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Abstract

Ionic surfactants constitute a very important class of surfactants, both from an aca-
demic as well as from a commercial viewpoint. In most commercial applications in-
volving ionic surfactants, the selection of the surfactant is based on its aqueous bulk
solution properties, including its micellization characteristics and its micellar solub:-
lization characteristics (that is, the capacity of the surfactant micelles to encapsulate
hydrophobic solutes in their interior, leading to a significant increase in the aqueous
solubility of the hydrophobic solutes). Accordingly, the development of comprehen-
sive, predictive, molecularly-based theories that relate the bulk solution properties of
an ionic surfactant to its chemical structure should facilitate significantly the rational
design, selection, and optimization of commercial surfactant formulations.

The first major contribution of this thesis was the development of a molecular-
thermodynamic theory of micellization of ionic surfactant-electrolyte systems, which
takes into account the possibility that counterions (inorganic or organic, monovalent
or multivalent) released by the ionic surfactant polar heads and by any added elec-
trolytes can bind onto the charged micelle surface. By minimizing the free energy of
micellization, various micellar solution properties were predicted quantitatively in the
context of this theory, including : () the degree of binding of each counterion species
onto the charged micelle surface, (ii) the micelle surface electrostatic potential, (74%)
the critical micelle concentrations (CMC’s), and (iv) the optimal shapes and average
sizes of the micelles formed in solution. The micellization theory was applied to sur-
factant solutions containing monovalent counterions (specifically, alkali metal ions),
multivalent counterions (specifically, AI** and Ca?*), and organic counterions hav-
ing pendant hydrophobic groups that penetrate into the micelle core (specifically, the
salicylate ion). For all the surfactant systems considered, the quantitative predictions
made compared well with the relevant experimental results available in the literature.

The second objective of this thesis was to study the effect of the surfactant tail
(chain) molecular structure on the surfactant micellar solution properties, for sur-
factants having more complex tail structures than linear alkyl tails, including: (%)
" branched alkyl tails, (ii) alkylbenzene tails, and (i47) fluorocarbon tails. For surfac-
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tants with branched alkyl tails and alkylbenzene tails, a single-chain mean-field theory
of chain packing was combined with suitable Rotational Isomeric State (RIS) models
describing the chain torsional conformations, and the chain conformational character-
istics as well as the packing free energy were predicted. Although the micellar solution
properties of these surfactants were not investigated, the predicted packing character-
istics can be viewed as a valuable “first-step” in the development of a comprehensive,
predictive, molecularly-based micellization theory for these surfactants.

In the case of fluorocarbon surfactants, in addition to modeling chain packing
within the micelle core using suitable RIS models for the fluorocarbon chains, the
remaining free-energy changes associated with micelle formation were modeled as
well. The resulting micellization theory was applied to several ionic fluorocarbon
surfactants, including perfluoroalkanoates and perfluorosulfonates, and the predicted
micellar solution properties were found to compare favorably with the available ex-
perimental results.

The final major contribution of this thesis was the development of a molecular-
thermodynamic theory of solubilization of hydrophobic solutes, including non-polar
solutes (specifically, alkanes) and semi-polar solutes (specifically, aromatics), in ionic
surfactant micelles. One of the novel aspects of the solubilization theory was the
development of a single-chain mean-field theory to model the packing of surfactant
tails and solubilized solutes within the micelle core. The results of this mean-field
packing theory include : (i) the packing free-energy contribution, which represents
the penalty associated with the constrained arrangement of the surfactant tails and
the solubilized solutes within the micelle core, and (4¢) the solubilized solute distribu-
tion profile within the micelle core, which provides meaningful physical information
about the locus of solubilization of the solubilized solutes. In the case of aromatic
solutes, the polarity. of the solute was taken into account in the context of the mean-
field packing theory, in order to account for the dependence of the solubilized solute
distribution profile on the solubilized solute polarity. The molecular-thermodynamic
theory of solubilization was then applied to several ionic surfactant-solubilized solute
systems, including surfactants with monovalent counterions, multivalent counterions,
and lipophilic counterions, whose micellar solution properties (in the absence of any
solubilized solutes) were examined-in this thesis as well. Quantitative predictions were
made for : (i) the extent of solute solubilization, and (47) the changes induced in vari-
ous micellar solution properties, including CMC’s and micelle shapes and sizes, upon
solute solubilization. For all the systems examined, the predictions made compared
favorably with the experimental results available in the literature.
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Title: Professor of Chemical Engineering
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Chapter 1

Introduction

1.1 Motivation

Ionic surfactants constitute the most widely-used class of surfactants in both indus-
trial practice and academic 'research, being utilized in a wide variety of practical
applications ranging from small-scale household applications, such as, detergency, to
large-scale industrial applications, such as, environmental and biological separation
processes [1]. Most practical applications involving the use of ionic surfactants are
based on two (related) aspects of surfactant bulk solution behavior: micellization
and micellar solubilization. When dissolved in aqueous solutions, beyond a thresh-
old concentration referred to as the critical micelle concentration (CMC), surfactant
molecules (nonionic, ionic, and zwitterionic) aggregate spontaneously (a process re-
ferred to as self-assembly) to form microstructures known as micelles [1, 2]. Micellar
aggregates consist of a hydrophobic core, composed of the non-polar surfactant tails,
and of a hydrophilic interfacial shell, composed of the polar surfactant heads. Micelles
are fluctuating dynamic entities, and can assume a rich variety of shapes and sizes,
depending on the surfactant molecular structure and the solution conditions, includ-
ing temperature, surfactant concentration, solution ionic strength, and the nature of
any counterions present in the solution (in the case of ionic surfactants) [1, 3, 4]. In
addition to the commercial relevance of ionic surfactants, the diverse nature of micel-

lar aggregates that they form in solution, and the accompanying richness in their bulk
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solution behavior, makes ionic surfactants the subject of great academic interest.

The interior of the micellar aggregates is hydrophobic and can therefore provide
colloid-size hydrophobic pockets dispersed in an aqueous medium in which other hy-
drophobic (or partly hydrophobic) compounds may be solubilized, thus leading to
an increase in the aqueous solubility of the hydrophobic compounds. Micellar sol-
ubilization in aqueous solutions refers to this enhanced solubility of a hydrophobic
compound (referred to as the solute or the solubilizate) through the use of surfactants
[5, 6, 7, 8]. Indeed, a wide variety of industrial, pharmaceutical, and biological ap-
plications involve the solubilization of ‘oil-like’ substances by the surfactant micelles
present in the solution [5, 6]. Micellar solubilization is utilized in the preparation of
pharmaceutical and biomedical products (for example, in micellar formulations of wa-
ter insoluble drugs, such as, Taxol), cosmetic formulations (for example, in perfumery
materials dissolved in water using surfactants), and agrochemicals (for example, in
aqueous micellar dispersions of herbicides) [5]. An example of the biological relevance
of solubilization includes the solubilization of cholesterol by bile salt and phospholipid
biosurfactants in the gastrointestinal tract during digestion [5]. Surfactants are also
utilized as solubilizers in many household and industrial applications [5, 6, 9, 10],
including detergency (to remove greasy materials from a substrate), emulsion poly-
merization (to solubilize the reactant monomers in the aqueous solution and enable
initiation of the polymerization reaction), and biological and environmental separa-
tion processes (for example, in the solubilization of pollutants present in waste-water
by adding surfactants). It should be noted that, in many of the industrial applications
involving the use of surfactants as solubilizers, ionic surfactants are often preferred,
since, on a weight-basis, they possess higher solubilization capacities [11].

Finally, the solubilization of a hydrophobic solute can lead to changes in the
micelle shape and size, and thereby, can modify the bulk solution properties of micellar
solutions. For example, the solubilization of aromatic hydrocarbons has been shown
to promote the sphere-to-rod transition in micelle shape, which can lead to an increase
in the viscosity of the surfactant solution [6]. Therefore, hydrophobic solutes can be

utilized as additives in surfactant solutions (similar to what is done in the case of
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inorganic electrolytes) to modify their bulk solution properties.

As follows from the various examples cited above, the phenomena of micellization
and solubilization in ionic surfactant solutions are relevant in many practical appli-
cations. Therefore, the development of a comprehensive theoretical approach, aimed
at providing a fundamental molecular-level understanding of the micellization and
solubilization characteristics of ionic surfactants in aqueous solutions, can aid signif-
icantly in the rational selection, design, and optimization of ionic surfactant systems
that exhibit the desired performance characteristics for any given application, and
thereby, can significantly reduce the time and resources associated with trial-and-
error type experimentation. For example, theoretical predictions of the extent of
micellar solubilization of a hydrophobic solute, including any accompanying changes
induced in the micelle shape and size induced upon solubilization, can help in either
the rational selection of surfactant systems to achieve the desired extent of solubiliza-
tion, or in the rational selection of solutes that, upon solubilization, will modify the
micelle characteristics as desired. In addition, theoretical predictions of fundamental
micellar solution properties, including CMC’s, optimal micelle shapes, and average
micelle sizes, can often be correlated with properties of practical relevance, such as,
the skin irritation potential of a surfactant and the rheology of the surfactant solution
[12].

With this motivation in mind, in this thesis, I first developed a molecular - ther-
modynamic theory of micellization of ionic surfactants to quantitatively predict their
micellar solution properties, including CMC’s, optimal micelle shapes, and average
micelle sizes, as well to understand the effect of the counterion nature on these prop-
erties. This molecular-thermodynamic theory was utilized to model several ionic
surfactant-electrolyte systems, including systems containing monovalent, multivalent,
and organic (lipophilic) counterions. Following that, in an effort to understand the
effect of the molecular structure of the surfactant tail on the micellar solution be-
havior, I implemented a mean-field theory of chain (surfactant tail) packing within
micelles in surfactants having more complex tail structures than the conventional lin-

ear alkyl-tailed surfactants considered previously by us [12, 13, 14, 15, 16, 17, 18, 19]
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as well as by others [20, 21, 22, 23, 24, 25|, including branched alkyl-tailed surfac-
tants, alkylbenzene-tailed surfactants, and fluorocarbon surfactants. Furthermore, in
the case of fluorocarbon surfactants, I also integrated the mean-field theory of chain
packing in the context of the molecular-thermodynamic framework that I developed
for ionic surfactants, and quantitatively predicted the conformational characteris-
tics of the fluorocarbon tails in the micelle core as well as various micellar solution
properties of the fluorocarbon surfactants in aqueous solution, including contrasting
these with those of hydrocarbon surfactants. Finally, I also developed a molecular-
thermodynamic theory of micellar solubilization of hydrophobic solutes, including
non-polar solutes (specifically, alkanes), semi-polar solutes (specifically, aromatics),
and polar solutes (specifically, alcohols). The last case, namely, modeling the solubi-
lization of alcohols in ionic surfactant micelles, turned out to be analogous to mod-
eling the self-assembly of ionic surfactant-nonionic surfactant mixtures into binary
mixed micelles, where the alcohol molecules play the role of the nonionic surfactant
molecules. This mixed-micellization modeling was carried out previously by other
members of our group [12, 19], as well as by others [26, 27], and consequently, was
not included as part of this thesis. The solubilization theory was applied to several
ionic surfactant-solute systems, and quantitative predictions of : (i) the extent of
solute solubilization in the micelles, (iz) the solute distribution profile within the mi-
celles, and (4¢) changes in various micellar solution properties, including CMC’s and
micelle shapes and size distributions, were made. Wherever possible, the theoretical
predictions made in this thesis were compared with available experimental data from
the literature, and reasonable agreement was obtained in all the cases examined.
The remainder of this chapter is organized as follows. In Section 1.2, a gen-
eral background on surfactants and their micellar solution behavior is presented. In
Section 1.3, a detailed background on micellar solubilization, including the main ex-
perimental observations, is presented. In Section 1.4, the main theoretical treatments
utilized in the past in the areas of micellization and solubilization are reviewed, and
the specific objectives of this thesis are delineated. In Section 1.5, an overview of this

thesis is presented, and the organization of the remainder of this thesis is discussed.
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1.2 Background on Surfactant Solution Behavior

Surfactants (a contraction of the term surface-active agents) are amphiphilic molecules
composed of a polar hydrophilic moiety, referred to as the surfactant “head”, and a
non-polar hydrophobic moiety, referred to as the surfactant “tail” [1, 2]. The hy-
drophilic surfactant head can be nonionic, ionic, or zwitterionic (also referred to
as amphoteric). The hydrophobic surfactant tail is usually hydrocarbon-based, and
may be derived from linear alkanes, branched alkanes, or long-chain alkylbenzenes.
However, other tail structures, based on fluorocarbons or silicones, are also available
commercially for use in specialized applications [1]. The amphiphilic nature of sur-
factants gives rise to a rich spectrum of surface and bulk solution phenomena when
they are dissolved in polar and non-polar solvents (see Chapters 1-3 in [1] for an in-
troduction to the field of micellar solutions). In particular, when dissolved in aqueous
solvents, the amphiphilic nature of surfactant molecules drives them to adsorb at the
air-water interface, with their hydrophobic tails oriented towards the air and their
hydrophilic heads remaining in the aqueous solution. This formation of a surfactant
monolayer at the air-water interface leads to a significant lowering of the air-water
surface tension. As the surfactant concentration is increased, the surface coverage of
surfactants at the air-water interface continues to increase until the critical micelle
concentration (CMC) is reached. At the CMC, surfactant molecules self-assemble
to form micelles, in which the surfactant tails constitute the hydrophobic core, and
are shielded from the aqueous solution by the connected hydrophilic heads, which
constitute the micelle interfacial shell. At the CMC, the entropic cost of localizing
surfactant molecules in a micelle is compensated by the free-energy gain associated
with shielding the hydrophobic surfactant tails from water. Beyond the CMC, any
added surfactant molecules get incorporated into micelles, and the concentration of
free surfactant monomers stays approximately constant. The CMC is a characteristic
of the surfactant type, and depends on solution conditions, including the tempera-
ture, the solution pH, the solution ionic strength, and the nature of any counterions

present in the solution (in the case of ionic surfactants).
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Typically, the micellar aggregates formed are spherical (or globular), cylindrical
(including rigid rodlike and flexible wormlike), or bilayer structures (planar disklike
micelles), and their aggregation numbers can range from tens to thousands of sur-
factant molecules [3]. Note that surfactants can also aggregate into closed bilayer
aggregates known as vesicles [3], but these will not be considered in this thesis. An
increase in the surfactant concentration typically leads to an increase in the micelle
size, achieved either by micelle growth in one dimension, namely, a sphere-to-rod
transition in micelle shape, or by micelle growth in two dimensions, namely, a sphere-
to-bilayer transition in micelle shape. In the case of jonic surfactant systems with no
added electrolyte, the electrostatic repulsions between the charged surfactant heads
causes them to aggregate into spherical micelles, since the interfacial area available
per surfactant head is largest in a spherical geometry. The addition of electrolyte
leads to a weakening of the electrostatic repulsions, and promotes the formation of

micellar aggregates with lower interfacial areas, including cylinders and bilayers.

1.3 Background on Micellar Solubilization

A large number of experimental studies have focussed on three important aspects of
solubilization: (z) the locus of solubilization (that is, the location of the hydropho-
bic solute within the aggregate), (ii) the extent of solubilization of a given solute
[5, 6, 7,8, 11, 28, 29, 30, 31, 32], and (i44) the effect of solubilization on the surfac-
tant micelle characteristics (including the CMC, the micelle shape, and the micelle
aggregation number) [33, 34, 35, 36, 37, 38, 39, 40]. These studies have shown that
these three aspects of solubilization depend strongly on the surfactant and the solute
molecular structures, as well as on the solution conditions, including the temper-
ature, the electrolyte concentration, and the surfactant and solute concentrations.
The main experimental observations concerning these three aspects of solubilization

are discussed next in Sections 1.3.1 to 1.3.3.
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1.3.1 Locus of Solubilization

The locus of solubilization within a micelle is of importance in applications such as
micellar reactions (where the solute is a reactant or a catalyst), because the mi-
croenvironment of the reactant, or of the catalyst, can affect the reaction rates. The
location of a solute within a micelle has been probed [6, 7, 8, 41] using experimental
techniques that directly determine its site, including fluorescence or IR spectroscopy,
or obtained indirectly from thermodynamic data, including partition coefficients. De-
pending on the chemical nature of the solute, it can be incorporaﬂed in one or more

of the following sites within a micelle [5, 6, 42], as shown schematically in Figure 1-1:

1. Palisade Layer: This refers to the region compﬁsing the surfactant tails. Polar
solutes such as alcohols and amines are solubilized with their heads anchored
at the aggregate-water interface and their tails penetrating into this region (re-
ferred to as deep penetration). Some semi-polar solutes (for example, benzene)

may also be present near the interfacial region (referred to as short penetration).

2. Core Region: In this case, the solute is present in the deep interior of the
aggregate (for example, in the case of alkanes). The solute may also form a
separate hydrophobic domain in the core of the aggregate (referred to hereafter
as the solute core). Aggregates with a solute core (if spherical) are also referred

to as oil-in-water(o/w) droplet microemulsions.

3. Corona Region: In surfactants possessing polymeric heads, such as those con-
sisting of a large number of poly(ethylene oxide) (PEQO) groups, some solutes
may be located in the corona region (the region comprising the polymeric sur-
factant heads) surrounding the aggregate core, for example, in the case of the
solubilization of chloroxylenol or benzene by C;E;-type surfactants. Since this
thesis focusses primarily on ionic surfactants, solute solubilization in the corona

region has not been addressed.

While the distinction in the loci of solubilization of non-polar solutes (such as,

alkanes) and polar solutes (such as, alcohols) is generally clear, there is some debate
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ci of solubilization in micellar aggre-

. Figure 1-1: Schematic representation of the lo
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regarding the loci of solubilization of semi-polar solutes (such as, aromatic hydrocar-
bons) [6]. The available experimental data suggests that as the number of substi-
tuted alkyl chains or aromatic rings increases, the loci of solubilization shifts from
the palisade layer to the core region [31]. For these semi-polar solutes, the locus of
solubilization is also affected by the solute concentration [8, 11, 43], as well as by the
interactions between the surfactant and the solute [11]. For example, the 7-electrons
in benzene interact favorably with the heads of cationic surfactants, leading to pref-
erential solubilization of benzene near the interfacial region. In anionic surfactants,

however, benzene penetrates deeper into the aggregate core.

1.3.2 Extent of Solubilization

The extent of solubilization of a solute inside a micelle can be measured using many ex-
perimental techniques, including vapor pressure measurements, head-space gas chro-
matography, calorimetry, semi-equilibrium dialysis, and fluorescence, or by measuring
changes in the surfactant CMC [6, 7, 41, 44, 45]. Typically, most experimental meth-
ods used to infer the extent of solubilization provide information about limit points
on the solubilization isotherm. One limit corresponds to infinite dilution of the solute
in the micelles (Henry’s law limit [6]), and the other corresponds to saturation of the
aqueous solution (that is, when a pure solute phase appears and coexists with the
aqueous micellar phase [6]).

Various thermodynamic parameters have been introduced to characterize the ex-

tent of solubilization [5, 6]. The most commonly reported parameters include:

1. The Partition Coefficient (P): The use of partition coefficients to characterize
the extent of solubilization is in line with the description of a micelle as a
pseudophase. P is defined as the ratio of the mole fraction of the solute in the
micelle (a) to its mole fraction in water (X, ,), that is, P = a/X; 4. A free
energy of solubilization, AG, can then be extracted from P as AG = —RT In P.
Note also that the partition coefficient, P, can be related to the equilibrium

constant of solubilization (represented by K) or to the activity coefficient of the
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solute in the micellar phase (represented by +,), which are other thermodynamic

parameters used to characterize the extent of solubilization.

The partition coefficient, P (or alternatively, K or 7,), is reported mostly in
the limit of infinite dilution of the solute in the micelles. Solubilization isotherms
(that is, the extent of solubilization throughout the region of miscibility at
a fixed temperature) have been measured for some surfactant-solute systems
[6, 11, 28]. These measurements suggest that P is not necessarily a constant,

but instead, may depend on «, the micelle composition of the solute.

. The Saturation Concentration (MAC or MSR): Saturation conditions are typ-
ically detected by an increase in the turbidity of the micellar solution. The
maximum amount of solute (in concentration units) that can be incorporated
into a micelle while maintaining an isotropic solution is referred to as the Maxi-
mum Additive Concentration (MAC) [5, 6]. Another parameter reported is the
Molar Solubilization Ratio (MSR) [46], defined as the ratio of the number of
solute molecules in the micellar aggregate to the number of surfactant molecules
in the micellar aggregate, that is, MSR = a/(1 — ), where « is the micelle
composition of the solute (specifically, the mole fraction of the solubilized solute

in the micelle).

In our theoretical predictions, the extent of solubilization is characterized
simply by the micelle composition of the solute, a (which is a function of the
mole fraction of the solute in the bulk solution, X; 4). This is similar to the
description of binary mixed micelles, where a refers to the micelle composition

of one of the surfactant components in the binary surfactant mixture.

Clearly, the extent of solubilization is affected by the surfactant and the solute

molecular structures, as well as by the solution conditions, as discussed below.

Effect of the Surfactant Molecular Structure

The nature of the surfactant tail and head, as well as that of the counterion (in

the case of ionic surfactants), can all affect solubilization [5]. The extent of solubi-
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lization of hydrocarbons in hydrocarbon-based surfactants [5, 11, 30, 46, 47, 48, 49]
and of fluorinated compounds in fluorocarbon-based surfactants [50] increases as the
surfactant tail length increases. Saturation [47, 51] and branching of the surfactant
tail [47, 49, 51] in hydrocarbon-based surfactants have also been shown to affect sol-
ubilization, although these surfactant tail-related aspects were not investigated in
this thesis. In some cases, the surfactant head area and charge affect solubilization,
specially due to specific interactions [11, 48] (for example, the specific interaction of
benzene with cationic heads leads to a greater extent of benzene solubilization by

cationic surfactants than by anionic surfactants [11]).

Effect of the Solute Molecular Structure

Solute polarity and molecular volume are the two main factors that affect the ex-
tent of solubilization [5]. Since the hydrophobic effect is the main driving force for
solubilization in aqueous media, the micelle-water partition coefficient, P, increases
(or AG decreases) upon increasing the hydrophobicity of the solute within a homol-
ogous series (that is, an increase in the chain length in a straight-chain alkane or
in a chain substituted on a benzene ring, or an increase in the number of aromatic
rings) (6, 7, 30, 31, 32]. On the other hand, the mole fraction of solute solubilized
in micelles, a, decreases as the chain length in a straight-chain alkane or in a chain
substituted on a benzene ring decreases, due to the increase in the solute size and
related steric factors [5, 11, 43, 51]. Some degree of polarity in the solute, in addition
to its hydrophobicity, aids in its solubilization [5, 43]. This last observation has been
attributed to the decrease in the interfacial free energy of the aggregate when polar
solutes (characterized by low solute-water interfacial tensions) are considered. It has
also been observed in some studies [5, 51], that cyclization in the solute (that is, cyclic
vs. straight chain solutes) increases its extent of solubilization.

Consistent with these observations, a semi-theoretical relation has been proposed
for the MSR of hydrocarbons in surfactant micelles [43]. According to this correlation,
the MSR increases with a decrease in the solute molecular volume and with an increase

in its polarity. In addition, the preferential location of polar solutes near the interface
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is implied in this correlation. Empirical correlations relating partition coefficients
to the solute molecular characteristics have also been proposed for some surfactant

systems (see references [8-11] in Ref [8]).

Effect of the Solution Conditions

Ionic strength, temperature, and surfactant concentration are the main controlling
factors in this case. Solubilization of polar solutes in the case of ionic surfactants
usually decreases with an increase in the ionic strength of the solution, while that
of non-polar solutes increases [11, 52]. This is because an increase in the electrolyte
concentration leads to a reduction in the electrostatic repulsions between the charged
ionic surfactant heads, thereby enabling closer packing of the surfactant molecules,
and a resulting increase in the aggregate size. Since non-polar solutes tend to localize
in the solute core or in the palisade layer, this increase in aggregate size increases the
volume available for solubilization. Polar solutes, on the other hand, tend to align with
their polar groups at the aggregate-water interface, and therefore, the closer packing
of the surfactant heads at higher ionic strengths decreases their solubilization. The
effect of temperature on solubilization depends on the solute and on the surfactant
molecular structures, due to the fact that a change in temperature induces changes
both in the aqueous solubility of the solute, as well as in the micelle properties [5].
Changes in the surfactant concentration can cause the micelle shape and size to vary,
for example, by inducing transitions from spherical to cylindrical micelles. In that
case, the solubilization of alkanes would be expected to increase, due to an increase
in the volume of the micelle core, and that of polar solutes would be expected to
decrease, due to the closer packing of the surfactant heads at the micelle core-water
interface in cylindrical micelles, and this has indeed been observed in some cases [6].
Nevertheless, it has also been observed that, for many ionic surfactants, such as, cetyl
pyridinium chloride (CPC) and sodium dodecyl sulfate (SDS), o does not vary over
a wide range of surfactant concentrations [6, 11]. This is also reflected by the fact
that, in such cases, the concentration of the dissolved solute increases linearly with

the surfactant concentration above the CMC [30, 32, 52].
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1.3.3 Effect of Solubilization on the Micelle Characteristics

Solubilization inside a micelle can affect micelle characteristics, including the CMC,
the micelle shape, and the micelle aggregation number. In particular, it has been
observed that the CMC decreases upon micellar solubilization of hydrophobic solutes
[5, 33]. Therefore, solubilization can occur at surfactant concentrations below the
pure surfactant CMC. Several expressions relating this decrease in the CMC to the
partition coefficient of the solute have been derived, based on different models for the
surfactant chemical potential in the micellar aggregate [33].

Changes in micelle shape and aggregation number resulting from solubilization are
closely related to the locus of solubilization of the solute. It has been observed that
polar solutes, such as alcohols, decrease the surface charge density of ionic micelles,
and thereby promote the formation of cylindrical or discoidal micelles [34, 35, 36, 37,
38, 39, 40]. Aliphatic hydrocarbons usually solubilize in the hydrocarbon-core region.
In doing so, they increase the aggregate core radius and thus promote the transition
from rod-like to globular or spherical aggregates (34, 35]. Aromatic hydrocarbons in
ionic surfactant micelles follow a two-step pattern [34, 36, 37]. At low concentrations,
they solubilize near the interface and promote elongation of cylindrical micelles or
the transition into disk-like aggregates. At higher concentrations of the aromatic
solutes, the palisade layer gets saturated and the solute is then transferred into the
micellar interior, inducing transitions from rod-like micelles to spherical aggregates.
The rod-like micelles may also condense and form a coacervate phase. Some alkanes
(of short chain lengths) have also been shown to display this two-step pattern [34].
Specifically, as the chain length of an alkane decreases, it promotes radial growth

instead of axial growth.
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1.4 Previous Theoretical Work on Micellization and
Solubilization

As discussed in Sections 1.2 and 1.3, experimental studies dealing with ionic sur-
factants (and with nonionic surfactants as well) have provided very good insight
into the micellization and the solubilization phenomena. In this section, I will pro-
vide a context for the development of predictive molecular-thermodynamic theories
of micellization and solubilization in ionic surfactant systems. I will first present a
brief overview of previous theoretical approaches in the micellization area (see Sec-
tion 1.4.1) and in the solubilization area (see Section 1.4.2), focussing primarily on
molecular-thermodynamic theories. Note that a molecular-thermodynamic treatment
of micellization, or of solubilization, involves combining the general thermodynamic
principles of self-assembly with detailed molecular models of the various contribu-
tions to the free energy of aggregation (reflecting the main driving and opposing
forces involved in the aggregation process). One should keep in mind that alternate
theoretical approaches, including cell and lattice theories of ionic surfactant micelles
[53, 54], self-consistent field lattice theories [55], and simulations-based techniques to
model surfactant micelles and surfactant-solute micellar aggregates [56, 57, 58], have
also been developed, and have been highlighted in the appropriate chapters of this
thesis. Following that, in Section 1.4.3, I will delineate the specific objectives of this

thesis, emphasizing how this thesis builds on these previous theoretical approaches.

1.4.1 Molecular-Thermodynamic Theories of Micellization

The phenomenological theory pioneered by Tanford [2] and the geometric packing
theory of micelles pioneered by Israelachvili [3, 59] contributed significantly to a
fundamental understanding of the micellization process. Following that, molecular-
thermodynamic approaches were advanced by various researchers [20, 21, 25, 26, 60],
as well as by previous members of our group [12, 13, 14, 15, 16, 17, 18, 19]. These

approaches evaluate the free energy of micellization, which includes the various free-
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energy changes associated with the formation of the micelle core (composed of the
surfactant tails) and with the formation of the micelle interfacial shell (composed of
the hydrated surfactant heads). These theories have been successful in describing
the micellar solution behavior of single nonionic, ionic, and zwitterionic surfactants
having linear alkyl tails, as well as of binary mixtures of these surfactants.

In modeling the free energy of micellization, two free-energy contributions are
particularly challenging to evaluate : (7) the electrostatic free energy, which accounts
for the electrostatic repulsions between the charged surfactant heads (in ionic sur-
factants) at the micelle surface, and (i7) the packing free energy, which accounts for
the loss in conformational entropy of the surfactant tails within the micelle core, as
they are anchored at the aggregate core/water interface. Many theoretical stud-
les of ionic micellar systems [20, 61, 62] have typically utilized variations of the
Poisson-Boltzmann-Stern theory [63, 64], which describes the formation of the dif-
fuse counterion cloud surrounding the charged micelle, residing beyond a Stern layer
of steric exclusion adjacent to the micelle surface. A modification of this approach,
the Poisson-Boltzmann-Cell Model (PBCM), calculated the electrostatic potential be-
tween two charged micelles surrounded by their diffuse counterion clouds by dividing
the micellar solution into a number of cells [22, 23, 24]. On the other hand, theo-
retical formulations have also been developed that take into account the presence of
bound counterions within the Stern layer of micelles, along with a diffuse counterion
cloud [25, 53, 54, 65, 66, 67, 68, 60]. In many of these theories, experimental results
for the micellar solution properties (including CMC’s and micelle sizes) are utilized
to quantify the fraction of counterions that bind onto the charged micelle surface.
Accordingly, the development of a predictive molecular-thermodynamic theory of mi-
cellization of ionic surfactants, which takes into account counterion binding onto the
charged micelle surface, is an important goal of this thesis (as will be discussed in
Chapters 2 and 3).

To evaluate the packing free-energy contribution, previously developed theories
[20, 23, 25] have either utilized empirical relations, obtained by fitting to experimen-

tal CMC data, or polymeric theories, which may not be appropriate in the case of
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the short tail lengths encountered in conventional surfactants, to evaluate the packing
free-energy contribution. A more rigorous evaluation of the packing free-energy con-
tribution for surfactants having linear alkyl tails was carried out by previous members
of our group, who utilized a single-chain mean-field theory of packing developed by
Ben-Shaul, Szleifer, and Gelbart [69, 70, 71, 72] to evaluate this contribution. The
extension of this single-chain mean-field theory of packing to surfactant tails which
are more complex than linear alkanes is another important goal of this thesis (as will

be discussed in Chapters 4 and 5).

1.4.2 Molecular-Thermodynamic Theories of Solubilization

The main molecular-thermodynamic approaches in the area of solubilization are those
of Jonsson and co-workers [73, 27, 74] and of Nagarajan and co-workers [20, 75]. The
Poisson-Boltzmann Cell Model (PBCM) developed by Jonsson et al. [73, 27, 74]
deals with solubilization in isotropic solutions, as well as in liquid crystalline phases
(formed at higher surfactant concentrations). This model also includes inter-aggregate
interactions, and therefore, captures very well the essential features of the phase
behavior of a surfactant-solute-water system. However, in isotropic solutions, Jonsson
and co-workers focussed solely on determining the relative distribution of the solute
molecules between the pure solute domain (solute core) and the palisade layer, and
subsequently used this information to determine how the loci of solubilization of polar
and non-polar solutes change as the amount of solute, or surfactant, is increased. The
maximum amount of a solute that can be solubilized, and the solubilizing power of
different surfactants, were not predicted. In addition, only spherical aggregates were
considered. As a result, possible changes in micelle shape and size upon solubilization
could not be investigated.

The models of micellization and solubilization in surfactant aggregates developed
by Nagarajan and Ruckenstein [20, 75] have been used to predict quantitatively the
locus and the extent of solubilization of hydrophobic solutes, and the predictions com-
pare well with the available experimental results. However, quantitative predictions

of possible changes in micelle shapes and sizes upon solubilization were not compared

34



with available experimental data, and only qualitative trends have been reported.
Specifically, in the theoretical approach presented in Refs [20] and [75], the packing
of the surfactant tails inside the micelle core was calculated utilizing polymeric the-
ories (which may not be appropriate for the short-chain surfactant tails considered).
As will be shown in Chapters 6 and 7 of this thesis, a more rigorous treatment of
chain-packing effects in micellar aggregates can lead to new qualitative results, as
well as provide improved quantitative accuracy in the predictions of micelle shapes

and sizes.

1.4.3 Thesis Objectives

In the past, molecular-thermodynamic theories of micellization have been advanced
by our group to model single nonionic surfactants and binary surfactant mixtures.
The work carried out in this thesis extends the theoretical approaches developed

previously by our group in three main directions:

1. Development of a molecular-thermodynamic theory to quantitatively predict
the micellization behavior of ionic surfactants in aqueous solutions. The main
focus here was on modeling the electrostatic interactions between the charged
surfactant heads in a rigorous manner, accounting for the possibility of par-
tial neutralization of the surfactant charges by any counterions (inorganic and
organic, as well as monovalent and multivalent) which adsorb at the charged

micelle surface.

2. Extension of the single-chain mean-field theory of chain packing in micelles,
originally implemented for linear alkyl surfactant tails, to surfactant tails having
more complex structures, including branched alkyl tails, alkylbenzene tails, and
fluorocarbon tails. This was defined as one of the objectives of this thesis
because, unlike other free-energy contributions associated with the formation
of the micelle core, analytical expressions for the packing free energy are not
available, and one needs to develop appropriate chain models to generate the

various torsional conformations of these tails. Therefore, the computation of
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the packing free energy of surfactants having more complex tail architectures is
an essential first step in developing molecular models of micellization for these
more complex surfactants. In the case of fluorocarbon surfactants, a molecular-
thermodynamic theory of micellization was developed to predict their micellar

solution properties, in addition to their conformational characteristics.

3. Development of a predictive molecular-thermodynamic theory of solubilization
of hydrophobic solutes in single ionic surfactant micelles, in order to obtain a
fundamental, molecular-level understanding of : (i) the effect of the surfactant
and the solute molecular structures, as well as of the solution conditions, on the
extent of solubilization of various hydrophobic solutes in aqueous solutions, and
(22) the effect of the solute on surfactant micelle characteristics, including CMC’s
and micelle shapes and sizes. The hydrophobic solutes considered include: non-
polar solutes (specifically, alkanes) and semi-polar solutes (specifically, aromatic

solutes).

1.5 Thesis Overview

The remainder of the thesis is organized as follows. In Chapter 2, a molecular-
thermodynamic theory is developed to model the micellization of ionic surfactants
with added electrolytes in aqueous solution, by combining a thermodynamic descrip-
tion of the micellar solution free energy with a molecular model of the micellization
process. In this theoretical approach, a fraction of the counterions, released by the
ionic surfactant heads and/or any added electrolytes, are allowed to bind onto the
charged micelle surface, and thereby, to induce a partial reduction of the micelle sur-
face charge. The bound counterions are modeled as being intercalated among the
surfactant heads on the micelle surface of charge. The remaining counterions are dis-
tributed according to the Boltzmann equation in the diffuse region, which lies beyond
the Stern layer of steric exclusion adjacent to the micelle surface of charge. Expres-
sions for the various free-energy contributions to micelle formation are derived for the

general case when multiple counterion species are present in the solution, including
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inorganic counterions, such as Na*, as well as organic counterions having pendant
hydrophobic groups that penetrate into the micelle core, such as the salicylate ion. In
our theoretical formulation, the optimal degree of binding of each counterion species
onto the charged micelle surface is a predicted quantity, obtained by minimizing the
free energy of micellization, and depends on the nature of the counterion, including
its hydrated size, valence, and lipophilicity. The theory developed is validated by im-
plementing it in the case of the well-studied ionic surfactant system: sodium dodecyl
sulfate (SDS) with added NaCl. Specifically, our theoretical predictions of : (z) the
optimal degree of Na* binding onto the charged micelle surface, (i) the electrostatic
potential at the micelle surface of charge, (7i:) the electrostatic potential at the Stern
surface, (iv) CMC’s as a function of NaCl concentration, and (v) average micelle
sizes, are compared with experimental results available in the literature.

In Chapter 3, the molecular-thermodynamic theory of micellization of ionic surfac-
tants developed in Chapter 2 is applied to specific ionic surfactant-electrolyte systems
in order to test its ability to quantitatively predict various micellar solution properties,
including the effect of the counterion hydrated size, valence, and lipophilicity. With
this goal in mind, the theory is utilized to model surfactant solutions containing: (4)
monovalent counterions (specifically, the alkali metal dodecyl sulfate series, MDS),
(43) multivalent counterions (specifically, the sodium dodecyl dioxyethylene sulfate
surfactant, SDE,S, with added AICI3 + NaCl and CaCl, + NaCl), and (i) organic
counterions (specifically, the alkyl trimethylammonium salicylate series, C,TASal).
The predicted micellar solution properties include: (z) the optimal degree of binding
of each counterion species onto the charged micelle surface, (ii) the surfactant critical
micelle concentration (CMC), and (44) the optimal micelle shape and average micelle
aggregation numbers. For all the surfactant systems considered, the quantitative
predictions made are compared with experimental results available in the literature.

As discussed in Section 1.4, the molecular-thermodynamic theories of micelliza-
tion developed previously by our group, as well as by other researchers, are largely
restricted to conventional hydrocarbon-based surfactants containing linear alkyl tails.

Considering the commercial relevance of surfactants having more complex tail struc-
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tures, including alkylbenzene sulfonates and alkyl phenol ethoxylates, as well as con-
sidering the advances being made in the synthesis of novel surfactants with unique
aggregation characteristics, such as, gemini surfactants, it appears important to gen-
eralize the molecular-thermodynamic theories to surfactants having more complex
tail structures. With this need in mind, Chapter 4 discusses the computation of the
packing free-energy contribution, which is strongly dependent on the surfactant tail
structure, of : (i) surfactants with branched alkyl tails, and (ii) surfactants with
alkylbenzene tails. Specifically, the single-chain mean-field theory of surfactant tail
(chain) packing within micelles developed by Ben-Shaul, Szleifer, and Gelbart is first
introduced. By combining this mean-field theory with suitable models describing the
chain torsional conformations in branched alkyl tails and in alkylbenzene tails, predic-
tions of the chain conformational characteristics and of the chain packing free energy
are then made. These predictions are compared with the corresponding predictions
for linear alkyl chains, and the observed differences are rationalized at a fundamental
level. Within the same class of surfactants, the predicted conformational characteris-
tics and packing free energies are found to depend strongly on molecular-level details,
for example, on the position of the branch in branched alkyl tails, and on the length
of the alkyl chain in alkylbenzene tails. Although the micellar solution properties
were not predicted for these surfactants, one can expect that the differences observed
in the packing characteristics of the chains will also result in differences in the shapes
and sizes of the micelles formed, as well as in the CMC’s.

Chapter 5 discusses the extension of the molecular-thermodynamic theory of mi-
cellization developed in Chapter 2 to ionic fluorocarbon surfactants, which are im-
portant commercially, and are of academic interest as well. The novel aspects of the
molecular model of micellization developed in Chapter 5 include : (i) the implemen-
tation of the single-chain mean-field packing theory, combined with an appropriate
Rotational Isomeric State (RIS) model of fluorocarbon chains, to describe the pack-
ing of the fluorocarbon surfactant tails inside the micelle core (similar, in spirit,
to the packing calculations carried out in Chapter 4 for branched alkyl tails and

alkylbenzene tails), and (i) a theoretical formulation to evaluate the free energy of
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micellization and the size distribution of finite disklike micelles, which often form
in the case of fluorocarbon surfactants. The mean-field theory is utilized to predict
the bond order parameter profiles of fluorocarbon and hydrocarbon surfactant tails
within the micelle core, and the predictions are compared with available experimental
results. The molecular-thermodynamic theory developed is then applied to several
ionic fluorocarbon surfactant-electrolyte systems, including perfluoroalkanoates and
perfluorosulfonates with added LiCl or NH,Cl, and various micellar solution proper-
ties are predicted, and compared with available experimental results. The observed
differences in the aggregation characteristics of fluorocarbon surfactants and their hy-
drocarbon analogues are rationalized by examining the various contributions to the
free energy of micellization in these two surfactant classes.

Chapter 6 discusses the development of a single-chain mean-field theory to model
the packing of surfactant tails in the presence of solubilized solutes (specifically, non-
polar alkanes and semi-polar aromatics), in micellar aggregates. The main goal in
Chapter 6 is to compute the packing free-energy contribution in surfactant micelles
in the presence of solubilized solutes, which can then be utilized in the context of
a molecular-thermodynamic theory of solubilization. In addition, the solute distri-
bution profile within the micelle core predicted by the mean-field packing theory
provides meaningful physical information about the internal structure of the micellar
aggregates formed in the presence of solubilized hydrophobic solutes, and about the
locus of solubilization of these hydrophobic solutes. In the case of surface-active so-
lutes (for example, aromatics), the solute polarity is incorporated into the mean-field
theory of chain packing in order to capture the dependence of the solute distribution
profile within the micelle core on the solute polarity.

Chapter 7 discusses the development of a molecular-thermodynamic theory of sol-
ubilization of hydrophobic solutes in ionic surfactant micelles. The solutes considered
include non-polar solutes (specifically, alkanes) and semi-polar solutes (specifically,
aromatics), and the single-chain mean-field theory of packing developed in Chapter
6 is implemented in the context of the molecular-thermodynamic theory of solubi-

lization to compute the packing and the interfacial free-energy contributions. The
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resulting molecular-thermodynamic theory of solubilization is then applied to several
ionic surfactant-solute systems, and quantitative predictions of : (i) the extent of
solute solubilization, (i) the solute distribution profile within the micelle core, and
(32) the changes in various micellar solution properties, including CMC’s and micelle
shapes and sizes, are made. The ionic surfactant systems studied include surfactants
with monovalent counterions (Na* and Cl~) and multivalent counterions (AI** and
Ca?t), whose micellar solution properties (in the absence of any added solutes) were
predicted in Chapter 3. For all the systems examined, the predictions are compared
with experimental results available in the literature.

Finally, Chapter 8 summarizes the main results of the thesis, presents concluding
remarks, and proposes possible new directions for future research. These include:
(z) improvements to the theories developed in this thesis, (i) extensions of these
theories to other interesting surfactant-solutes systems (for example, surfactants and
solutes having more complex molecular structures), which would expand the range of
applicability of these theories, (zi¢) the use of novel theoretical techniques, which go
beyond the molecular-thermodynamic approaches presented in this thesis, to model
surfactants and solutes having more complex molecular structures, and (iv) predicting
phase separation and modeling the formation of liquid crystalline phases in surfactant

solutions.
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Chapter 2

Molecular-Thermodynamic Theory

of Micellization of Ionic Surfactants

2.1 Introduction

Ionic surfactants are the most widely-used class of surfactants in both industrial
practice and academic research, being utilized in practical applications ranging from
household uses, including detergents, pharmaceuticals, and personal care products,
to industrial applications involving coatings and lubricants. It is well known that
an increase in the solution ionic strength leads to a lowering of the critical micelle
concentration (CMC) of ionic surfactants, and to a transition from spherical to cylin-
drical (rigid rodlike or fAexible wormlike) ionic micelles [2, 3]. This dependence has
been attributed to the screening of the electrostatic repulsions between the charged
ionic surfactant heads at the micelle surface by counterions released from these sur-
factant heads and from any electrolytes added to the solution. This strategy to induce
micelle growth in ionic surfactant systems, via Coulombic screening by the counteri-
ons present in the solution, has been the sub ject of extensive experimental research
[76, 77,78, 79, 80, 81}, and is also exploited in several commercial applications involv-
ing ionic surfactants, including the use of electrolytes as ‘thickeners’ in shampoos, in
order to impart increased viscosity to the product [82].

In addition, it has been demonstrated that the micellar properties of ionic sur-
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factants are strongly affected not only by the overall counterion concentration, but
also by the specific type of counterions released from the surfactant heads and the
electrolytes added to the solution. For example, in the case of the anionic surfactant
dodecyl sulfate with associated monovalent alkali counterions, the CMC is observed
to follow the sequence: CMCg,+ < CMCg+ < CMCpo+ < CMCr;+, namely, the
CMC is observed to increase with an increase in the size of the hydrated counterion
[1]. Micelles formed by the cationic surfactant cetyl trimethylammonium bromide
undergo a sphere-to-rod transition upon addition of only 0.1 M NaBr, while micelles
formed by its chloride analogue require adding over 1.0 M NaCl to undergo this shape
transition [81, 83]. Multivalent counterions, such as Al** and Ca®*, are known to be
much more effective promoters of micelle growth than monovalent counterions, such
as Na*, at the same ionic strength [84, 85, 86]. Furthermore, lipophilic counterions,
such as the aromatic salicylates, methylsalicylic acid, chlorobenzoates, and toluic acid
[87, 88, 89, 90], alkyl sulfonates [91], and quaternary ammonium ions [92], strongly
promote the formation of elongated rodlike or wormlike micelles in ionic surfactant
solutions, where the presence of these micellar structures imparts viscoelasticity to
the system.

It is therefore clear that the nature of the counterions associated with the ionic
surfactants, or with any electrolytes added to the solution, in addition to the overall
solution ionic strength, can dramatically affect micellar solution properties, includ-
ing the micelle shape and size, and as such, can have a profound effect on the bulk
solution properties of any ionic surfactant system. Accordingly, the development of
a quantitative, molecularly-based thermodynamic theory capable of predicting the
micellization behavior of ionic surfactant-electrolyte systems, including the effect of
the counterion type, would be extremely valuable for the selection of ionic surfac-
tants that exhibit the desired bulk solution behavior. Moreover, the micellization
properties predicted by such a theory can often be correlated with solution proper-
ties of practical relevance [12], including the solution solubilization capacity and the
solution rheological behavior, thus reducing the time and resources associated with

trial-and-error type experimentation.
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Theoretical studies of ionic micellar systems [20, 22, 23, 61, 62] have typically
utilized variations of the Poisson-Boltzmann-Stern theory [63, 64], which describes the
formation of the diffuse counterion cloud surrounding the charged micelle, residing
beyond a Stern layer of steric exclusion adjacent to the micelle surface. However,
counterions which are able to shed their hydration shells can penetrate into the Stern
layer, where they are highly restricted from moving parallel to the micelle surface
due to lateral electrostatic and steric interactions. In other words, the Stern layer
associated with the ionic micelles resembles a concentrated electrolyte solution, and
can be described by Grahame’s model [64] as being composed of a layer of counterions
adsorbed closely to the micelle surface, forming the so-called Inner Helmholtz Plane.
Moreover, unlike charged solid surfaces, the micelle surface is porous and non-uniform,
and the micelles are highly fluctuating entities. Therefore, it is certainly possible for
some counterions to penetrate into the Stern layer and remain associated closely
with the surfactant heads. In this respect, a self-consistent field lattice model of
ionic surfactant micelles in the presence of indifferent counterions indicated that the
surfactant heads are rather widely distributed outside the micelle core, and that about
50% to 75% of the counterions released by the surfactant heads accumulate between
them causing partial neutralization of the micelle charge [55]. Furthermore, molecular
dynamics simulations of SDS micelles [93, 58] have indicated the formation of contact
ion pairs by about 12% to 25% of the released Na*t ions with the sulfate heads on
the micelle surface, as well as the presence of bridged Na* ions shared by multiple
sulfate heads. In addition, recent theoretical work has shown that the nature of
the counterion, including its hydrated excluded volume and polarizability, can affect
the counterion distribution around a charged surface beyond that described by the
Poisson-Boltzmann theory which models solely the electrostatic effects [94, 95, 96, 97].
For example, strong dispersive interactions between the ions and a charged surface
can lead to a greater accumulation of ions in the proximity of the charged surface
[97], which can be viewed as an effective ‘binding’ of the ions to the charged surface.
Therefore, a molecular model of micellization that incorporates counterion binding

at the micelle-aqueous solvent interface should be able to capture the electrostatic
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effects at the surface of ionic surfactant micelles, including the effect of the specific
nature of the counterion on micellar solution properties.

Theoretical efforts aimed at modeling counterion binding onto the micelle-aqueous
solvent interface are few, due primarily to the complexities involved in describing
the micelle interfacial region as well as in modeling the interactions between the
various ionic species involved, including the discrete surfactant heads and the bound
counterions. In the detailed model of the micelle interfacial region developed by
Stigter [65, 66, 67], the Stern layer is modeled as a highly concentrated electrolyte
solution, composed of the immobile hydrated surfactant heads and some counterions
having restricted mobility in the free volume between the surfactant heads, due to
their lateral electrostatic and steric interactions. Rathman and Scamehorn developed
two triple-layer models of the Stern layer, where the counterions are modeled as
either being mobile within the Stern layer, or as being localized on certain ionic
surfactant heads as described by binding isotherms [53, 54]. Kohler et al. developed
a molecular model of micellization that utilizes Langmuir isotherms to describe the
direct adsorption of the counterions in the Stern layer [25]. In all these theoretical
studies, experimental results for the micelle surface charge and/or for the micelle size
are utilized, in conjunction with a model of the electrostatic effects, to infer the degree
of counterion binding.

A predictive theory of counterion binding onto a charged micelle-solution inter-
face, which considers explicitly the counterions in the Stern layer as being bound to
the charged surfactant heads, was developed by Beunen and Ruckenstein [68]. The
central aspect of this theory involves the derivation of an equation to predict the
degree of counterion binding onto the micelle surface, based on a detailed evaluation
of the work of formation of the charged micelle surface, composed of the discrete
ionic entities, along with the diffuse counterion cloud. In addition, these authors
developed a simplified model of the charged micelle-solution interface that neglects
the discreteness of the constituent ions and their non-random organization on the
micelle surface, which can be utilized in the context of a predictive molecular model

of micellization [60]. The resulting model was then utilized to describe the behavior
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of SDS with added NaCl, and the trends of the model predictions were rationalized at
a fundamental level. An important conclusion of the theoretical study in Ref [60] is
that the micelle size distribution is quite sensitive to even small contributions to the
standard work of micelle formation, which in turn demands that one very accurately
models the various electrostatic and non-electrostatic contributions to the work of
micelle formation.

With the previous theoretical work in mind, in this chapter, a fully predictive,
molecular-thermodynamic theory of micellization for ionic surfactant-electrolyte sys-
tems is developed, in which counterion binding onto micelles is accounted for ex-
plicitly. The theory developed in this chapter builds on molecular-thermodynamic
theories of micellization developed previously by our group for single nonionic surfac-
tants [13] and for binary nonionic surfactant mixtures [15, 16], and extended recently
to binary surfactant mixtures of ionic, zwitterionic, and nonionic surfactants [12].
Specifically, a thermodynamic framework describing the free energy of the micellar
solution is combined with a detailed molecular model of micellization, which evaluates
the various physicochemical contributions to the standard work of micelle formation,
which we refer to hereafter as the free energy of micellization. This theory is similar,
in spirit, to the simplified model of the charged micelle-water interface developed by
Ruckenstein and Beunen [60], in that the degree of counterion binding onto micelles
is predicted based on a molecular model of micellization. The key differences between
the theoretical approach presented in this chapter and that of Ref [60] are that: (1)
the model of counterion binding developed in this chapter assumes that the bound
counterions adsorb at the same plane as the ionic surfactant heads within the Stern
layer, and remain as independent entities in the Stern layer. In other words, the
bound counterions are intercalated between the ionic surfactant heads at the micelle
surface and are shared by several surfactant heads. The main implications of the
choice of this model for the micelle-water interfacial region on the free energy of mi-
cellization will be discussed in Sections 2.3 and 2.6 below, (2) the theory is utilized to
model the behavior of ionic surfactant systems containing multivalent counterions as

well as lipophilic counterions (see Chapter 3). In the case of lipophilic counterions,
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the pendant lipophilic moiety of the counterion resides in the micelle hydrophobic
core consisting of the surfactant tails, and therefore, contributes to the free-energy
changes associated with the formation of the micelle core, and (3) the free-energy con-
tributions associated with the formation of the micelle core have been evaluated in a
more rigorous manner, with the appreciation that the level of detail with which these
non-electrostatic free-energy contributions are modeled affects the actual quantitative
agreement of the theoretical predictions with the experimental data, particularly in
the case of micelle sizes.

The remainder of this chapter is organized as follows. The thermodynamic frame-
work describing the micellar solution is similar to that developed in previous theo-
retical studies of micellization of single surfactants and binary surfactant mixtures
advanced by our group [13, 15, 16, 12], and the salient features of this framework,
as they apply in the case of ionic surfactant micelles with bound counterions, are
presented in Section 2.2. The essence of the molecular model of micellization consists
of visualizing the formation of a micelle as a series of reversible steps, each accompa-
nied by a free-energy change. In Section 2.3, I discuss the evaluation of the various
free-energy changes, which can be divided into those associated with the formation of
the micelle hydrophobic core, and those associated with the formation of the micelle-
water interfacial shell region, surrounded by the diffuse counterion cloud. In Section
2.4, I describe the evaluation of various micellar solution properties, including the
CMC, the optimal degree of counterion binding, and the average micelle aggregation
numbers, based on the molecular-thermodynamic theory of micellization developed in
Sections 2.2 and 2.3. In Section 2.5, the model of counterion binding is validated by
applying it to the SDS-NaCl surfactant system, and comparing the predictions of the
optimal degree of counterion binding and of the electrostatic potentials at the micelle
surface of charge and at the Stern surface with the relevant experimental data. In
addition, I provide a physical rationalization of the qualitative trends resulting from
the theoretical predictions made. In Section 2.6, I discuss the limitations of the micel-
lization model presented in this chapter. Finally, in Section 2.7, I present concluding

remarks.
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In the next chapter, Chapter 3, the molecular-thermodynamic theory developed
here is implemented to quantitatively predict micellization properties of various ionic
surfactant-electrolyte systems, including the CMC, the micelle shape and average
micelle sizes, and the optimal degree of binding of various counterion species onto
the charged micelles. The ionic surfactants considered are all of the symmetric 1:1
type, and the different cases examined correspond to solutions containing multiple
counterion species, including monovalent, multivalent, and/or organic counterions.
These ionic surfactant-electrolyte systems have been selected with the specific aim
of studying the influence of the nature of the counterion, including its hydrated size,
valence, and lipophilic character, on the surfactant micellization process, as well as
to illustrate the broad range of applicability of the molecular-thermodynamic theory
developed in this chapter in enabling the prediction of micellar solution properties in

the different ionic surfactant-electrolyte systems considered.

2.2 Thermodynamic Framework

The underlying thermodynamic framework to describe single and mixed surfactant
systems has been described in detail previously [13, 15, 16, 12]. In the earlier treat-
ments of ionic surfactant systems by our group, however, the ionic surfactants were
assumed to be fully dissociated, and the released counterions were assumed to be dis-
tributed only in the electrical diffuse double layer surrounding the micelle according
to the Boltzmann distribution. In that case, the bare micelle consists of the surfac-
tant ions alone, and therefore, the overall charge of the micelle is determined solely
by its aggregation number, n. In this section, I present the essential elements of the
theoretical framework as it applies to ionic surfactants when counterions are allowed
to bind onto the micelle surface, and hence, become integral constituents of the mi-
cellar entity. It should be noted that in the earlier treatments of micellization, ionic
surfactants were considered only in the context of ionic-nonionic surfactant mixtures
[12, 19]. In such mixtures, the degree of counterion binding is expected to decrease

rapidly with decreasing micelle composition of the ionic surfactant, consistent with
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many experimental observations [53, 98]. Therefore, the neglect of counterion binding
in earlier treatments of mixed micellization by our group appears justified.

The ionic micellar solution under consideration contains surfactant ions, coun-
terions dissociated from the surfactant molecules, and counterions and co-ions re-
leased by any added electrolytes. In general, the counterions released from the added
electrolyte(s) in solution may be different from those released from the surfactant
molecules, in which case, the various counterion species in solution would tend to
compete for adsorption onto the micelle surface. Therefore, the bare micelle consists
of the individual surfactant ions (component s) and the bound counterions of various
species (components {c;}) that partially neutralize the charge of the surfactant ions.
Differences in the molecular properties of the counterions, including their hydrated
size, valence, and lipophilic character, will affect their competitive adsorption onto
the micelle surface, as will be illustrated with specific examples in Chapter 3. The
number of counterions of type c; that remain associated with the micelle, per sur-
factant molecule in the micelle, is referred to hereafter as the degree of binding of
counterion c¢;, and is denoted by f;. Therefore, the ionic character of the micelle
is determined by the number of surfactant molecules in the micelle, that is, by its
micelle aggregation number, n, as well as by the degrees of counterion binding, {£;}.
It then follows, that at thermodynamic equilibrium, the chemical potential of the
micelle (an n {3;}-mer), p,qg,}, can be related to the chemical potential of the sur-
factant monomers in the bulk aqueous solution, pg, and to that of the counterions in

the bulk aqueous solution, p.;, as follows:

nus + Z nﬁjucj = Un{B;} (2.1)

§=1.2,..
Equation 2.1 represents the conventional micelle-monomer chemical equilibrium
condition [2, 20, 13], modified to include the counterions in the formation of the
micelle. The chemical potentials of the individual species in the solution, p, and p.,,

and of the micelle, un(g;), can be obtained given an expression for the total Gibbs
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free energy of the surfactant solution, as shown in our earlier treatments of mixed
micellar solutions [12, 15]. By substituting the resulting expressions for the chemical
potentials in eq 2.1, the following expression describing the population distribution

of micelles of varying sizes and degrees of counterion binding is obtained :

?1 ; S’lca /Bj
o (u 0 OL) L, s ﬂf‘“‘c’f)}
j (2.2)

1 . s,
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where X; (i = n{B;}-mer, s, and c;) is the mole fraction of component 4, uo (i
= n {B;}-mer, s, and ¢;) is the standard-state chemical potential of component %, k is
the Boltzmann constant, and T is the solution absolute temperature. The standard-
state chemical potentials, u, are defined for the various components in a state of
infinite dilution in the aqueous solution at the prescribed ionic strength. In other
words, u; includes the interactions of component i (i = n {3;}-mer, s, and ¢;) with
the aqueous ‘hypersolvent’ containing the various ionic species. Interactions between
the micelles, however, have been neglected here. In ionic surfactant systems, the
intermicellar interactions, which include excluded-volume (steric) interactions, elec-
trostatic interactions, and attractive interactions, typically become important only at
high micelle concentrations and/or at low electrolyte concentrations [99, 100, 18]. In

dilute surfactant solutions having low micelle concentrations and high electrolyte con-
-1/3

centrations, the average intermicellar spacing (which can be estimated by Nomie , Where
TNmic 1S the micelle number density) is much larger than the average size of the micelle
along with its electrical double layer (which can be estimated by R+ !, where R is
the micelle radius based on its excluded volume, and s~ is the Debye-Hiickel screen-
ing length of the solution - a measure of the length scale associated with the decay
of the electrostatic interactions for the charged micelle). Under these conditions, the
intermicellar interactions should be small [86], and the free-energy contributions as-
sociated with these interactions may therefore be neglected relative to the free-energy
contributions associated with the intramicellar effects. The surfactant-electrolyte

systems that have been modeled in Chapter 3 can all be considered to be thermody-
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namically dilute solutions, and therefore, the neglect of intermicellar interactions is
valid for these systems.

It is illuminating and computationally useful to rewrite eq 2.2 such that the size
(n)-dependence of the micelle population distribution is separated from its depen-
dence on the ionic character (as reflected in {f;}). Specifically, the size distribution
can be expressed in terms of the translational entropy loss of the surfactant molecules

and the free-energy gain per surfactant molecule as follows:

Xogay = (£) Xrex [—ng”“‘ ({ﬂj’X%'})] 23)

kT

where
N Hos,
Gmic = (—%—} — g - Zﬂj#&-) - > _BikTn (X;) — kT (1 + Z@) (2:4)
j j J

In eq 2.3, the pre-exponential term represents the loss in translational entropy
associated with localizing the n monomeric surfactant ions in the micelle, while in
the exponential term, g, defined as the free energy of micellization, reflects the net
free-energy gain on a “per surfactant” molecule basis associated with transferring the
surfactant monomers, s, and the counterions, {c;}, from the bulk aqueous solution,
where the counterion concentrations are {ch }, to form the n {8;}-mer. Specifically,
the first term in brackets in eq 2.4 for gmg. reflects the free-energy advantage asso-
ciated with forming the micelle [13, 15], while the second term in eq 2.4 reflects the
translational entropy loss incurred in binding each of the n3; counterions (c;) onto the
micelle. Essentially, the translational entropy loss incurred due to the loss in mobility
of the bound counterions opposes the binding of counterions onto the micelle, while
the reduction in the total micelle surface charge resulting from the bound counterions
promotes counterion binding. Note that the last term in eq 2.4 arises from the entropy
of mixing the various species in the aqueous solution (s, ¢, and nBj-mers), which has
been defined based on the number densities of the entities in solution [13, 15], rather

than on their mole fractions. The free energy of micellization, mic, is a function of
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the micelle shape, S, its core minor radius, [, and the ionic character of the micelle,
as reflected in the degrees of counterion binding onto the micelle surface, {B;}. Note
that for spheres, /. is the radius of the spherical hydrocarbon core, for cylindrical
micelles, [, is the radius of the circular cross-section of the cylindrical hydrocarbon
core, and for discoidal micelles, I, is the half-thickness of the planar hydrocarbon core.

The calculation of g, according to the molecular model of micellization devel-
oped here, is described in Section 2.3 below. The mole fractions of the counterions
in the bulk aqueous solution, {ch}, required to evaluate the second term in eq 2.4,
can be obtained by performing a mass balance on each of the counterion species in
the solution, in conjunction with the condition of electroneutrality in the bulk aque-
ous solution. Specifically, the bulk aqueous solution, which contains ionic surfactant
monomers, counterions dissociated from the surfactant molecules, and counterions
and inert co-ions dissociated from the added electrolytes, should be electroneutral
(and consequently, the micelle along with its electrical double layer should be elec-
troneutral), which implies that the various {ch} are related to X;. Finally, to

determine X, the following mass balance equation must be satisfied:

0
Xours = Xs+ YD nXnipy (2.5)
n=2 {f;}
where X, s is the total mole fraction of ionic surfactant in the solution, which is
distributed between the monomeric and the micellar fractions. Equation 2.3 is then
substituted in eq 2.5, along with the expressions for {ch} derived as indicated above,
resulting in a single equation for X, which can then be solved numerically.

The optimal degree of binding of counterion, c;, onto a micelle of aggregation
number, n, denoted by 35 (n), can then be obtained by maximizing the micelle popu-
lation distribution, X, (4,3 in eq 2.3, with respect to 0, or equivalently, by minimizing
Jmic In eq 2.4 with respect to B; for each counterion c;. It is reasonable to assume
that all micelles having aggregation number, n, have the same degree of counterion
binding given by { B; (n)}, namely, that the micelle population distribution is sharply

peaked around its maximum value, X, {8} This approximation parallels the one
7
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made in mixed micellar systems [12] regarding the composition(o)-dependence of the
micelle size distribution, X,,. The rationale behind this approximation is that the
exponential term in eq 2.3 has the aggregation number, n, as a multiplicative factor
t0 Gmic, and hence, small deviations of ;. from its optimal value at {3} } will re-
sult in Xp(5,; =~ 0. This approximation simplifies the solution of eq 2.5, which now
involves carrying out only a summation over n, to obtain X, and the micellar size

distribution, X {8}
2

2.3 Free Energy of Micellization

The molecular model for the free energy of micellization, i, has been described in
detail for single nonionic surfactants and for binary surfactant mixtures containing
ionic surfactants, where the possibility of counterion binding onto micelles was not
accounted for (B; was assumed to be zero) [13, 15, 16, 12]. In this section, I describe
briefly the salient features of the molecular model of micellization, and explain in
detail the new physicochemical contributions to the free energy of micellization that
arise due to the binding of counterions onto the micelle surface. The molecular model
of micellization presented here applies to the generalized case when there are several

counterion species in the solution capable of binding onto the micelle surface.

2.3.1 Assumptions of the Electrostatic Model of a Charged
Micelle

In this section, I describe the electrostatic model used to describe the micelle-aqueous
solvent interfacial region. In the electrostatic model, the micelle is composed of n
surfactant ions and n3; counterions (c;). A schematic representation of our model of
a charged micelle is shown in Figure 2-1. The micelle hydrophobic core, which may
be spherical, cylindrical, or planar, has a core minor radius, l.. The center of charge
of the ionic surfactant heads lies on a surface (r = R,,), referred to as the micelle

surface of charge (where R, =l + dcn, and dc, can be obtained from the molecular
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Figure 2-1: Schematic representation of the micelle-aqueous solvent interfacial region.
The adsorbed counterions and the surfactant heads are located on t+he micelle surface
of charge, positioned at a distance T = Ren = le + den from the center of the micelle.
The Stern surface, located at a distance dg; from the micelle surface of charge, marks
the beginning of the diffuse layer, where the remaining counterions are distributed.
Values of the dimensions, dech and ds, and of the dielectric constants, 7s and M, of
the different regions are provided in the text.
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structure of the surfactant). The Stern surface (r = R;) marks the distance of closest
approach of the counterions in the diffuse layer to the micelle surface of charge due to
their finite size (where Ry = Rep, + dst = I + dep, + dgt, and the thickness of the Stern
layer, dg, can be estimated from the molecular structures of the hydrated surfactant
heads and the hydrated counterions).

In the electrostatic model, it is assumed that the bound counterions are able to
penetrate into the Stern layer all the way to adsorb at the same Helmholtz plane as
the ionic surfactant heads, namely, at the micelle surface of charge (see Figure 2-1).
In addition, the counterions adsorbed onto the micelle surface of charge preserve their
freedom, which implies that a counterion can be shared by several surfactant heads,
and that no ion-pairing of a surfactant head and a counterion occurs. In essence, the
electrostatic model, in which the surfactant ions and the counterions are adsorbed
independently on the same Helmholtz plane, is similar to the Stern layer model of
Warszyniski et al. [101, 102] used to describe ionic surfactant adsorption at the air-
ionic surfactant solution planar interface. In the diffuse ion cloud, all the ions are
treated as point charges having no physical excluded volume except for a minimum
distance of closest approach to the charged micelle surface, as reflected in the context
of the Stern layer model [64].

This electrostatic model is different from most previously developed electrostatic
models of charged surfaces in micelles and monolayers that utilize Grahame’s concept
of the triple layer for the Stern layer [53, 60]. In the other models, the counterions
are considered to adsorb on an inner Helmholtz plane within the Stern layer, which
is different from the plane on which the surfactant heads reside. I have chosen to
utilize the same plane to describe the location of both ionic species, mainly in order
to reduce the detailed structural information needed otherwise regarding the micelle
interfacial region, including the dimensions of the different regions within the Stern
layer, as well as the dielectric constant of the solvent in these different regions: There
is considerable variability in the experimentally-determined values of these structural
parameters [64], and consequently, by adopting a simplified model of the Stern layer,

the sensitivity of the model predictions to these structural parameters is reduced. To
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justify the choice of this simplified model, the electrostatic free energy was computed
for the two following limiting scenarios: (1) the counterions adsorb on the same plane
as the surfactant heads, and (2) the counterions adsorb on the Stern surface. Based
on the predictions obtained using our molecular model of micellization, the closer
the binding counterions are allowed to approach the charged micelle surface, the
lower the free energy of micellization, gmn;., and the better the quantitative agreement
between our theoretical predictions and the available experimental results for the
surfactant micellization properties, particularly for the average micelle aggregation
numbers. Therefore, I have adopted this simplified model of the micelle interfacial
region in which the surfactant ions and the bound counterions are located on the
same Helmholtz plane (case 1). In addition, I have implemented the electrostatic
model to describe surfactant systems containing multivalent counterions and lipophilic
counterions. For such counterions, the description of counterion binding onto the
plane on which the ionic surfactant heads reside is more applicable, since multivalent
counterions can be shared by several ionic surfactant heads, and lipophilic counterions
adsorb such that their lipophilic moieties penetrate into the micelle core. In Section
2.6.1, I will discuss experimental and simulation results concerning the proximity of
counterions to the charged micelle surface, and show that these results provide partial
justification for the choice of the Stern layer model.

Finally, I discuss the dielectric properties of the solvent in the regions surrounding
the charged micelle. The discrete nature of the solvent molecules has been neglected
throughout, and the solvent has been treated as a dielectric continuum. The dielectric
constant of water outside of the Stern layer is taken to be that of pure water, denoted
by m (see Figure 2-1). Within the Stern layer, the dielectric constant of the solvent,
denoted by 7, is lower due to the high degree of orientation of the water dipoles
in that region under the influence of the high concentration of ions, including the
surfactant ions and the bound counterions [64].

Having discussed the electrostatic model adopted to describe the micelle-solvent
interfacial region, I describe next the molecular model of micellization developed to

evaluate gpn;.. The first term in brackets in eq 2.4 for g, which represents the free-

95



energy change involved in transferring the constituents of the micelle in their standard
states in the aqueous solution to form the micellar entity, can be evaluated using a
thought process which visualizes the formation of a micelle as a series of reversible
steps, each associated with a physicochemical contribution to the free-energy change
upon micellization. The relevant free-energy contributions can be divided into those
associated with the formation of the micelle hydrophobic core and those associated
with the formation of the micelle interfacial shell region, consisting of the surfactant
heads and the bound counterions. Note that inorganic counterions, such as Nat and
A3+, adsorb at the plane of the surfactant heads (see Figure 2-1) and the nature of
the micelle core remains unchanged in that case, since the micelle core is composed
solely of the surfactant tail segments. Therefore, inorganic counterions only influence
the free-energy changes associated with the formation of the micelle interfacial shell
region, and the free-energy contributions describing the formation of the micelle core
can be evaluated utilizing expressions developed previously for nonionic surfactant
micelles [13]. On the other hand, as already stressed, organic counterions, such as
salicylate or anilinium ions, adsorb such that their pendant hydrophobic groups pen-
etrate the micelle core in response to the hydrophobic driving force. As a result, a
hydrophobic counterion behaves, in spirit, like a second, oppositely-charged surfac-
tant. In this case, the counterions contribute to the free-energy changes involved in
the formation of both the hydrophobic core and the interfacial shell, and the free-
energy contributions associated with the micelle core need to be evaluated in a manner
similar to that carried out for the case of mixed micelles [12, 16]. In Sections 2.3.2 and
2.3.3 below, I describe the evaluation of the various free-energy contributions associ-
ated with the formation of the micelle core and the micelle interfacial shell regions,

respectively, for the case of both inorganic and organic counterions.

2.3.2 Formation of the Micelle Core

The micelle core is considered to be a ‘dry core’ having a uniform density equal
to that of bulk liquid hydrocarbon, and is made up of the hydrophobic segments

of the surfactant molecules and the hydrophobic moieties of any adsorbed organic
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counterions. In this section, I discuss the evaluation of the free-energy changes, on a
per surfactant molecule basis, that result from transferring the surfactant tails and the
counterion hydrophobes, in the case of organic counterions, from the aqueous solvent
to the micelle core. The expressions for the free-energy changes will be derived for the
general case when the micelle core consists of the surfactant (s) tails as well as of the
hydrophobic groups of bound organic counterions of one type, say, species ci, whose
degree of binding onto the micelle is given by ;. The remaining counterions present
in the solution are assumed to be inorganic, and therefore, should not affect the free-
energy contributions associated with the formation of the micelle core. Note that
the composition of the micelle core is described as (3 counterion tails per surfactant
tail. Therefore, the general expressions developed for the free-energy contributions
are similar to those developed in the case of binary surfactant mixtures, except that in
the present case, the free-energy changes are expressed on a per surfactant molecule
basis alone (as opposed to on a per total molecule basis, as was done in the case
of mixed micelles [12, 15, 16]). Note that when all the counterion species in the
solution are inorganic, the expressions for the free-energy changes associated with
the formation of the micelle core will reduce to those utilized for the case of single
nonionic surfactant micelles (which can then be obtained from the various expressions
presented below by substituting 8y = 0). Below, I will only highlight the salient
features of the molecular model of micellization, since complete details have been
provided in articles published by previous members of our group [12, 13, 15, 16]. The

following free-energy contributions are involved in the formation of the micelle core :

1. The transfer free energy, g, is the attractive free-energy contribution per sur-
factant molecule associated with transferring the hydrocarbon tail of the sur-
factant and the lipophilic moiety of the organic counterion, ¢, from the bulk
aqueous solvent to form a bulk hydrocarbon phase, which can be viewed as the
precursor of the micelle core. On a per surfactant molecule basis, this can be

modeled generally as follows:

gir = Gtr;s + /Bkgtr,ck (26)
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where g4,; (i = s and ¢y) is the free-energy change associated with transferring
component 7 from the aqueous solution to a bulk hydrocarbon phase. For the
surfactant alkyl tails, ¢ s can be evaluated from experimental data on the
aqueous solubility of linear alkanes [2]. For the lipophilic portion of the organic
counterion, ¢, the term g ., can also be evaluated using either experimental
data for its aqueous solubility (similar to the case of the surfactant tails), or
using group-contribution methods [103] which empirically relate the aqueous
solubility of a molecule to structural descriptors of that molecule. Equation 2.6
reflects the fact that the organic counterion has a greater driving force to bind

onto the micelle surface, as compared to an inorganic counterion.

. The interfacial free energy, gin:, represents the free-energy change per surfactant
molecule associated with forming an interface between the hydrocarbon micelle
core and the surrounding aqueous solution. This contribution is evaluated using
the concept of a macroscopic interfacial free energy of a hydrocarbon-water

interface, including its dependence on interfacial curvature, as follows:

Gint = 0 (a — ag) (2.7)

where o is the curvature-dependent interfacial tension of the hydrocarbon core
against the aqueous solvent, a is the interfacial area available per surfactant
molecule, and ag is the interfacial area per surfactant molecule screened from
contact with the aqueous solvent due to the physical connection of the hy-
drophobic groups (such as the tail of the surfactant or the tail of the lipophilic
counterion) present in the micelle core to the hydrophilic groups outside (such
as the hydrophilic head of the surfactant or the head of the lipophilic coun-
terion) present in the micelle interfacial shell. If the molecular volume of the
hydrophobic moiety of counterion ¢y that penetrates into the micelle core is

denoted by v,,, and that of the surfactant tail by v;, then the volume fraction
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of counterion ¢, in the micelle core, g, is given by:

/Bk Ver

P A — 2.8
v + ﬁkUCk ( )

Tk

The interfacial area, a, on a per surfactant molecule basis, can be obtained from

geometrical considerations, and is given by:

= (%) (=) 29

where S is a shape factor (3 for spheres, 2 for infinite-sized cylinders, and 1 for

infinite-sized disks or bilayers). For a micelle containing only inorganic coun-
terions, for which G = 0, eq 2.9 yields the familiar expression: a = Sv;/!. [3].
Simply put, eq 2.9 reflects the fact that the presence of the organic counterions
pushes the surfactant heads apart, thereby increasing the average area at the
interface accessible to each surfactant head along with the associated bound
organic counterions. To estimate ¢ in eq 2.7, a volume fraction-weighted ex-
pression is utilized to express ¢ in terms of o, and o, , the curvature-dependent
interfacial tensions of the surfactant tail and the organic counterion hydrophobe

against water, respectively. Specifically:

o= (1-—m)0s+ Moe, (2.10)

The curvature-dependence of the interfacial tension, o; (¢ = s and ¢y), is approx-
imated using the Gibbs-Tolman-Koenig-Buff equation [104], which describes the
decrease of o; with respect to its value for a planar interface (details are given
in [13]). Finally, the area shielded at the interface by the hydrophilic head in
the interfacial shell, ao, is estimated using the following composition-weighted

expression:

ag = ag,s + Brao,c, (2.11)
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where ag ; is the interfacial area screened from contact with the aqueous solvent
by surfactant, s, and ag , is that corresponding to counterion, ¢;. The molecular
parameters of the surfactant tails, which are typically n-alkanes, utilized in eqs
7.9-2.11 are given by: v; = 27.4+26.9(n.—1) A% and ag, = 21.0 A2 [2, 13]. The
molecular parameters of the organic counterion, ¢, are specific to the counterion
being modeled, and will be computed in Chapter 3 for the specific counterion

considered (salicylate).

. The packing free energy, gpqck, represents the free-energy change per surfactant
molecule associated with the loss in conformational degrees of freedom of the
surfactant tails and the hydrophobic groups of the organic counterions, ¢, in the
micelle core, since one end of each of these molecules is anchored at the micelle-
water interface. The free energy of packing, gpack, is evaluated by implementing
a single-chain mean-field model developed by Ben-Shaul, Szleifer, and Gelbart
[69, 71, 72], the salient features of which are discussed in Chapter 4. In this
approach, one first generates all the internal conformations of a hydrophobe
(surfactant or counterion tail) utilizing a model for the torsional states of
the bonds in the molecule. For example, for tails that are linear alkyl chains,
the Rotational Isomeric State (RIS) approximation is utilized, according to
which each bond in the chain can exist in three possible torsional states, a low
energy trans (t) state, and two high energy gauche (g+) states, with the trans-
gauche energy difference being 500 cal/mol [105]. For each bond sequence of the
chain, the chain is allowed to sample about 250 external configurations, which
describe the orientation of the chain with respect to the micelle-water interface
and the position of the surfactant head beyond the micelle-water interface.
Configurations in which any segment of the surfactant (or the counterion) tail
crosses over to the aqueous side of the micelle-water interface are discarded, since

the chain segment-water interactions are assumed to be infinitely repulsive.

The excluded-volume interactions between this central surfactant (or coun-

terion) tail and the neighboring tails are accounted for in the context of a
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radially-varying mean field acting on this central hydrophobe. This mean field
can be visualized as a lateral pressure acting at each point in the micelle core
to squeeze, or stretch, the hydrophobe at that point. The strength of the mean
field is evéluated self-consistently by imposing the constraint that the density
inside the micelle core be uniform and liquid hydrocarbon-like [69]. The free
energy of packing, gpec, which is a strong function of S, I, and S, is then
obtained by evaluating the partition functions of the central surfactant and
counterion tails, which are acted upon by this mean field. Structural param-
eters of the alkyl chain, such as the bond lengths and bond angles, as well as
the molecular volumes of the —CH, (27 A%) and —CH, (54 A3) united atom
segments in the chain, are required inputs for enumerating the conformations
of the surfactant chain. Similarly, in the case of the organic counterion, cy,
whose hydrophobe penetrates into the micelle core, the structural parameters
of the hydrophobe, as well as its internal configurational states, are required to
generate the conformations. The actual implementation of this computational

approach will be explained in detail in Chapter 4.

2.3.3 Formation of the Micelle-Water Interfacial Shell

Next, I discuss the free-energy contributions associated with assembling the surfactant
heads and the bound counterions in the micelle-water interfacial shell. As mentioned
above, the water molecules will be treated as forming a continuum background solvent,
which provides a dielectric medium through which the other ions interact. It should
be noted that the nature of the counterion, organic or inorganic, is immaterial to
modeling the surfactant head interfacial shell, since the free-energy changes associated
with the insertion of the hydrophobic groups of the organic counterions into the
micelle core have already been accounted for. The following free-energy contributions

are involved in the formation of the micelle-water interfacial shell -

1. The steric free energy, 9st, accounts for steric interactions between the surfac-

tant heads and the adsorbed counterions at the micelle-water interface. The
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molecules present at the micelle surface are treated as components of an ideal
localized monolayer. The resulting steric free-energy contribution, g, can be

expressed as follows:

gst = —kT (1 + Zﬁj) In (1 _ G ¥ Zaj ﬁjah“) (2.12)
J

where aj , and ay ; are the effective cross-sectional areas of the surfactant head,
s, and the counterion, c;, respectively. In deriving eq 2.12, the ions are mod-
eled as hard spheres occupying areas ap ; and {ah,cj} at the micelle core-water
interface. Equation 2.12 reflects the fact that the presence of bound counte-
rions along with the surfactant heads at the micelle surface leads to an in-
crease in the steric repulsions. The expression for g in eq 2.12 was derived
using the test-particle approach described in earlier theoretical studies of mi-
cellization in binary surfactant mixtures [16]. The physical picture here is that
(na -n (ahJS +>. ; ﬂjah_cj>) represents the total available unoccupied area on
the monolayer, and is related to the number of ways in which a test particle can
be introduced in the monolayer without occupying a region already occupied by
another particle (a surfactant head or a bound counterion). The cross-sectional
area of the surfactant head, a s, is obtained from the molecular structure of
the surfactant head, and those of the counterions, {ah,cj}, are obtained from

knowledge of the hydrated ion radii.

. Next, one needs to account for the free-energy change associated with the elec-
trostatic effects at the charged micelle surface. The reduction in the electrostatic
repulsions between the ionic surfactant heads resulting from the adsorbed coun-
terions is the main driving force promoting counterion binding. In our model,
the micelle surface is treated as a charged monolayer consisting of the adsorbed
ionic species (surfactant heads and bound counterions) surrounded by the diffuse
ion cloud beyond the Stern layer. The surfactant ions and the bound counteri-

ons are considered to be arranged randomly, thus ignoring the possible ordering
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effect resulting from the interactions between the surfactant ions and the coun-
terions. The electrostatic free energy, geec, is calculated as the reversible work
required to assemble this micelle starting from the monomeric ionic species in
the bulk aqueous solution [61, 63], and depends on the micelle surface charge,
through the degree of counterion binding, {£;}, as well as on the micelle struc-
ture, through S and [.. The evaluation of ge. for surfactant-electrolyte systems

is explained in detail in Section 2.3.4.

. The entropic gain associated with mixing the surfactant heads and the bound
counterions at the micelle surface is denoted by g.,;. Since it is assumed that
the surfactant heads and the counterions are arranged randomly at the micelle

surface, the following ideal mixing entropy expression is utilized to model g,p;:

_ 1 , B;
Gent = KT In (1+zjﬁj> +zj:ﬂJlen (—1+Ejﬁj> (2.13)

Upon evaluation of the various free-energy contributions in eqs 2.6-7.14, and
the evaluation of ge. as described in Section 2.3.4 below, one can compute Gy
and predict the optimal micellar solution properties as described in Section 2.4

below.

2.3.4 Electrostatic Free Energy

In this section, I describe the evaluation of the electrostatic free energy, gesec, based on

the structure of the micelle interfacial shell, as depicted in Figure 2-1 and described

in Section 2.3.1. The electrostatic effects associated with transferring the ionic sur-

factants and the counterions in their standard states in the bulk aqueous solution to

form a charged monolayer at the micelle surface, and the related distribution of the

remaining counterions to form the electrical diffuse layer surrounding the micelle, can

be modeled using the following thought process. The n ionic surfactant heads (s) and

each of the ng; counterions (c;) in their standard states, which will assemble into the

n {B;}-mer, are first discharged in the bulk aqueous solution. The discharged surfac-
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tant heads and counterions are then assembled to form a neutral micelle surface. This
neutral micelle surface can be modeled as a two-dimensional monolayer, where steric
repulsions and entropic effects due to mixing exist between the discharged constituent
ions, with the corresponding free energies, g, and gen:, evaluated using eqs 2.12 and
7.14, respectively. The constituent ions are then recharged, bringing the micelle sur-
face to its final charge density. The counterions remaining in the bulk solution, in
response to the attractive electrostatic potential generated by the charged micelle,
assemble to form the diffuse ion cloud, thus creating a neutral, ‘dressed’ micelle. It
then follows that the free energy associated with the electrostatic effects on a per

surfactant molecule basis, gejec, in the micelle-water interfacial shell is given by:

Gelec = Welec + 9dis (214)

where g4, denotes the electrostatic self-energy of each ion comprising the micelle
released during the discharging process, and We;. denotes the reversible work done,
on a per surfactant molecule basis, in charging the micelle surface to its final charge
density against the electrostatic potential that it generates [61, 63]. The net release
of the electrostatic self-energy during the discharging process, ggis, is given by ggis =
9dis,s + ZJ. Bj9dis,c;» where ggis; represents the electrostatic self-energy released by
species i (i = s and {c;}). The expression for ggs;, the electrostatic self-energy
released by an ionic species 1, is given by [64] :

2 2
2; €p

— 2.15
2ebrh,i (1 + K,Th’i) ( )

Gdisi =

Equation 2.15 is the familiar Debye-Hiickel expression for the self-energy of ionic
species i having a valence z;, where e is the electronic charge, €, = 4mmyeq (Where € is
the dielectric permittivity of vacuum), and 73 ; is the hydrated radius of ionic species %
in the bulk aqueous solvent. The Debye screening length of this ionic aqueous solution,

k™1, is a measure of the length scale over which electrostatic effects decay in the

7
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solution (where k = (8me2l/ eka)%, and I denotes the solution ionic strength [64]).
Note that the self-energy expression in eq 2.15 includes the Born-energy associated
with the ion (¢)-solvent interactions, as well as the self-atmosphere energy associated
with the interactions of ion 7 with other ions in the bulk aqueous solution (see pages
56 and 223 of Ref [64]).

One then needs to calculate the reversible work incurred in charging the micelle
surface to its final surface charge, W... During this charging process, the charges
are smeared uniformly over the plane of adsorption, such that the micelle surface is
treated as a uniform, two-dimensional charged surface. The work done in charging

this uniformly-charged surface is given by the Guntelberg-charging process [63]:

Welec = /Qf ¢0(Q)dq (216)
0

where 1y is the electrostatic potential at the micelle surface of charge (r = R, =
le + den, see Figure 2-1), g; is the final average micelle charge on a per surfactant
molecule basis, and g is the instantaneous micelle charge on a per surfactant molecule
basis, which varies from zero to gy as the micelle evolves from being uncharged to
being fully charged. The instantaneous and final micelle charges, g and qf, depend on
the degree of binding of the counterions, and for a monovalent surfactant ion, |g;| =
(1 — Zj 6jzcj) €o-

The electrostatic surface potential, 1o, is determined by solving the Poisson equa-
tion separately in the Stern layer and in the diffuse region. In the Stern layer, there
are no free ions present between the two bounding surfaces, the micelle surface of
charge (r = R, = l.+d.4) and the Stern surface (r = R, = R, + dst), and therefore,
the electrostatic potential in the Stern layer is governed by the well-known Laplace
equation. By solving the Laplace equation, utilizing Gauss’ law for the charged mi-
celle surface, and requiring the condition of continuity of the electrostatic potential

at the Stern surface, W in eq 2.16 is given by [12]:
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2mq>
Welec = !

F(S)+ / " bu(g)dq (2.17)

€sQch

where a, is the area available per surfactant molecule at the micelle surface of charge,
1, is the electrostatic potential at the Stern surface, and F(S) is a shape-dependent

function given by:

F(S) =ds , S =1 (planar micelle) (2.18)
F(S) = RenIn (1 +ds/Re) , S =2 (cylindrical micelle) (2.19)
F(S) =ds/ (1 + dsi/Ren) , S = 3 (spherical micelle) (2.20)

In the diffuse region, the ions arrange under the balance of electrostatic forces and
thermal diffusion, and their distribution is assumed to be described by the Boltzmann
distribution [64]. As a result, ¢, is obtained by applying the Poisson-Boltzmann
(PB) model for the electrostatic effects in this region. The PB equation, along with
the appropriate boundary conditions, can be solved analytically only for a planar
geometry. In the case of spherical and cylindrical geometries, several attempts have
been made [61, 62, 106] to simplify the PB equation to a form that can be solved
numerically in a manner that is less computationally intensive. An analysis of the
several approximations available for the PB equation was made by Shiloach and
Blankschtein [12] in the context of modeling the electrostatic effects associated with
nonionic-ionic and cationic-anionic mixed micelles, where the electrostatic surface
potential varies with the micelle composition. The analytical approximation to the PB

equation for symmetric 1:1 electrolytes derived by Ohshima, Healy, and White (OHW)
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[106], that served to bridge the Debye-Hiickel approximation suitable for the low-
potential limit and the planar solution expansion suitable for the high-potential limit,
was found to be most appropriate to describe the electrostatic effects in these systems.
In our model of ionic surfactant micelles, the micelle charge can vary depending on the
degree of counterion binding to the micelles, and therefore, the OHW approximation
is utilized to obtain v, for use in eq 2.17. For a solution containing only monovalent

ions, the OHW approximation for a micelle of shape, S, yields the following relation:
2(S -1
s = 2sinh(yo/2) + % tanh(yo/4) (2.21)
0

where the dimensionless variables utilized for the instantaneous electrostatic po-
tential, the position, and the instantaneous micelle surface charge density are: y, =
eoYs/ kT, To = kR,, and s = ;:%QEE% (where a; is the interfacial area per surfactant
molecule at the Stern surface, 7 = R,), respectively. For a solution containing only
monovalent ions, eq 2.21 is solved numerically, using a Newton-Raphson scheme, to
obtain yo for a given value of the instantaneous micelle surface charge density, s.

Finally, v, is integrated numerically, according to eq 2.17, to evaluate W, the work

of charging the micelle surface.

2.4 Evaluation of Various Optimal Micellar Solu-
tion Properties

According to the micellization model developed here, the equilibrium state of the
micelles can be characterized by the following variables: (a) the minor radius of the
micelle core, ., (b) the micelle shape, S, and (c) the set, {3;}, describing the degree
of counterion binding corresponding to each of the counterion species, {c¢;}. The free
energy of micellization, g, is a function of these variables, and can be evaluated

by summing the free-energy contributions described in Sections 2.3.2 and 2.3.3, along
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