0 is the area per molecule of 

the core surface shielded from contact with water because of the presence of 

the polar head group. 

The last two terms refer to the interactions among the head groups at the 

micellar surface. The steric repulsions between the head groups are estimated 

by the fourth term. It is written in a form suggested by the van der Waals 

equation of state. Here, ap is the geometrical cross-sectional area of the 

polar head group. The fifth term accounts for the electrostatic interactions 

among the ionic head groups at the micelle-water interface. It is written as 

equal to the work of charging a sphere of radius r with gion net charges and 

invoking the Oebye-Hiickel approximation. For non-ionic surfactants, gion is 

zero while for ionic surfactants gion=g. Here, e is the electronic charge, 
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E is the dielectric constant of water, r is the radius of the micellar surface 

at a distance 6 from the hydrophobic core (where the ionic charges are located), 

K is the reciprocal Debye length and ai is the radius of the counterion of the 

surfactant. 8 is an empirical constant which corrects for the overestimation 

of the electrostatic interaction energy by the Debye-Hiickel approximation (see 

further discussion in the part on estimation of model parameters). The expres- 

sions for the inter-ionic interactions in cylindrical micelles and in micelles 

of intermediate sizes are given in Appendix C. For zwitterionic surfactants 

where the electrostatic interactions are of the dipole-dipole type, one can use 

similar expressions as for the inter-ionic interaction energy. The relevant 

equations are presented in Appendix C. 

3. Bulk and interfacial contributions to free energy. One may observe that 

the contributions to the free energy difference $- guy in Eq. 20 can be decom- 

posed into bulk and interfacial components. The bulk component includes contri- 

butions arising from the transfer of surfactant tail from water to an almost 

hydrocarbon liquid-like environment of the micellar core. This free energy 

contribution is negative (attractive). The interfacial component includes 

the contributions from the micellar core-water interfacial energy, the steric 

repulsions among the head groups and the electrostatic repulsions among the 

ionic and zwitterionic head groups at the micellar surface. This free energy 

component is positive (repulsive). The bulk component of the free energy of 

micellization is directly proportional to the number of surfactant molecules 

constituting the micelle. In contrast, the interfacial component depends 

non-linearly on the aggregation number of the micelle. 

Another important feature concerning the interfacial component is the nature 

of changes in the magnitude of the various interaction energies caused by an 

incremental change in the aggregation number and hence in the aggregate surface 

area per surfactant molecule. When the interfacial area per surfactant mole- 

cule increases, the magnitude of the free energy of formation of the core- 

water interface increases. In contrast, the magnitude of the interactions 

between the head groups due to steric as well as electrostatic forces is de- 

creased. 

4. Estimation of model parameters. All the illustrative calculations in 

this review have been performed at 25'C and hence the values of various model 

parameters refer to this temperature. The values for various molecular constants 

appearing in Eq. 20 are given in Table 1 for a number of surfactants. Other 

parameters also appear in the equation and they are estimated as described 

below. The free energy of transferring an alkyl chain from water to a bulk 
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TABLE 1 

Some molecular constants for surfactants 

Molecular formula Symbol a I2 a0 i2 
ai 

1 6fi 

C,-OCH(CHOH)5 40 21 0 0 

CnS04Na 17 17 1 2.3 

clopo 

ClOSO 
SDeS 

SDS 

STS 

DAC 

OTAB 

DeTAB 

DTAB 

TTAB 

CPC 

44 21 0 0 

37 21 0 0 

17 17 1 2.3 

17 17 1 2.3 

17 17 1 2.3 

12 12 1.9 0.7 

35 21 2.2 1.5 

35 21 2.2 1.5 

35 21 2.2 1.5 

35 21 2.2 1.5 

35 21 1.9 1.5 

liquid hydrocarbon can be calculated from independent experimental data (ref. 

1,60- 62) on the solubility of hydrocarbons in water. For an aliphatic hydro- 

carbon tail of length nc with (nc- 1) methylene groups and a terminal methyl 

group, at 25'C: 

a&./kT = - (2.05h1.49 nc) . (21) 

The enthalpic and entropic corrections accounting for the ordering of surfac- 

tant tails inside the micelle are difficult to estimate precisely. Some rough 

estimation is possible on the basis of various models (ref. 48- 51,53,54) for 

this ordering effect and physically realistic estimates can thus be obtained. 

However, in this work the free energy correction is taken to be an empirical 

quantity not resulting from any particular model for internal ordering inside 

the core. At.25'C for alkyl chains of amphiphiles of length nc: 

A$x/kT =- 0.5+ 0.24 nc . (22) 

The above correction term, though empirical, has Certain generality in the 

sense that it is considered to be valid for all amphiphiles with hydrocarbon 

tails. 

The interfacial tension between the micellar core and water is treated to 

be the same as the macroscopic interfacial tension between liquid hydrocarbons 

and water. For surfactants with aliphatic hydrocarbon tails, u is taken to 
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be 50 dyne/cm. The surfactant tail (which has a cross-sectional area of 21 8' 

for aliphatic tails) is shielded completely from contact with water if the 

polar head group of the surfactant has a cross-sectional area ap larger than 

21 f12. For such a SUrfaCtant, a0 is taken to be 21 8'. If the area a is 

less than 21 Hz, then the polar head group shields only a part of the c!oss- 

sectional area of the tail. In this case, a, is taken equal to ap. 

The estimation of electrostatic interactions among the ionic head groups 

at the micelle surface in the Oebye-Hickel approximation is only qualitatively 

satisfactory but not quantitatively (ref. 1). On the other hand, more detailed 

quantitative treatments providing satisfactory estimates of the electrostatic 

interaction energy are yet to be developed. Some of the treatments currently 

under development also invoke the use of parameters of unknown magnitudes. 

Consequently, the uncertainty resulting from the use of the apparently more 

refined treatments is similar to that arising from the use of simple Debye- 

Hiickel approximation. Based on model calculations, Tanford noted that a self- 

consistent interpretation of experimental data can be obtained if one assumes 

the electrostatic interaction energy to be about one half of that estimated 

in the Debye-Htickel approximation (ref. 1). Taking advantage of this observa- 

tion,here the Debye-Hickel approximation is used in conjunction with the empir- 

ical constant 8 whose value is close to 0.5. More specifically, B is taken to 

be 0.46 in this paper. Again, one may note that although 8 is an empirical 

parameter, it has certain generality because B is taken to be a constant inde- 

pendent of the type of the amphiphile. 

To summarize, the model for the free energy of micellization mostly involves 

parameters which are independently known as well as various molecular constants. 

Only two empirical parameters are introduced, one accounting for the chain order- 

ing effect inside the micellar core and the other modifying the Debye-Hiickel 

estimate of inter-ionic interactions at the micellar surface. Even these two 

empirical quantities are treated in this paper with a sense of universality by 

considering them to be valid for all amphiphiles. In this sense, these are 

not adjustable parameters. Further, since the two parameters are associated 

with distinct physical meaning, they can be conveniently replaced when more 

suitable quantitative treatments of these two factors become available. 

C. Role of interfacial interactions 

1. Cooperativity, gcritl-_90pt~ritX_pt' The cooperativity of micelliza- 

tion is quantitatively described by the size dependence of the stepwise associa- 

tion equilibrium constant kg. Given the free energy of micellization (Eq. ZO), 

one can obtain kg from Eq. 10. The bulk component of the free energy of micel- 

lization is linearly dependent on the number of surfactant molecules constituting 
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the micelle. As a result, the bulk component provides a constant contribution 

to kg and does not contribute to the size dependence of k . Hence, the bulk 
g 

component does not influence the cooperativity of micellization. The cooper- 

ativity of micellization is thus solely determined by the interfacial interac- 

tions at the micelle surface. As the aggregation number g increases, the ag- 

gregate surface area a per surfactant molecule decreases. This gives rise to 

a decrease in the free energy of formation per amphiphile of hydrophobic core- 

water interface. At the same time, the free energy per amphiphile of head 

group interactions, both steric and electrostatic, increases. For small values 

of g below the critical aggregation number gcrit, the incremental decrease in 

the free energy of formation of core-water interface is larger than the incre- 

mental increase in the free energy of head group interactions. Consequently, 

kg increases with g until gcrit. At gcrit, the incremental variations in free 

energy of formation of core-water interface and of head group interactions are 

equal to one another. Here, kg has its maximum. For g above gcrit, the incre- 

mental variation in head group interactions is larger than that in the free 

energy of formation of core-water interface. As a result, kg decreases with 

increasing g. Therefore, for g less than gcrit, the micellization is coopera- 

tive, leading to larger aggregates in place of small clusters like dimers, 

trimers, etc. For g larger than gcrit, the micellization is anti-cooperative, 

leading to a finite size for micelles. When g is very large as in the case of 

large rodlike micelles, the aggregate surface area per amphiphile does not 

change with increasing g. Consequently, the incremental variations in the 

free energy of formation of core-water interface and in head group interactions 

are constants. 

ativity. 

This implies a constant value for kg and a region of non-cooper- 

An analytical expression for the critical aggregation number may be obtained 

by introducing Eq. 20 for the micellization free energy in Eq. 11. (The 

analytical expression is exact for non-ionic surfactants and is approximate 

for ionic surfactants because of the following simplifications introduced:) 

The micelle is considered to be spherical and the ionic strength correction 

factor in the inter-ionic head group interactions term is taken to be size inde- 

pendent. We rewrite the electrostatic head group interaction term in Eq. 20 as: 

hi/g- uy]/kT = (gione2B/2EkTr) [ l+Kai)/(l+Kai’KP) 

where: 

$= (r1'2e2a/ckT 
1 

)/[1+6/lo] (1~~ai)/(lt~ai+~(lo+6 
31 

(23) 

(24) 



220 

Introducing the above approximation and the geometrical relations for spherical 

micelles, the area a crit is found to be given by the relation: 

a= [(1/2)(a,/a)'/(I- ap/a)2]+[2(ap/a)/(l- ap/a)]+[ 5$gf$a1'2] 

(26) 
ata=a crit and g = gcrit . 

Correspondingly, the critical aggregation number and Xcrit can be found. The 

theoretical cmc Xcrit is calculated from Eqs.13 and 20: 

In 'crit = Au;/kT - 
L 
oa/kT- (ap/a)/(l- ap/a) - 2us$a1'2]/3 

at g = gcrit and a = acrit. (27) 

The optimal aggregate as defined by the pseudophase approximation is found by 

combining Eqs. 15 and 20 as: 

a= 
0 

(a,/a)/(l- ap/a)] t [2sg:iE/a1'2 /Io/kTl at a= aopt. (28) 

Correspondingly, the pseudophase cmc 

and 20 as: 

X opt is calculated by combining Eqs. 16 

In Xopt 
= A$/kT at g q gopt and a 

= aopt * (29) 

Again, in obtaining the analytical expression for aopt, the approximation of 

electrostatic interaction term specified by Eq. 24 is used. One may observe 

that Eq. 27 for Xcrit and Eq. 29 for X 
opt 

are identical but the term within 

the square parenthesis in Eq. 27 is equal to zero at g= gopt and a= aopt. 

For illustrative purposes, the calculated values of the stepwise associa- 

tion equilibrium constant kg and the concentration Xg of micelles of size g 

are plotted as functions of the aggregation number g in Fig. 4 for the non- 

ionic surfactant CloPO at 25'C. The critical and optimal aggregation numbers 

are also indicated. One may observe that the critical aggregation number is 

smaller than the weight average aggregation number <g> and the optimal aggre- 

gation number provides an upper bound of <g>. For a virtually monodispersed 

micellar solution as in this case, <g> also corresponds to the aggregation 

number at which X has a maximum. As mentioned earlier, Xcrit is a lower 

bound and X 
opt 

isgan upper bound of the cmc value calculated from the detailed 

size distribution equation. One may note that the anti-cooperative part of 

kg in the region between gcrit and gopt determines the difference between 

X 
crit and ' opt' 

The calculated data are compared against one another and 

also with the experimental measurements (ref. 12) in Table I. It can be 

seen that gcrit is about one half of gopt and Xopt/Xcrit is about 2.6. 
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Fig. 4. Dependence of the stepwise association equilibrium constant k 
aggregation number g for nonionic ClOPO surfactant. Also shown is th$ 
size distribution near the cmc. 

TABLE 2 

Comparison of different estimates of cmc and micelle size 

on the 
micelle 

Estimation method cmc (mM) Micelle size 

(a) Nonionic CloPO 

Experimental data (ref. 12) Xcmc = 3.9 

Size distribution X 
cmc 

= 3.9 <g> = 80 <a> = 52.4 w2 

Critical point X 
crit 

= 1.53 gcrit = 40 
acrit = 

62.7 R2 

Pseudophase model X 
opt 

= 4.18 
gopt 

=91 a 
opt = 

51.2 fi2 

(b) Anionic SDS 

Experimental data (ref. 63) Xcmc = 8.12 <g> = 58 

Size distribution X 
cmc 

= 8.0 <g> = 60 <a> = 61.8 f12 

Critical point X 
crit 

= 3.8 
gcrit 

= 29 acrit = 78.8 f12 

Pseudophase model X 
opt 

= 8.20 
gopt 

=61 a 
opt = 

61.5 w2 
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Similar calculated results for the anionic surfactant SDS are also presented 

in Table 2. In this case, Xopt/Xcrit is about 2. Therefore, Xcrit will always 

be lower than X 
opt and 'cmc 

but its deviation from the latter quantities is a 

measure of how the anti-cooperative part of kg depends on g. If kg decreases 

rapidly with g, then Xopt/Xcrit will be very large as was observed in the model 

calculations of Ben-Naim and Stillinger (ref. 59). If kg decreases gradually 

with g as in the free energy model of Tanford, then Xopt/Xcrit will be as small 

as 1.3 (ref. 43). 

From Eqs. 26 and 28, one may observe the explicit dependence of the critical 

and optimal aggregation numbers on the interfacial interactions. If the steric 

and electrostatic interactions between the head groups are large, then the crit- 

ical and optimal areas are large. The corresponding aggregation numbers are 

thus small. Similarly, if the interfacial tension between the micellar core 

and solvent is small (implying a weak hydrophobic effect), then the areas acrit 

and a 
opt 

are large and the aggregate sizes are small. Further, an increase in 

temperature which also decreases CI will cause an increase in critical and optimal 

areas and thus a decrease in gcrit and g 
opt' 

In the following sections, these 

effects are considered for a variety of surfactant molecules. Although approx- 

imate analytical relations are given above for the critical and optimal areas, 

all the results presented in this review are based on the detailed numerical 

calculations of micelle size distributions. The analytical rel,ations are used 

mainly to provide qualitative interpretations in this text. 

2. Influence of tail length of surfactant. The influence of the length 

of the hydrocarbon tail of the surfactant on Xcmc and <g> has been examined 

for nonionic alkyl glucosides and anionic sodium alkyl sulfates. The calcu- 

lated results are presented in Fig. 5 where they are compared against some 

available experimental data (ref. 63). For a homologous family of nonionic 

surfactants, since ap remains fixed, the optimal area a 
opt 

will be independent 

of the tail length according to Eq. 28. The area a 
opt 

per amphiphile is re- 

lated to the aggregation number gopt through the volume of the tail and hence 

gopt 
will be a function of tail length nc. This is shown by the calculated 

dependence of <g> on nc for alkyl glucosides. In contrast, for ionic amphi- 

philes, aopt will be somewhat dependent on the tail length because the electro- 

static interaction part appearing in Eq. 28 involves the volume of the surfac- 

tant tail. For sodium alkyl sulfates, the calculated aopt increases with nc 

but the corresponding <g> is not very much affected by nc. The data in Fig. 

6 show very good agreement between the calculated Xcmc and <g> on the one 

hand and the available measurements on the other. 
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CARBON ATOMS IN PLKYL CHAIN “c 

Fig. 5. Influence of surfactant tail length on the cmc and the average size 
of the micelle. The continuous lines represent the calculated values and the 
points represent the available experimental data. Curve A is for nonionc alkyl 
glucosides and curve B is for ionic sodium alkyl sulfates. 

3. Influence of size of polar head group. The size of the polar head group 

of the surfactant affects the steric interactions. It is thus expected to 

significantly influence the cmc and the size of the micelles. Model calcula- 

tions for nonionic C16EX for various lengths of the polar ethylene oxide group 

have been carried out. The area ap of the polar head group depends on the 

number of ethylene oxide units. It is calculated as a = v /l , where vp and 

lp are the volume and length, respectively, of the ethFlenePox!de chain (ref. 

54). The length of the ethylene oxide chain would depend on its conformation 

in water as well as on the density of the ethylene oxide groups at the micellar 

surface. Tanford (ref. 64) successfully interpreted the intrinsic viscosity 

data for alkyl polyethylene oxide micelles,assuming a random coil conformation 

for the ethylene oxide units. Therefore, the length lp is taken to be that of 

a random coil and is computed from the relation: 

lp(EX) = 5.03 (Ex- 1)1'2 fl for 8(EX'65 . (30) 
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ETHYLENE OXIDE UNITS PER CHAIN, E, 

Fig. 6. The cmc and the average aggregation number as a function of the number 
of ethylene oxide units in the polar head of hexadecyl polyoxyethylene-type 
surfactants. Continuous line represents calculated results while the points 
denote experimental data. 

The values of lp estimated from the above equation agree with the estimates in 

Ref. 64. The volume of an ethylene oxide group is estimated to be about 63 ft3 

from the liquid density data for polyethylene oxides (ref. 65) and this value 

is used here to set vp as equal to 63 EX f13. On the basis of this estimate for 

vpandEq.30for1 , the area a is calculated as a function of EX. 

The calculated rkults show t:at with increasing size of the head group, 

the steric repulsions between the head groups increase. As a result, the 

equilibrium area per surfactant increases, giving rise to smaller aggregation 

numbers. Also, the critical micelle concentration increases. The computed re- 

sults are seen to be in reasonable agreement with available experimental data 

(ref. 64,66- 69). One may note that while the computed average aggregation 

numbers show very good agreement with the measurements, the computed values of 

X cmc differ significantly from the experimental cmc. Only qualitative similar- 

ity in the trends is obtained for large values of EX. A part of the deviations 
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could arise from the fact that the experimental cmc data have been obtained not 

for pure surfactants but for mixtures with a small range of EX values. The 

presence of even small amounts of C16EX surfactant with a small EX value can 

cause a significant depression in the measured Xcmc while not appreciably af- 

fecting <g>. Probably a more important reason for the deviation could be the 

particular form of the free energy expression used here to estimate the steric 

interactions among the head groups. While this form appears satisfactory for 

compact head groups, it may not be adequate for the large extended polar groups 

of the polyethylene oxide type. The value of <g> is influenced by how the 

free energy function changes with g. In contrast, the magnitude of Xc,, is 

influenced by the magnitude of the free energy function itself. One may infer 

that when EX is large, corresponding to large values of a , the van der Waals 

type steric repulsion term used here provides a satisfact:ry dependence of 

free energy on g while providing a larger estimate for the magnitude of the 

repulsions. 

4. Influence of electrolytes. The addition of electrolytes to ionic surfac- 

tant solutions is expected to significantly modify the magnitude of inter- 

ionic interactions. One may observe from Eqs. 25 and 28 that the decrease 

in electrostatic interactions caused by increased ionic strength in solution 

will lead to a decrease in the optimal area of the aggregate. Consequently, 

the micellar aggregation numbers would be larger and the cmc values will be 

smaller compared to those in the absence of any added electrolytes. Illustra- 

tive results for the anionic surfactant SDS are shown in Fig. 7. The calculated 

results are in reasonable agreement with the experimental data (ref. 70- 72). 

One may note that the computation of electrostatic interactions in the 

Debye-Hiickel approximation isnot satisfactory for micelles and the empirical 

correction constant B has been used in the present calculations. Further, 

the double layer shielding term appearing in the expression for electrostatic 

interactions is not sufficiently satisfactory for explaining the effects of 

various counterions in solution. However, the expression in conjunction with 

the empirical constant B appears to provide satisfactory results, at least 

over a narrow range of ionic strengths. 

5. Influence of solvent medium. If water is replaced by other polar non- 

aqueous solvents, the micellar properties of the surfactant will be consider- 

ably affected (ref. 73,74). This is because of the influence of solvent on 

the micellar core-solvent interfacial tension, the dielectric constant of the 

solvent and the transfer free energy of surfactant tail from the solvent to 

the micellar core. For many non-aqueous solvents, the hydrocarbon-solvent 
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Fig. 7. Effect of added NaCl on the cmc and average size of sodium dodecyl 
sulfate micelles. Experimental data are shown by the points and the calculated 
results are shown by the lines. 

interfacial tension is smaller than the hydrocarbon-water interfacial tension. 

This decrease in u would give rise according to Eq. 28 to an increase in the 

equilibrium area per amphiphile and hence to a smaller aggregation number. 

Also, the dielectric constants of many non-aqueous solvents are smaller than 

those of water. This would imply that the electrostatic interactions between 

the ionic or zwitterionic head groups at the micelle surface will be larger in 

magnitude compared to that in water. This effect would also give rise to a 

larger aggregate surface area per amphiphile and hence to a micelle of smaller 

aggregation number. The cmc will be modified compared to its value in water, 

both because of the increase in the equilibrium area per surfactant molecule 

and also because the bulk component of the free energy of micellization would 

be smaller in magnitude compared to that in water. This latter effect is a 

consequence of the reduced hydrophobicity of the non-aqueous solvents. 

To illustrate the above effects of the solvent medium, calculations have 

been carried out for the micellization of non-ionic CIOPO surfactant in 

dilute solutions of ethanol in water. Because the surfactant is non-ionic, 

the effect of solvent on the dielectric constant of the medium need not be 
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considered. Only the modifications in the micellar core-solvent interfacial 

tension CJ and in the transfer free energy estimated by Eq. 21 need to be con- 

sidered. Based on the experimental (ref. 75) surface tension data of aqueous 

ethanol solutions, the hydrocarbon-solvent interfacial tension is estimated 

to obey the following approximate relation: 

o = 50- XW dyne/cm for WC 10 , (31) 

where W is the mole percent of ethanol in water and X is the change in the 

micellar core-solvent interfacial tension per unit mole percent of ethanol in 

water. The free energy of transfer of hydrocarbon chains from pure hydrocarbon 

phases to mixed aqueous solutions has been estimated for a number of aqueous 

solutions (ref. 76). For aqueous ethanol solutions, the transfer free energy 

for the hydrocarbon tail of the surfactant can be modified from that given by 

Eq. 21 to: 

A$/kT = - 
I 
2.05+ (1.49- 0.035 W)nc) for W< 10 . 

The calculated weight average aggregation number and Xcmc are plotted in Fig. 

8 as a function of the micellar core-solvent interfacial tension. Curve 

A represents the case when Eq. 21 for water is used in calculating the critical 

micelle concentration. For curves B, C and D, Eq. 32, valid for aqueous ethanol 

solutions, has been used. The parameter A has been assigned values of 6, 4 and 

3 dyne/cm/mole percent ethanol in water in calculating the results indicated 

by curves B, C and D, respectively. The precise variation in the core-aqueous 

ethanol interfacial tension is not known and the values chosen for x are ex- 

pected to be close to the actual value. Interesting results on <g> and Xcmc 

are revealed by the calculations. The average size of the micelle continues 

to decrease with increasing concentration of ethanol in the aqueous phase. 

This is consistent with the experimental data for nonionic C12E23 system in 

aqueous ethanol and aqueous dioxane solutions (ref. 74). Also, similar results 

for anionic SDS in various solvents have recently been reported (ref. 73). In 

the latter case, the aggregation numbers have been found to decrease from about 

60 to values as small as 20. Indeed, when the ethanol concentration is suffi- 

ciently large, the micelle formation can be completely hindered. The values 

Of 'cmc may decrease or increase or show both types of behavior depending on 

the relative magnitudes of A and the effect of ethanol (or any other solvent) 

in modifying the free energy of transfer of the hydrocarbon tail to micelle 

core. In general, a decrease in Xcmc is thought of as arising from the incor- 

poration of a third component in the micelle (as in the case of solubilization) 



228 

I 

6 c 50 PO 

60- 

CORE-SOLVENT INTERFACIAL TENSION. o &w’cm) 

Fig. 8. Influence of the micellar core-solvent interfacial tension on the cmc 
and the size of nonionic ClOPO micelles. Curve A is obtained by neglecting 
the changes in the transfer free energy while curves B, C and D are obtained 
by considering such changes. For detailed discussion of this figure, see Part 
111-C-5. 

while an increase in Xcmc is thought of as due to the incorporation of the 

third component in the solvent medium and the consequent destabilization of 

the structure of water. The calculated results in Fig. 8 show that even when 

the third component (ethanol) is present only in the solvent medium, both an 

increase and a decrease in Xcmc are possible. 

6. Sphere-to-rod transition. It is well known that large rod-like micelles 

are formed in a variety of surfactant solutions. Whenever rod-like micelles 

form thermodynamic theory suggests that the micellar size distribution is very 

polydisperse and experimental data have confirmed this result (ref. 45, 77- 83). 

The weight average aggregation number of the rod-like micelles has been shown 

to depend on the total concentration of surfactant Xt as: 

?P = gsp + 2 [ K( Xt - Xcmc)]1’2 9 (33) 



where: 

K = exp gsp(uzp- uiy /kT 
I 1 I 

. (34) 

In the above equations, uip is the standard Gibbs energy of a surfactant con- 

tained in the largest possible spherical micelle whose aggregation number is 

gsP 
and p" 

cY 
is the standard Gibbs energy of a surfactant in an infinitely long 

cylindrical micelle. The quantity K represents the relative preference for the 

cylindrical micelles compared to spherical micelles. 

Combining Eq. 33 with Eq. 20 for the free energy of micellization, one ob- 

tains: 

Iln Ki/gsp= Io/kTl(asp- acy )tlnI(l-a /a 
P cY 

)/(1-a /a 
P sP 

)I 

+~2~loe28~~~kTasp~i+~~~o~~][[I+~ai)i(lt~ai+~r)] 
(35) 

+ In l+ai/r 
I 11 

, 

where r= lo+6, a = 

the range 1OB to %12 

42 I2 and asp= 63 R2. Typically, K has magnitudes in 

so that for reasonable surfactant concentrations Xt, 

rod-like micelles can exist in solution. From Eq. 35, one can note how the 

transition between spherical and rod-like micelles is controlled by the 

interactions at the micellar interface. In spherical micelles, the area 

per amphiphile is large. Consequently, the free energy of formation of the 

micellar core-water interface is large while the repulsive interactions be- 

tween the head groups are small. In large cylindrical micelles, the area 

per amphiphile is smaller. As a result, the free energy of formation of 

the micelle core-water interface is smaller but the repulsions among the 

head groups are significantly larger. If these repulsions could be decreased, 

then the formation of cylinders compared to spheres becomes thermodynamically 

favorable. Decreasing the size ap of the polar head group decreases the 

steric repulsions. Similarly, increasing the ionic strength of the solution 

decreases the inter-ionic repulsions. Both have the consequence of increasing 

the magnitude of K and thus the propensity of the surfactant to aggregate as 

rods. The values of K computed for the cationic surfactant DAC as a function 

of added electrolyte concentration are shown in Fig. 9. One may observe the 

rather narrow range of electrolyte concentrations over which the value of K 

changes to that corresponding to the formation of large rods. 
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Fig. 9. Influence of the added electrolyte on the equilibrium preference for 
rods over spheres. All lines indicate calculated results. The symbols used 
for surfactants are explained in Table 1. 

The magnitude of K in Eq. 34 is also influenced by the size gsp of the 

largest spherical micelle possible. This aggregation number gsp is dependent 

on the length of the surfactant tail and is governed by the geometrical rela- 

tion given in Appendix B. Through this variable gsp, K depends on the length 

of the surfactant tail while through the difference in the standard Gibbs 

energy for spheres and cylinders, K depends on the interfacial interactions. 

It is evident that for the same polar head group of the surfactant, K will 

increase with an increase in tail length nc of the surfactant. Illustrative 

results obtained for cationic alkyl trimethylamaonium bromide surfactants are 

also shown in Fig. 9 for n,=8, 10, 12 and 14. The results show that when 

nc= 8, rod-like micelles are not formed even at ionic strengths as large as 

1 M. The propensity to form rods increases as nc increases. For larger tail 

lengths, the rod-like micelles form at lower ionic strengths and the range of 

electrolyte concentrations over which this transition to rods occurs is narrower 

In calculating K using Eq. 35, the area per amphiphile of the infinite 

cylindrical micelle is taken to be 42 N2. This value is based on the assump- 

tion that the radius of the cylinder is equal to the fully extended length lo 

of the surfactant tail. This assumption coupled to the geometrical properties 

of cylinders (see Appendix B) defines a cy to be 42 R2. This implies that 
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surfactants with polar group areas ap larger than 42 8* cannot assemble as 

rods if their tails are to retain their extended conformation. The possibility 

of formation of rod-like micelles from surfactants with a larger than 42 R2 

has been examined here by assuming that acy can take valuis above 42 I*. This 

is equivalent to the radius of the cylinder being less than the fully extended 

length of the hydrocarbon tail. The fractional increase in a 
cY 

from 42 8* ac- 

companies an equal fractional decrease in the,radius of the cylinder from the 

fully extended length lo of the tail. Calculated results for nonionic surfac- 

tant C12EX with polyethylene oxide head groups are presented in Fig, 10 for 

various values of ap (which.correspond to various values of EX). For C12E9,' 

ap is about 40 8* and the calculated values, of K are large enough, indicating 

the preference for cylinders. For C12EX with EX less than 9, values of .K in- 

crease with decreasing EX. For EX= 11 which corresponds to a value of 44 8* 

for ap, cylindrical micelles are possible with a cy in the range 47 to 57 8*. 
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Fig. 10. Equflibrium preference for rods over spheres in the case of nonionic 
dodesyl polyoxyethylene type surfactant with head-group areas a 
42 fi . All the lines represent results calculated assuming tha !z 

larger than 
the hydrophobic 

chain is not fully extended but compressed to various degrees. This is ex- 
pressed fj terms of the variable a which assumes values greater than 42 8*. 
acy= 42 #I for fully extended surf&ant tail. 
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In contrast, for EX= 14 corresponding to ap=48.5 8*, the values of K are 

not large enough to correspond to large rod-like micelles for any value of 

acy. Therefore, for the surfactants with polyoxyethylene head groups, one 

may be able toidentify a critical head group size (for each value of tail 

length nc) above which the transition from spherical to rod-like micelles is 

prevented. The dependence of K on the surface area a,Y of the rod-like micelles 

in Fig. 10 can be understood on the basis of the interfacial interactions. For 

the initial increase in a 
cY 

above a p, the free energy of formation of the 

core-water interface in rod-like micelles increases while the steric repul- 

sions between the head groups substantially decrease. This is reflected in 

the sharp increase in the magnitude of K. As a 
cY 

increases towards a 
sp' 

the 

advantage of rod-like geometry compared to spherical geometry progressively 

vanishes. Consequently, the value of K begins to decrease. 

7. Phase separation. Surfactant solutions may undergo phase separation 

at low or high concentrations. Usually, the interactions between the micelles 

are considered as contributing to phase separation (ref. 84- 86). In this 

review, only non-interacting micellar solutions are considered. The phase 

separation is thus interpreted here in terms of only the intra-micellar in- 

teractions. No explicit condition for phase separation emerges from the 

earlier discussion of sphere-to-rod transition. If, however, the magnitude 

of K calculated by Eq. 35 is very large, then the average size of the micelle 

even at negligibly small concentrations is extremely large. This can be in- 

terpreted as the separation of a surfactant-rich phase rather than as the 

growth of infinitely long rod-like micelles. For example, if alcohol is 

treated as a surfactant with a head group area ap of about 8 8*, then the 

corresponding values for K are IO9 for nc= 4 and immensely larger for higher 

values of nc. This implies that alcohol undergoes a phase separation. From 

Eq. 35, it is evident that small values of a p for nonionic amphiphiles and 

large ionic strengths for ionic amphiphiles can both give rise to very large 

magnitudes of K and thus to phase separation. The values of K for nonionic 

surfactants with large polyethylene oxide head groups presented in Fig. 10 

has been discussed above. One may note that for smaller values of EK, the 

calculated values of K are very large, allowing the interpretation that these 

surfactants undergo phase separation, 

of K range from 10 
18 

For example, for EX= 6, ap= 34 fl* values 

for nc= 8 to 104' for nc= 12. The interpretation of 

phase separation in terms of intra-micellar interactions thus suggests the 

formation of rod-like micelles as a pathway to the phase separation. Also, 

the separated phase is implicitly assumed to consist of rods. However, this 

would not be necessary if one takes into account the inter-miecllar interac- 

tions. 
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IV. MIXED MICELLIZATION 

A. Thermodynamic relations 

1. Size distribution of mixed micelles. The treatment presented here is 

applicable to multicomponent surfactant mixtures but the calculations tend to 

become tedious when the number of components is large. For the purposes of 

this review, the treatment is illustrated for binary amphiphilic mixtures. 

The surfactant solution consists of singly dispersed A and B type surfactant 

molecules and aggregates of all possible sizes containing gA number of A 

amphiphiles and gB number of B amphiphiles. Following the procedure adopted 

for single surfactant systems in Part III-A-l, the Gibbs energy of the total 

solution is minimized to obtain the following size and composition distribu- 

tion of mixed mixelles: 

(36) 

In this equation, g is the aggregation number of micelle-containing gA mole- 

cules of A and gB molecules of B. !.I;~ and uyB are the standard Gibbs ener- 

gies of the singly dispersed amphiphiles in water, while p: is that for an 

aggregate of size g and composition (gA,gB). The weight average aggregation 

number of mixed micelles is calculated from: 

93’ = k, $ s2xgq F 9 xg * 
gA B 

(37) 

The average mole fraction of amphiphile A in the mixed micelles is obtained 

from the relation: 

(38) 

The mole fraction aAl of A in the singly dispersed surfactant and the total 

mole fraction aAT of A in the entire surfactant mixture are calculated from 

the equations: 

aAl = XIA/(XIA+ '1B I (39) 

and 

'AT = ‘1A + 2 1 gAXg ‘1A + 1 1 $Axg + X1B + 1 1 g 

gA gB gA gB gA gB 

(40) 
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Using the above averages, the average number of A and B molecules in mixed 

micelles can be estimated. 

<9 ’ A 
= <aAM> <g>;<g>=<g>-<g> . 

B A (41) 

As in the case of single component micelles, starting from an explicit expres- 

sion for the free energy difference II;- gApyA- gBpTB , one can compute the 
I I 

average micelle size, the average micelle composition, the cmc of the mixed 

surfactant and the size as well as composition distribution of micelles. 

2. Free energy of mixed micellization. The contributions to the free energy 

of micellization for the two amphiphiles are essentially the same as those 

discussed in Part III-B-2 for single surfactant systems (ref. 55). The only 

new contribution is that representing the entropy of internal mixing of the 

two amphiphiles inside the mixed micelle. In analogy with Eq. 20, one can 

write for binary surfactant mixtures the following expression for the free 

energy: 

0 
‘lg - g&A - g&B]/kT] = gA[ Au;,./kT + Apix /kTIA 

+ gB tw;,/kT + AIJ;~ /kTIB + (gA+gB)"[a-(gAaOA+gBaOB~]~kT 

(42) 

In the above equation, the first two terms account for the transfer of the 

hydrocarbon tails of the A and B surfactants from water to the interior of 

the micellar core. The third term accounts for the free energy of formation 

of the hydrocarbon core-water interface. The fourth term represents the 

steric interactions between the various A and B type head groups at the micel- 

lar surface. The electrostatic interactions between the head groups is taken 

into account by the fifth term. The last term accounts for the entropy of 

mixing inside the micelle of the two components. This term is computed here 

using mole fractions. The electrostatic interaction term is written here 

for spheres. For non-spherical micelles, this contribution is described in 

Appendix C. One may note that gion is the number of ionic head groups at the 

micellar surface. For nonionic A- nonionic B mixtures, gion= 0. For anionic 

A- anionic B mixtures and for cationic A- cationic B mixtures, gion= gA+ gB. 
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For anionic A-cationic B mixtures, gion is equal to the magnitude of the 

difference between gA and gB; namely Ig A-gBI. For anionic or cationic A- 

nonionic B mixtures, gion = gA" I t  should be emphasized that there are no new 

parameters introduced into this treatment and all the model parameters are 

the same as those specified for single component surfactants in Part III-B-4. 

3. Interfacial interactions, Xop t and optimal micelle. The aggregation 

number of the optimal mixed micelle of a given composition ~Am can be ob- 

tained in the pseudophase approximation by minimizing the free energy of 

micelle per surfactant molecule. The result for binary mixtures is the same 

as that for single surfactant systems given by Eq. 28: 

} ~,/kT] a: (43) a={[(ap/a)/(l_ap/a}]+[2~gion/g2 3/2ai/2] / at aop t. 

The variables ap, a o, v o and gion are now functions of micellar composition. 

For a micelle with a mole fraction ~Am of component A and a mole fraction ~Bm 

of component B, the above variables are related to the composition as follows: 

ap = eAmapA + ~BmapB ; (44) 

a o = ~AmaOA + ~BmaOB ; (45) 

Vo = ~AmvOA + ~BmvOB (46) 

As mentioned before, gion = 0 i f  both A and B are nonionic, gion = gB i f  A 

is nonionic and B is ionic, gion = gA + gB i f  both A and B are anionic or 

cationic and gion = IgA-gB I i f  A is anionic and B is cationic. The cr i t ical 
micelle concentration for the mixture of A and B is approximately given by: 

o ~Bm~BI/kT 1 at a = aop t . In Xop t = [ [ ~ / g -  ~Am~1A - (47) 

One can observe from Eq. 43 that the optimal area per amphiphile of the 

mixed micelle is solely determined from the interfacial interactions. 

4. Interfacial interactions and mixture non-ideality. The Gibbs energy 

of formation of a mixed micelle specified in Eq. 42 consists of a bulk com- 

ponent, an interfacial component and an ideal entropy of internal mixing 

inside micelle. One can represent Eq. 42 in a decomposed form in terms of 
the above three components as: 

o o (bulk) + o o (entropy) (48) a~A+B = a~A+B AUA+B (interface) + aUA+ B 
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The Gibbs energy of formation of the mixed micelle can also be written in 

terms of the Gibbs energies of formation of pure component micelles, an 

excess free energy accounting for non-idealities and an entropy of internal 

mixing: 

AP;+~ = aAm&+ + aBmAu; + Au;+~ (mixing) + Aui+B (excess) . (49) 

If the Gibbs energy of formation of the mixed micelle excluding the entropy 

of internal mixing term is a linear function of micelle composition, then 

according to Eq. 49 the excess Gibbs energy is zero. In such a case, the 

mixed micelles behave ideally. For ideal mixed micelles, the mixture cmc and 

the composition of the micelle are obtainable from pure surfactant properties 

using the relations (ref. 8,lZ): 

X 
cmc = QAmXAcmc t.aBmXBcmc = I aAT'XAcmc ' aBT/XBcmcl-l ; (50) 

'Am q aATX8cmc'[aATXBcmc ' 'BTXAcmc 1 ’ (51) 

If the Gibbs energy of formation of the mixed micelle deviates from the linear 

dependence on micelle composition, then any such deviation constitutes an 

excess free energy accounting for the non-idealities in mixed surfactant 

systems. From Eq. 42 for the free energy of mixed mixelles, it can be seen 

that the bulk component is a linear function of the composition of micelles: 

'$B (bulk) = aAmAui (bulk) + aBmAui (bulk). (52) 

Hence, the bulk component does not contribute to any excess free energy of 

mixed micellization. Therefore, the bulk component has no influence on the 

observed non-idealities of mixed micelles. 

In view of Eqs. 48, 49 and 52, the interfacial component of the Gibbs 

energy of formation of mixed micelles can be written as: 

“$B (interface)=aAm A A~o(interface)+aBmA~~(interface)+Au~+B(excess). (53) 

Therefore, the excess free energy of mixed micelles arises solely from the 

interactions of the micelle-water interface. Since the interfacial inter- 

actions depend non-linearly on the composition of the mixed micelles, the 

excess free energy is always non-zero. If the interfacial interactions de- 

pend significantly on the composition of the mixed micelle, then the non- 

linear dependence on micelle composition is very pronounced and the mixed 

system exhibits marked non-idealities. On the other hand, if the interfacial 

interactions depend only weakly on the composition of the mixed micelle, then 
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the non-linear dependence is not very significant and the mixed micelle behaves 

almost ideally. Examples of the former kind occur in nonionic-ionic mixtures 

and in anionic-cationic mixtures. In both these cases, the mixed micelles are 

highly non-ideal. In contrast, mixtures of nonionics, mixtures of homologous 

members of ionics constitute the examples of the latter kind. As a result, 

these mixtures behave virtually ideally or exhibit only moderate non-idealities. 

Illustrative examples of various binary surfactant mixtures are provided in the 

following section. 

B. Role of interfacial interactions 

1. Fixtures of nonionic surfactants. The aggregation behavior of binary 

mixtures of CIOPO and CloSO has been investigated at various compositions of 

the binary mixture. The results discussed below are based on the detailed 

calculations of the size and composition distributions of mixed micelles and 

are not based on the approximate analytical relations given in Part IV-A-3. 

The two nonionic surfactants have identical lengths of hydrocarbon tails but 

differ in the size of their polar head groups. In Fig. 11, the calculated 

X cmc and <g> are plotted as a function of the composition of the singly dis- 

persed surfactants in equilibrium with the mixed micelles. In this system, 

the size and the composition distributions of the mixed micelle are found to 

be very narrow such that they can be viewed as monodisperse. Also shown in 

Fig. 11 are the measured (ref. 12) mixture cmc values. The experimental data 

agree very well with the calculated results. The mixture cmc and the micelle 

composition were calculated using Eqs. 50 and 51 for ideal mixtures. It is 

found that the results calculated based on the ideal mixture model virtually 

coincide with the calculated results shown in Fig. 11, implying that this 

binary nonionic surfactant mixture behaves ideally. 

The calculated results showing ideality can be understood from a consid- 

eration of the interfacial interactions at the micelle surface in view of Eq. 

53. Since the two surfactants have identical tail lengths, the area per 

amphiphile of the mixed micelle is independent of the composition of the 

micelle. However, since the two surfactants differ in the sizes of their 

polar head groups, the steric interactions among the head groups at the 

micellar surface are modified as a function of the micelle composition. Since 

all the interfacial interactions depend non-linearly on the micellar composi- 

tion, the steric interactions provide an excess contribution to the free 

energy of mixed micellization. However, the sizes of the polar head groups 

are not very dissimilar (being 44 and 37 f12) and hence the excess free energy 

due to steric interactions is rather small for this mixture. As a result, the 

extent of non-ideality is hardly perceptible and the ideal mixture model pro- 

vides a satisfactory description of the Xcmc and <aAm> data. 
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Fig. 11. The cmc, average aggregation number and the average composition of 
the micelles for mixtures of nonionic surfactants CIOPO and CIOSO. All the 
lines denote calculated results while the points are based on experimental 
measurements. In the bottom part of this figure, the cmc is shown as a func- 
tion of the composition of the singly dispersed amphiphiles (continuous line) 
and also of the mixed micelle (dotted line). The horizontal line between the 
two calculated lines provides the composition of the monomers in equilibrium 
with any given composition of the micelle. 

2. Homologous ionic surfactant mixtures. Binary mixtures of anionic SDS 

and SDeS have been investigated and the calculated results for Xc, and the 

composition of micelles are presented in Fig. 12 as a function of the composi- 

tion of the singly dispersed surfactant molecules. Also shown in the diagram 

are data on the cmc of the mixture and on the average composition of mixed 

micelles that have been obtained from conductivity measurements (ref. 14). 

One may observe that the experimental data on Xcmc and <aAm> are in satis- 

factory agreement with the calculations based on the size and composition 

distribution function (Eq. 36) in conjunction with the free energy of mixed 

micellization (Eq. 42). The values of Xcmc and <aAm> calculated for ideal 

mixed micelles using Eqs. 50 and 51 are found to deviate somewhat from the 

results shown in Fig. 12, suggesting the occurrence of some non-ideality in 
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Fig. 12. The cmc and the average composition of the mixed micelles as a 
function of the composition of the singly dispersed surfactant molecules 
for the anionic surfactant mixtures between SDS and SDeS. The points are 
experimental data. 

the mixed micellization behavior. Considering that the two surfactants have 

identical ionic head groups and that their hydrophobic tails differ only by 

two methylene groups, the existence of perceptible non-ideality is significant 

even though the magnitude of deviations from ideal behavior is not very large. 

An explanation for the above behavior can be found again from a consider- 

ation of the interfacial interactions. SDS and SDeS have the same ionic head 

groups but differ in the volumes of their hydrophobic tails slightly. Conse- 

quently, the area per surfactant molecule of the micelle is a non-linear func- 

tion of the micellar composition. Since all the interfacial interactions are 

dependent on the aggregate area per surfactant molecule, the non-linear de- 

pendence of interfacial interactions on the micellar composition gives rise 

to an excess free energy and hence to non-ideality of the mixed micelle. 

Since the electrostatic inter-ionic interactions at the micelle surface are 

significantly larger in magnitude compared to the steric interactions, the 

non-ideality of the SDS-SDeS mixture is more pronounced compared to that of 

the CIDPO- CloSO mixture. 
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3. Anionic-nonionic mixtures. In the two types of binary mixtures consid- 

ered above, the extent of non-ideality is rather small because the polar head 

groups of the constituent surfactants have the same type of ionic character. 

If the polar heads of the constituent surfactants differ in their ionic char- 

acteristics, one may expect significant deviations from ideality to be dis- 

played by the mixed micelles. As an illustrative example, binary mixtures of 

anionic SDS and nonionic CloPO have been examined. The calculated values of 

X cmc are presented in Fig. 13 where available (ref. 12) experimental data are 

also shown for comparison. These results deviate substantially from the values 

Of 'cmc 
predicted, assuming ideal mixed micelles (also shown in Fig. 13). The 

calculated average aggregation number of mixed micelles is plotted in Fig. 13 

a function of the composition of the surfactant mixture. The observed trend 

C,,PO t SDS 

08 - 

0 0.2 0.4 0.6 0.8 1.0 

MOLE FRACTION OF SDS IN ,“O,,OMERS 

Fig. 13. The cmc, average micelle size and the average micelle composition for 
mixtures of nonionic C 

tY 
PO and anionic SDS. The continuous lines are based on 

present calculations w lie the points denote measured data. The dotted lines 
correspond to results predicted for ideal mixed micelles in the top and bottom 
part of this figure. The diagonal line in the top part represents the condi- 
'tion that the composition of the mixed micelle and of the singly dispersed 
surfactant are identical. The point at which this line intersects the contin- 
uous line gives the azeotropic composition. 
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is in marked contrast to the results for the CIOPO- CloSO systems shown in Fig. 

11. The aggregation numbers of mixed SDS-CloPO micelles are larger than those 

of the two pure components over almost the entire range of mixture composition. 

In Fig. 13, the average composition of the mixed micelles as a function of 

the composition of the monomers in equilibrium is shown. The calculated re- 

sults depart significantly from the estimates based on ideal mixed micelle 

treatment. An interesting feature of this binary system is revealed by the 

results plotted in Fig. 13. One observes that at a composition uAl= 0.31, the 

composition of the micelles is also given by aAm= 0.31. At this condition, the 

composition of the singly dispersed surfactants, mixed micelles and the total 

surfactant mixture are all identical. This condition corresponds to the 

so called azeotropic condition analogous to that observed in vapor-liquid 

equilibrium. 

The significant non-idealities exhfbited by the anionic-nonionic surfactant 

mixture can be explained in terms of the interfacial interactions. The two 

surfactants have different hydrocarbon tails and hence the area per surfac- 

tant molecule of the hydrophobic core of the micelle is a function of the 

composition of the micelle. This in itself induces non-ideality as is seen 

in the case of SDS-SDeS mixtures. Further, the polar head groups of SDS and 

CloPO are different in sizes and this results in the non-linear composition 

dependence of the steric interactions and of the free energy of formation of 

the micellar core-water interface. This again contributes to mixture non- 

idealities. (Note that the sizes of the polar head groups differ substan- 

tially in SDS-CIOPO system compared to the CloPO- CloSO system considered 

before.) Most importantly, the fraction of ionic head groups at the micelle 

surface is a function of micelle composition. This results in the strong 

influence of micelle composition on the electrostatic interionic interactions 

at the micellar surface. The non-linear dependence on composition of the 

electrostatic interactions contributes to the excess free energy of mixed 

micellization. Of all the contributions to the excess free energy discussed 

above for the SDS-CIOPO mixtures, the contribution from the electrostatic in- 

teractions is the dominant one. Consequently, one observes very significant 

non-ideal behavior in this binary mixture. 

One can also understand the calculated results for the average aggregation 

number of the mixed micelles (Fig. 13) from a consideration of the composi- 

tion dependence of the interfacial interactions. The polar head group of 

CloPO is much larger than that of the anionic SDS. The incorporation of 

SDS in CloPO micelles results in decreased steric interactions at the mi- 

cellar surface while a small magnitude of electrostatic inter-ionic interac- 

tions comes into play. The former effect dominates over the latter, thus 
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giving rise to larger mixed micelles compared to pure CIOPO micelles. Sim- 

ilarly, the incorporation of CloPO in SDS micelles decreases the inter-ionic 

interactions at the micelle surface while the steric repulsions between the 

head groups are somewhat increased. Again, the former effect dominates over 

the latter, resulting in larger mixed micelles compared to pure SDS micelles. 

These competitive effects are directly reflected in the values of Xcmc for 

mixtures shown in Fig. 13. One observes that Xcmc for mixtures are smaller 

than that of both pure components at both composition ends of the mixed mi- 

celles. 

4. Anionic-cationic mixtures. The significant non-ideal behavior observed 

for anionic-nonionic mixtures is expected for anionic-cationic mixtures as 

well. Indeed, the extent of non-ideality is expected to be more substantial 

because the net number of ionic groups at the micellar surface is more dras- 

tically modified by a change in composition at the mixed micelle. For example, 

for anionic A and cationic 5 mixtures, the number of ionic charges at the 

micellar surface equals the magnitude of the difference between gA and 95. 

Asmentioned in the case of SDS-CIOPO mixtures, the contribution to the excess 

free energy (responsible for the system non-ideality) from inter-ionic inter- 

actions is the most dominant one. Consequently, one can anticipate that the 

mixed anionic-cationic micelles will tend to have small values for the net 

ionic charges gion at the micellar surface. If mixtures of anionic SDeS and 

cationic DeTAB are considered, one may expect that the mixed surfactant will 

essentially behave as a nonionic surfactant with a hydrocarbon tail length 

of nc= 10. The resulting Xcmc for the mixtures over practically the entire 

range of composition will be approximately equal to that for a nonionic Cl0 

surfactant such as CloPO, CloSO or ClOglucoside. 

5. Surfactant-alcohol mixtures. The influence of alcohol on micelliza- 

tion can be treated using the equations developed in Part IV-A with the 

understanding that alcohols are nonionic amphiphiles with a polar head group 

of size ap=8 8'; but unlike other nonionic surfactants which form micelles, 

pure alcohol micelles are not formed. This has been referred to earlier in 

Part 111-C-7. As discussed before, the small size of the polar head group 

of alcohol would give rise to only a small magnitude of steric repulsions at 

a micellar surface. Consequently, the micelles can grow to infinitely large 

sizes even at very small alcohol concentrations. This implies that alcohol 

would phase separate at a critical concentration. The properties of mixed 

micelles of surfactant with alcohol can thus be calculated only for the sur- 

factant-rich mixtures since at high alcohol concentrations, phase separation 
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overtakes mixed mixellization. Using ap-8 !* and the equations given in 

Part IV-A, Rao and Ruckenstein have computed the properties of surfactant- 

alcohol mixtures for a number of systems (ref. 87). Their results show very 

good agreement with available experimental data. 

V. MICELLE-POLYMER COMPLEXATION 

A. Thermodynamic relations 

1. Characterization of polymer-bound micelles. In surfactant solutions con- 

taining nonionic polymer molecules, micellization of the surfactant molecules 

occurs with the added feature that these micelles can be bound to the polymer 

as well as be free in solution (ref. 15). Each polymer molecule (depending on 

its size) can have more than one micelle bound to it. As will be discussed 

below, some surfactants do not form polymer-bound micelles at any solution con- 

dition. Other surfactants typically give rise to polymer-bound micelles first 

and when the polymer molecules are saturated with micelles, the additional mi- 

celles generated remain free in solution. Yet in other systems, the polymer- 

bound micelles appear first but even before the polymer molecules are saturated 

with the bound micelles, free micelles are generated in solution, The structure 

of the nonionic polymer-surfactant micelle complex is visualized as shown in Fig. 

2 (ref. 26,56). The topology of the complex is thought of as consisting of 

fully formed surfactant micelles physically interacting with the polymer seg- 

ments. Specifically, the polymer segments wrap around the interface of the 

micelle, shielding a part of the hydrocarbon core of the micelle from having 

contact with water. In such a visualization, one can anticipate that flexible 

polymers will provide a more effective shielding of the hydrocarbon core of 

the surfactant micelles when compared to a rigid polymer. 

The thermodynamic description of polymer-bound micelles can be developed 

by idealizing the above described topology of the polymer-micelle complex as 

one in which polymer segments shield the micelle core by a specified area a 

per surfactant molecule. Of course, it is difficult to visualize a polymer 
PO' 

molecule providing a uniform shielding of the entire micellar surface from 

water to a well defined area a 
PO1 

per surfactant molecule. However, a 
PO1 

serves as a quantitative measure of the effectiveness of micellar binding to 

the nonionic polymer. Here it is taken as a parameter. One would expect that 

the magnitude of a 
PO1 

will depend on the flexibility of the polymer as well 

as the stereochemistry of the polymer segments. For rigid polymers apol will 

be smaller compared to flexible polymers. Similarly, a 
PO1 

will be larger for 

more compact stereochemical arrangement of polymer segments. It is thus as- 

sumed that the properties of polymers relevant to micelle-polymer complexation 

behavior are all represented within the single parameter apol. 
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2. Free energy of formation of bound micelles. Given the above picture, 

the formation of polymer-bound micelles in solutions containing nonionic poly- 

mers occurs in a way similar to that in polymer-free solutions except for the 

modifications of the interactions at the micelle-water interface because of 

the presence of the polymer segments. The presence of the polymer gives rise 

to two competing effects; namely, the decrease in the hydrophobic surface area 

exposed to water which decreases the free energy of formation of the micelle- 

water interface and to an increase in the steric repulsions between the sur- 

factant head groups and the polymer segments at the micelle surface. 

The micelle size distribution and other micellization characteristics such 

as the critical micelle concentration and the average micelle size can be com- 

puted as before using Eq. 5, in which the following modified expressing for the 

free energy of micellization is used: 

[ 
vi- g~~]/kT=gA~~r/kT+gA~~x/kT+go(a- ao- apol)/kT- gln(l- ap/a- apol /aI 

+ $g1/2 l/2 
ion'a * (54) 

The above equation is identical to Eq. 20 for the formation of micelles (in 

polymer-free aqueous solution) except for the third and the fourth terms. 

The free energy of formation of the micellar core-water interface is decreased 

because of the shielding provided by the polymer segments. This is represented 

by the modified third term. The steric interactions at the micellar surface 

are increased because of the presence of polymer segments and this is accounted 

for by the modified fourth term. Using this free energy expression, the area 

per surfactant of the optimal micelle can be calculated as before using Eq. 

15: 

c 

a- Crr ap+ apol)/a]/[l-(apt apol)/a] + 2$g$E/a1'2}/[o/kT] 
(55) 

ata=a 
opt 

and g= gopt 

The above equation is similar to Eq. 28 for free micelles; only ap is replaced 

by ap+apol and a0 is replaced by a,+ a 
p01' 

The pseudophase cmc Xopt can be 

calculated as for the case of free micelles using Eq. 29. Given the area per 

surfactant molecule a 
opt' 

the aggregation number of the polymer bound micelle 

can be obtained from the geometrical relations for micelles. 
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B. Role of interfacial interactions 

1. Formation of bound anionic micelles. The formation of micelles of pure 

anionic surfactants in solutions containing nonionic polyvinyl pyrrolidone 

(PVP) has been examined. The characteristic parameter apol is taken to be 

20 R2 for the polymer PVP because this value gives good results for the forma- 

tion of SDS micelles in solutions containing PVP. In general, a 
POT 

can be 

determined from the experimental data on surfactant micellization in a solu- 

tion containing that polymer and this value of a 
POT 

can then be used to pre- 

dict the behavior of other surfactants in the presence of the same polymer. 

The calculated results for micellization variables in the presence and in 

the absence of PVP are presented in Table 3 for anionic SDeS, SDS and STS 

surfactants. The results show that Xcmc in the presence of PVP is much smaller 

for the anionic micelles compared to that in pure water. The calculated values 

Of 'cmc 
are in reasonable agreement with available experimental data (ref. 15). 

The average size of the polymer bound micelles is smaller than the size of 

the free micelles. This is also in satisfactory agreement with available 

data (ref. 18,19,25). 

TABLE 3 

Characteristics of free and bound anionic micelles in solutions containing 

polyvinyl pyrrolidone (apol= 20 fi2) 

Surfactant Fret Micelles Bound Micelles 

'cmcmM 
<a> 82 <g> 'cmcmM 

<a> R2 <g> 

SDeS 29.4(30) 54.7 61 8.8(13) 63.5 39 

SDS 7.9(8) 61.1) 61 2.1(2.3) 69.8 41 

STS 2.06(2.1) 68 59 0.42(0.38) 75.6 43 

(NOTE: The values of xc,, in parentheses are the experimental data summarized 

in Table 1 of ref. 15). 

The behavior of SDeS, SDS and STS systems in solution containing PVP can 

be understood in terms of the interactions occurring at the micellar surface. 

The presence of the polymer segments at the micelle surface gives rise to 

two competing effects. On the one hand, the shielding of the hydrophobic 

core of the micelle by the polymer segments decreases the positive free 

energy of formation of the micellar core-water interface. On the other hand, 

the presence of polymer segments increases the positive free energy of steric 

interactions at the micelle surface. Both effects favor the formation of 

micelles of small aggregation numbers if the mlcelles are to be bound to the 
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polymer. The optimal area per surfactant molecule calculated using Eq. 55 

is larger than in the case of free micelles. If the increase in the optimal 

area is comparable to the area a 
PO1 

shielded by the polymer, then the changes 

in the free energy of formation of the hydrocarbon core-water interface and 

in the steric interactions are quite small compared to thtiir magnitudes in 

the case of free micelles. As will be seen later, this situation corresponds 

to nonionic surfactants. For such a case, the value of Xcmc in the presence 

of polymer will be rather close to that in the absence of polymer; but for 

ionic surfactants, the increase in the optimal area also gives rise to a sig- 

nificant decrease in the electrostatic inter-ionic interactions. This leads 

to a substantial decrease in the critical micelle concentration in the presence 

of polymers. This effect is seen for the anionic surfactants discussed here. 

Because Xc,, in the presence of polymer is considerably lower than Xcmc for 

free micelles, and since the size of the bound micelles is large enough, the 

concentration of monomeric surfactant remains at the lower Xcmc as long as 

all added surfactant can be incorporated into bound micelles. Only when the 

polymer molecule is saturated with the bound micelles can the monomeric con- 

centration of the surfactant increase to the higher Xcmc, at which the forma- 

tion of the free micelles becomes possible. 

The consequences of variations in the magnitude of a 
PO1 

on the formation 

of bound micelles has been investigated for SDS. As mentioned earlier, dif- 

ferent polymers will be characterized by differing values for apol. One ex- 

pects apol to be larger for more flexible polymers and smaller for more rigid 

polymers. Also, apol could depend on the stereochemistry as well as the hydro- 

phobicity of the polymer segments. Methods for quantitatively characterizing 

the polymer properties in terms of the single parameter a 
PO1 

are presently 

not available. The calculated results for SDS are shown in Fig. 14 for various 

values assumed for a 
pal' 

It is seen that the size of the bound micelle de- 

creases with increasing apol and Xcmc for the formation of bound micelles de- 

creases with increasing a 
pal' 

2. Complexation behavior of nonionic micelles. The micellization behavior 

of C16Ex surfactant with three different lengths of ethylene oxide head groups 

has been examined in the presence of a nonionic polymer characterized by 

apo1 = 
25 R2. The three C16Ex surfactants roughly contain 9, 15 and 22 ethylene 

oxide units and correspondingly have areas a of the polar head group of 40, 

50 and 60 ft2. The calculated micellization Behavior in the absence and in 

the presence of the polymer are summarized in Table 4. For comparison, the 

calculated results for the anionic surfactant SDS are also included. AS dis- 

cussed in the previous section, the equilibrium area per amphiphile of the 
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Fig. 14. The dependence of the cmc and the average micelle size on the effec- 
tiveness of shielding of the micellar core by the polymer segments. The sur- 
factant is anionic SDS. 

TABLE 4 

Influence of polar head group of nonionic Cl6Ex surfactant on complexation 

with polymer (apol= 25 fi2) 

Ex a t2 Free Micelles Bound Micelles 

X M 
cmc <g> <a> R2 - XcmcM <g> <a> 82 

9 40 1.36x 1O-6 347 47.7 1.49x lO-6 60 73.5 

15 50 5.1x 10-6 126 57.7 4.95x 10-6 40 84.1 

22 60 1.74x 10-5 75 68.3 1.63x lO-5 28 94.8 

SDS 8.0x 1O-3 60 61.8 1.45 x 10-3 37 72.2 
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bound micelles differ from those for the free micelles by approximately a 

for each of the nonionic SUrfaCtant. 
PO1 

As a result, the values of Xcmc are 

quite comparable for both bound and free micelles. The aggregation numbers 

of the bound micelles, however, are significantly smaller compared to those 

of the free micelles. 

Important consequences of these results to micelle-polymer complexa- 

tion need to be considered. For C16E, systems with ap= 40 I*, Xcmc for free 
., 

micelles is lower than that for bound micelles and <g> for free micelles is 

much larger than that for the bound micelles. Consequently, the free micelles 

begin to appear even in the presence of polymer. The monomeric concentration 

does not increase from that of Xcmc for the free micelles and the conditions 

for the formation of bound micelles are never realized. In contrast, for the 

C16E15 and C16E22 
surfactants with ap= 50 and 60 I*, respectively, Xcmc for 

the bound micelles is lower than the Xcmc for the free micelles. This means 

that the formation of polymer-bound micelles occurs first in solution. How- 

ever, the size <g> of the polymer-bound micelles is relatively small. There- 

fore, the concentration of the monomeric surfactant does not remain constant 

at the first Xc,, but begins to increase to the second Xcmc at which the 

free micelles can begin to appear. At large surfactant concentrations, one 

may obtain either predominantly free micelles or predominantly bound micelles 

or the coexistence of both kinds. Illustrative results for the nonionic CloSO 

surfactant displaying such features will be presented below. From Table 4, 

one can observe the markedly contrasting behavior of the anionic SDS. As 

mentioned earlier, because of the ionic interactions at the micellar sur- 

face, Xcmc for the bound micelles is significantly lower than Xcmc for the 

free micelles. Therefore, bound SDS micelles always form before free SDS 

micelles can appear in solution. 

The formation of nonionic CloSO bound micelles in the presence of various 

polymers (characterized by different values for the paramater apol) has been 

examined and the results are presented in Table 5 and in Fig. 15. As seen in 

the case of C16Ex surfactant, the equilibrium area per amphiphile for bound 

CloSO micelles differs from that for free micelles roughly by the magnitude 

equal to apol. The value of Xc,, for bound micelle formation is close to 

that for the formation of free micelles. As before, the size of the bound 

micelles is substantially diminished. The concentrations of free and bound 

micelles coexisting with a given concentration of singly dispersed CloSO 

surfactant are shown in Fig. 15 for various values of ape, (each correspond- 

ing to a different polymer). One can see that in many situations, even though 

the bound micelles are formed starting with a lower X0, the formation of 

free micelles overtakes them. This is a direct consequence of the small 
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TABLE 5 

Influence of ape, on properties of bound micelles of nonionic CIOSO 

apol 
82 <a> R2 <g> Xcmc(mN 

0 45.7 240 16.3 
5 50.8 100 16.1 

:i z; 3 

z: 65:8 70.9 

45 63 16.0 15.9 

35 15.8 15.6 
30 76.3 ;;.5 15.4 

8 

7 

6 

5 

5 

x” 4 

w” 
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1 
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1.526 1.540 1.554 1.568 1.582 

Fig. 15. The total concentration of surfactant present as free micelles and 
as polymer-bound micelles for various types of 
nonionic surfactant C SO as a function of the 

polymers interacting with the 

dispersed surfactant.l' 
concentration of the singly 
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size of bound micelles and hence the weaker cooperativity of micellization 

compared to free micelles. Some conditions where the free and bound micelles 

coexist in appreciable concentrations can also be seen in Fig. 15. De- 

pending upon the technique used to detect the formation of bound micelles, 

one may or may not be able to observe the micelle-polymer complexation be- 

havior because of the presence of the free micelles. The general conclusion 

in the literature concerning the absence of nonionic micelle-polymer complexa- 

tion can thus be understood. 

VI. SOLUBILIZATION 

A. Thermodynamic relations 

1. Phenomenological background. Solubilization refers to the enhanced solu- 

bility of solutes in a micellar solution compared to their solubility in the 

pure solvent medium. In the present review, solubilization refers to the in- 

crease in solubility of hydrophobic solute molecules in aqueous surfactant 

solutions. Experimental studies of solubilization have provided information 

on the molar solubilization ratio which is the ratio between the number of 

molecules solubilized in a micelle and the number of surfactant molecules 

constituting the micelle. Also, some information on the size of the micelle 

as a function of the amount of solubilizate contained in it is available 

(ref. 27- 35). It has been found that within a homologous family of solubil- 

izates such as aliphatic hydrocarbons or alkyl benzenes, the molar solubiliza- 

tion ratio decreases with increasing molecular volume of the solubilizate. 

However, the molar solubilization ratio of an aromatic solubilizate like tol- 

uene is significantly larger than that of a saturated hydrocarbon like cyclo- 

hexane which has a similar molecular volume. When mixtures of solubilizates 

are present, the components are solubilized in micelles at a composition dif- 

ferent from that of the bulk solubilizate phase which is in equilibrium (ref. 

35,57,58). For example, benzene is solubilized preferentially compared to 

hexane from binary mixtures of benzene and hexane. Another interesting 

feature revealed in the case of mixtures of solubilizates is the phenomenon 

of synergism in solubilization. It is found that the molar solubilization 

ratio of hexane in the presence of a small amount of benzene is larger than 

that of pure hexane itself. 

The solubilization in micelles can be accompanied by changes in the size 

and shape of the micelles. Two kinds of transformations can be visualized 

(Fig. 3). In the first kind (designated as Type I), the solubilizates are 

located among the hydrocarbon tails of the surfactant, thus allowing for mix- 

ing between all the surfactant and solubilizate molecules. The radius of 

the micelle cannot exceed the length of the surfactant molecule. The micelle 



can grow in this case from a sphere to a cylinder. In the second kind (desig- 

nated as Type II), the solubilizate is partially located in the region among 

the surfactant tails and partially in a core where there is no contact with 
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the surfactant tails. In this case the radius of the micelle can be larger 

than the length of the surfactant tail. In this structure which is also 

called a microemulsion, a part of the solubilizate mixes with the entire sur- 

factant while the remaining solubilizate is contained in a core of its own. 

2. Free energy of solubilization. The thermodynamic description of solubil- 

ization follows along the earlier developments for micellization and mixed 

micellization. For the illustrative purposes of this review, the equations 

are presented for a single solubilizate and a single surfactant. For this 

binary mixture in water, the equations closely parallel those for the case of 

binary surfactant mixtures. Considering the surfactant A and solubilizate 6 

in an aqueous solution, the size distribution of micelles containing gA sur- 

factant molecules and gB solubilizate molecules is given by Eq. 36. The 

average number of surfactant molecules in a micelle and the average molar 

solubilization ratio are calculated on the basis of the detailed size dis- 

tribution equation as: 

<gAhB’ = z 2 gAxg/ x z gBxg ’ 

gA gB gA gB 

(56) 

(57) 

The size distribution of micelles and the above average quantities can be 

calculated if the expression for the free energy of formation of micelles 

containing solubilizates is specified. This expression for the free energy 

is very similar to that given by Eq. 42 for mixed micelles with the modifi- 

cation for the fact that the gB solubilizate molecules contain only hydro- 

phobic parts and no polar head groups. In the case of mixed micelles, both 

A and B referred to surfactants and hence to molecules containing polar head 

groups. The free energy of formation of micelles containing solubilizates 

can then be written as: 

CC u”s - g&A - g&B / ) kT] = gA[A”yr/kT’ AuJkT]A+ gBpUy,/kT+ AuE,/kT] 

+ gAa[a- aCA]/kT- gAln~-apA/a]+[g~one2~/(2~kTr)][[l~~ai)/(l+~ai+~r)] 

+ [gA1n[gA/(g~tg~l] tg~lnIgsl(g~tgB]}j 
(58) 
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As in earlier cases, the area a refers to the surface area of the micelle per 

surfactant molecule and hence it is based on only the gA surfactant molecules 

in a micelle which also contains gB solubilizate molecules. The above equation 

is written for spherical micelles where Type I solubilization occurs. The equa- 

tion for Type I solubilization in cylindrical micelles is the same as Eq. 58 

except for the electrostatic interactions term which is written as for cyl- 

inders. For Type II solubilization, the micelle has a spherical shape and 

the free energy equation is the same as that given by Eq. 58 except for the 

term accounting for the entropy of mixing of the surfactant and solublizates. 

If ggi solubilizate molecules interact with the surfactant tail while gBC = 

gB- gBi molecules are in the core of solubilizates, then the entropy of mixing 

term in Eq. 58 is replace by the expression: 

g$ikT (entropy) q gAln {gA/(gA+ggi +gRiln (gRi/(gAtg5ij} . 
‘1 

One may note that the only additional parameter introduced in this treatment 

of solubilization compared to the treatment of micellization is the transfer 

free energy for transferring the solubilizate from water to the hydrocarbon 

liquid-like interior of the micelles. Of this transfer free energy, the 

part accounting for the transfer of the solubilizate from water to a hydro- 

carbon liquid is known from independent solubility data for hydrocarbons in 

water (ref. 60- 62). However, the excess part accounting for the more or- 

ganized state of the solubilizate inside the micelles is difficult to calcu- 

late. In this review, this excess contribution is taken equal to -1 kT for 

Type I solublization and 0 for Type II solubilization for all the solubil- 

izates since this provides reasonable results for the calculated molar sol- 

ubilization ratios. This magnitude of the excess free energy can be justified 

in terms of the enhanced van der Waals interactions inside Type I micelles 

which arise if the micellar core density is somewhat larger than than of the 

bulk hydrocarbon phase. Roughly, a density variation of about 2% is required 

to account for the assumed value of the excess free energy. The molar solu- 

bilization ratio of interest corresponds to that when the extent of solubili- 

zation is at its maximum capacity. Obviously, this condition occurs when the 

aqueous micellar solution is completely saturated with the bulk solubilizate 

phase. For this condition: 

In XIR = [&$./kT-jB. (60) 

If the excess free energy contribution AuEx/kT associated with the transfer 

of the solubilizate to the micellar core (which differs somewhat from liquid 

hydrocarbon) is zero, then the size distribution (Eq. 36) and the free energy 

expression (Eq. 58) simplify to the following: 



Xg = X$exp - [gA$kT] 
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(61) 

where: 

[ 1 gA$ /kT = gA[ h-&/kT +A~~x/kT]A+gA~[a-aOA]/kT-gAln[l-apA/a] 

+~g:one25/(2EkTr][ \l+kail/(I +kai+kr)]+ bAln{gA/(gAtg5)l (62) 

+ ggyq&+ gsl]] * 
One may note that Eqs. 61 and 62 are identical to those for the formation of 

micelles given by Eqs. 5 and 20 except for the entropy of mixing of solubil- 

izate and surfactant inside the micelle. Consequently, the optimal micellar 

size is approximately determined by the interfacial interactions at the 

micelle-water interface. The entropy of mixing term would change this depen- 

dence somewhat. Using the above equations, one can calculate the size and 

composition distribution of the micelles containing solubilizates, the crit- 

ical micelle concentration, the average micellar size and the molar solubili- 

zation ratios. 

B. Role of interfacial interactions 

1. Solubilization of aliphatic hydrocarbons. The excess free energy 

Aui,/kT for all solubilizates is taken to be -1 kT as mentioned earlier. In 

the absence of the entropic contribution arising from the internal mixing 

within the micelles appearing in Eq. 62, the optimal area a 
opt 

of the micelle 

is given by Eq. 28. This implies that for a given number of surfactant mole- 

cules constituting the micelle, the total volume of the micelle is fixed 

independent of the solubilizate. Consequently, the total volume of the 

solubilizates inside the micelle will be constant independent of the solu- 

bilizate. Therefore, the molar solubilization ratio of the aliphatic hydro- 

carbons would be inversely proportional to the molecular volume of the solu- 

bilizate. This prediction will be somewhat modified if the entropy of mixing 

of the surfactant and the solubilizates inside the micelle are taken into 

account in determining the optimal size of the micelle. Since the solubili- 

zates of smaller molecular volume are solubilized in larger numbers, the 

entropy of mixing contribution is larger. As a result, the smaller solubil- 

izates will exhibit molar solubilization ratios larger than those predicted 

by the inverse dependence on their molecular size. Fig. 16 presents a com- 

parison of the molar solubilization ratios of aliphatic hydrocarbons calcu- 

lated using the detailed size distribution equation given above and data 
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Fig. 16. Dependence of the molar solubilization ratio for aliphatic and 
aromatic hydrocarbons in 0.1 M SDS solution as a function of the molecular 
size of the solubilizate. The continuous lines present the calculated re- 
sults while the available experimental data are shown by the points. For 
explanation of symbols designating the solubilizates, see Table 6. 

TABLE 6 

Molecular characteristics of solubilizates and their molar solubilization 

ratios in 0.1 M SDS solution 

Solubilizate vs R3 as dyne/cm MSR 

n-decane (D) 323 52.0 0.20 
n-hexane (H) 217 50.7 0.39 
cyclohexane (CA) 179 50.2 0.78 
cyclohexene (CE) 167 44.2 1.13 
o-xylene (OX) 200 38.5 0.75 
toluene (T) 176 36.1 1.03 
benzene (B) 146 33.9 1.68 

NOTE: as refers to the interfacial tension of the solubilizate aqainst 
water. MSR is the molar sDlubilization ratio. v is the molecular 
volume of the solubilizate. All data from ref. 5 where a larger 3 
value for toluene was reported because of problems in separating the 
aqueous surfactant solution from the bulk toluene phase. 
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from experimental measurements (ref. 35) for 0.1 M SDS solution. The proper- 

ties of the solubilizates are summarized in Table 6. The calculated molar 

solubilization ratios are in satisfactory agreement with the experimental data. 

One may notice that the inverse dependence of the molar solubilization ratio 

on the molecular volume of the solubilizate is roughly valid. 

2. Solubilization of aromatic hydrocarbons. Experimental solubilization data 

for aromatic hydrocarbons show that the molar solubilization ratios for aromatics 

are larger than those for aliphatic hydrocarbons of comparable molecular volume. 

The experimental data are also larger than those calculated taking the micellar 

core-water interfacial tension a to be 50 dyne/cm. The large values of the 

molar solubilization ratio for aromatics can be explained in terms of the 

interfacial interactions at the micelle-water interface. As mentioned before, 

the optimal area of the micelle given by Eq. 28 is an appr0xima.t.e estimate 

for the equilibrium micelle if the entropy of mixing inside the micelle is 

not taken into account. This optimal area depends upon the interfacial ten- 

sion between the micellar core and water. In the case of aliphatic hydrocar- 

carbons, the interfacial tension u between the micellar core and water is un- 

affected by the solubilizates because the polarity of the hydrocarbon tails 

of the surfactant and of the solubilizates are essentially identical. In 

contrast, the aromatic hydrocarbons are more polar compared to the aliphatic 

tails of the surfactants as indicated by the lower interfacial tensions be- 

tween the aromatic hydrocarbons and water. Hence, one may expect that the 

interfacial tension of the micellar core against water will be smaller than 

that in the case of aliphatic solubilizates. This results in a larger optimal 

area aopt for the case of aromatic solubilizates. Consequently, when an 

aliphatic and an aromatic solubilizate of equal volumes are compared, for 

a given number of surfactant molecules in a micelle, the molar solubilization 

ratio of the aromatic molecule can be considerably higher. The value of a 

can be between 50 and 35 dyne/cm for micellar cores containing aromatic 

solubilizates, depending upon the type and amount of the solubilizate. The 

value of 35 dyne/cm corresponds to the pure benzene-water interface. In 

Fig. 16 the molar solubilization ratios for aromatics computed, assuming 

u= 50 dyne/cm, are found to be lower than those obtained from experiments. 

On the other hand, if a is reduced to 45 dyne/cm, then the calculated molar 

solubilization ratios are in good agreement with the experimetnal data. 

Further, the role of polarity of the solubilizate which affects the inter- 

facial interactions is also revealed by the measured molar solubilization 

ratio for cyclohexene. Since it is not as polar as benzene and toluene but 

is more polar than the saturated hydrocarbons, its molar solubilization 

ratio falls between the two calculated lines. 
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3. Svnerqistic solubilization of hydrocarbon mixtures. When binary mix- 

tures of aliphatic and aromatic hydrocarbons are solubilized, synergistic ef- 

fects are observed which qualitatively highlight the important role of inter- 

facial interactions in governing solubilization. Experimental (ref. 35) 

molar solubilization ratios of hexane and benzene from their binary mixtures 

in 0.1 M CPC solution are shown in Fig. 17 as a function of the composition 

of the bulk solubilizate phase that is in equilibrium with the micellar phase. 

It can be seen that the molar solubilization ratio of hexane does not decrease 

monotonically with decreasing mole fraction of hexane in the bulk solubilizate 

phase. In contrast, one observes synergism in the amount of hexane solubilized 

due to the presence of benzene. One can interpret this synergism qualitatively 

from a consideration of the interactions at the micelle-water interface. When 

the solubilizate is pure hexane, the optimal area aopt is determined by the 

interfacial tension u which has a magnitude of 50 dyne/cm. The molar solubil- 

ization ratio of hexane corresponds to this optimal area. Even if only a small 

amount of benzene is solubilized along with hexane, the benzene molecules can 

selectively locate themselves at the micelle-water interface and cause a de- 

crease in the interfacial tension u from its value of 50 dyne/cm in the ab- 

sence of benzene. Consequently, the optimal area aopt can increase, accommodat- 

ing a larger number of hexane molecules in the micelle. Therefore, instead of 

I I I I 

2.6 0.1 M CPC 

l 

l \ 
BENZENE 

Fig. 17. Measured molar solubilization ratios of benzene and hexane in 0.1 M 
CPC solutions as a function of the composition of the bulk solubilizate phase 
in equilibrium with the surfactant solution. 
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the anticipated monotonic decrease in the molar solubilization ratio of 

hexane, one observes an increase in the presence of small amounts of benzene. 

Model calculations illustrating this effect quantitatively have been pre- 

sented in an earlier paper (ref. 57,58). 

VII. CONCLUSIONS 

The phenomena of micellization, mixed micellization, formation of micelles 

in the presence of polymers and solubilization have all been treated on the 

basis of a common thermodynamic approach. The free energy changes associated 

with the above phenomena are decomposed into a bulk component and an inter- 

facial component. The bulk component arises because of the transfer of the 

hydrophobic part of the surfactant and the hydrophobic solubilizate from 

water to the hydrophobic core of the micelles. The interfacial component is 

due to the formation of the micellar core-water interface and the steric and 

electrostatic interactions among the polar head groups of the surfactants at 

the micelle-water interface. In this review, the crucial role played by this 

interfacial component is emphasized. 

One part of the interfacial component (namely, the free energy of forma- 

tion of the micellar core-water interface) favors the growth of micelles so 

as to decrease the area per surfactant molecule of the micelle. The other 

part of the interfacial component (namely, the free energy of steric and 

electrostatic head group interactions) favors the shrinking of the micellar 

size so as to increase the area per surfactant molecule of the micelle. These 

two competing effects thus determine the equilibrium properties of surfactant 

solutions. On this basis, the cooperativity and anti-cooperativity of mi- 

cellization, the critical micelle concentration and the average micelle size 

have all been related to the interfacial interactions. Quantitative predic- 

tions of the influence of the chain length of surfactant tail, the size of 

the polar head group, the concentration of added electrolytes and the nature 

of the solvent on the properties of equilibrium micelles are presented. Fur- 

ther, the transition from spherical to cylindrical micelles and the separa- 

tion of a surfactant phase are considered in terms of the intra-aggregate 

interfacial interactions. 

In mixed micellar systems, the observed non-ideality is explicitly related 

to the non-linear dependence of the interfacial interactions on the composition 

of the micelle. In systems where this non-linear dependence is strong (such 

as ionic-nonionic or anionic-cationic mixtures), the observed non-idealities 

are very significant. In solutions containing non-ionic polymers, the micel- 

lar size and the cmc are shown to differ (from that in polymer free solutions) 

because of the modifications of the interfacial interactions by the polymer 
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segments. On this basis, the formation of polymer-bound micelles by some 

surfactants and the absence of such bound micelles in the case of other sur- 

factants are explained. 

When surfactant solutions are contacted with hydrophobic solubilizates, 

the extent of solubilization of these species inside the micelles is shown to 

be determined by the interfacial interactions. The incorporation of the solu- 

bilizates inside the micelle on the one hand increases the free energy of for- 

mation of the micellar core-water interface while, on the other hand, it de- 

creases the repulsive interactions among the polar head groups at the surface. 

From a consideration of these competing interfacial interactions, the observed 

decrease in the molar solubilization ratio with increasing size of the solubil- 

izates is explained. Further, the larger solubilization ratios observed for 

aromatics compared to aliphatics and the synergistic increase in the molar 

solubilization ratio of aliphatics caused by the presence of a small amount 

of aromatics are shown to be consequences of the role played by interfacial 

interactions at the micelle-water interface. 
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acY 

asP 
a 
crit 

aopt 

aP 

apol 
a 
0 

ai 

area per amphiphile of the infinitely large rod-like micelle (= 2vo/lo) 

area per amphiphile of the largest spherical micelle (= 3v,/l,) 

area per amphiphile of the critical micelle 

area per amphiphile of the optimal micelle in the pseudophase approx- 
imation 

cross-sectional area of the polar group of surfactant 

area per amphiphile shielded by polymer segments 

area per amphiphile shielded from contact with water by the polar head 
group of the surfactant 

radius of the counterion of the ionic surfactant 
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c1 
C 
add 

d 

e 

EX 

gi 

g 

gcrit 

gopt 

<g> 

gsP 
9. ion 

'dp 
k 

k 

Kg 

‘0 

'P 
L 

n 
C 

rO 

r 

T 

v 
0 

"P 

"s 
X 
cmc 

X 
crit 

X 
opt 

‘li 
X 

9 

Xt 

molar concentration of the singly dispersed ionic surfactant 

molar concentration of any added electrolyte 

length of the dipole of surfactant head group 

electronic charge (=4.8x 10-l' esu) 

number of ethylene oxide units in polyoxyethylene head group 

number of i molecules in a micelle 

number of molecules in a micelle 

number of surfactant molecules in the critical micelle 

number of surfactant molecules in the optimal micelle based on the 
pseudophase approximation 

weight average aggregation number of the micelle 

number of surfactant molecules in the largest spherical micelle 

net number of ionic groups at the micelle surface 

net number of dipolar groups at the micelle surface 

Boltzmann constant (= 1.38x lo-l6 erg/OK) 

stepwise association equilibrium constant 

equilibrium constant favoring rod-like micelles over spherical micelles 

length of the hydrocarbon tail of the surfactant (= 1.50+ 1.265 nc 8) 

length of the polar head group of surfactant 

length of the cylindrical portion of the rod-like micelle with hemi- 
spherical ends 

number of CH2 and CH3 groups in the hydrocarbon tail of the surfactant 

radius of the hydrophobic core of the micelle 

radius of the micelle surface at which the ionic charges or zwitter- 
ionic dipoles are located (= ro+ 6) 

absolute temperature of the solution (= 298'K in this paper) 

molecular volume of the hyjrocarbon tail of the surfactant (= 27 f13 
for the CH2 group and 54 R for the CH3 group) 

volume of the polar head group of surfactant 

volume of the solubilizate 

cmc of the surfactant 

theoretical critical concentration of the surfactant 

critical micelle concentration in the pseudophase approximation 

mole fraction of singly dispersed molecule i 

mole fraction of micelle containing g molecules 

total concentration of the surfactant in solution 

fraction of A molecules in the total surfactant mixture 

fraction of A molecules in the mixed micelle 

fraction of A molecules in the singly dispersed surfactant mixture 

a constant which modifies the Debye-Hlckel estimate of the interionic 
interaction energy (= 0.46) 

distance of separation between the hydrophobic core of the micelle 
and the surface at which the ionic charges or dipoles are located 
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E dielectric constant of solvent medium (=80 for water) 

K reciprocal Debye length (= (Cl+ Cadd)l'*/(3.08x 10e8) cm-') at 25'C 

a macroscopic micellar core-solvent interfacial tension (= 50 dyne/cm) 
for hydrocarbon surfactants in water 

as macroscopic interfactial tension between the solubilizate and water 

J, variable defined by Eq. 25. 

APO standard Gibbs energy of formation of micelle per amphiphile 

!J" standard chemical potential of species i 

B. Appendix B: geometrical properties of micelles 

(The relations below are given for mixed micelles containing gA molecules of 

A and gB molecules of B. For single component micelles, let gB= 0.) 

1. For spherical micelles 

r. = gAVOA+gBVOB /4a 1'3 1 1 
r = r. + 6 

rot gA10A+ gB1OB I ]/(gAtg~] 
if B is a surfactant 

r<l 
o- OA 

if B is a solubilizate 

a = 4nri/(gA+gB] if B is a surfactant 

a = 4nri/gA if B is a solubilizate 

2. For rod-like micelles 

r. = (gAloAt gBloB]/(gA+ gB) if B is a surfactant 

r. = 
IOA 

if B is a solubilizate 

r= rot6 

L = gAvOA+gBVOB - I 

a q (4rrE+ 2rroL)/ [gA+ gB] if B is a surfactant 

a = [4$+ 2~roL)/gA if B is a solubilizate 
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C. Appendix C - Electrostatic interactions at micellar surface 

1. For spheres of radius r containing gIon charges at the surface: 

[Wlri/kT] = [g~one2~/(2~kTr)][(lt~ai)/(lt Kait kr]] . 

2. For spheres of radius r containing gdp dipoles at the surface: 

3. For infinite cylinders with flat ends, of length L, radius r and con- 

taining gion charges at the surface: 

[gApi/kT] = [g~one2g/irtiLi]~Ko[~[r+ai]~/([~[r~ai]~Klj.(r*aiJJj*ln[l*ai/r~] 

4. For infinite cylinders with flat ends, of length L, radius r and con- 

taining gdp dipoles at the surface: 

LgAii;/kT] [$,,e*/( EkTL)][ln(l+d/r)] 

KO and K1 are the modified Bessel functions of order 0 and 1, respectively. 

(a) 
(b) 

(cl 

For spherical micelles, the equation for spheres is used. 

For very large rod-like micelles, defined by L/2r0> 3, with hemispherical 

ends, the equation for the infinite cylinder is used for the cylindrical 

part of the micelle while the equation for the sphere is used for the two 

hemispherical ends of the micelle. 

For micelles which are not spherical and at the same time not very large, 

defined by L/2r 
0 
< 3, the equation for the infinite cylinders is not very 

appropriate for the cylindrical part because of the sharp discontinuity 

in the estimates for the largest sphere and the infinite cylinder. There- 

fore, for micelles in this intermediate size range, the equation for the 

spheres is used with the understanding that the surface area of this equiv- 

alent sphere will be identical to the surface area.of the small cylindrical 

micelle with hemispherical ends. Hence, the above equations for the sphere 

are used, replacing r by r 
eqv 

where: 

r = 
w II 

4nr* + 270-L)/47]1'2 . 

The ratio L/PO= 3 chosen to differentiate between the small and large 

cylinders is arbitrary. Other values can be used for this ratio. The 

particular value chosen will influence the calculated size of the micelle 
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only if the equilibrium size falls in this range of intermediate sizes. 

When spherical micelles or large rods are formed, the value assumed for 

L/2r0 to demarcate the small cylinders has no effect on the calculated mi- 

cellar sizes. 


