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15.1 I N T R O D U C T I O N  

Surfactant molecules constitute an important class of chemicals with numerous applications 
in chemical process industries, in the formulation of agricultural chemicals, pharmaceuticals and 
household products, in mineral processing technologies and in food processing industries. 
Naturally occurring surfactant molecules in plants, animals and humans have important biological 
or physiological functions. The wide'spread applications of surfactants have their origin in their 
intriguing molecular characteristics, namely, they are composed of a polar part that likes water and 
a non-polar part that dislikes water but is compatible with oil. This dual nature endows the 
surfactants with their tmique solution and interfacial properties (1-4). The polar part is referred to 
as the head group of the surfactant molecule and the non-polar part is called the tail. Numerous 
variations in the type of the head groups and tail groups are possible and they form the basis on 
which the surfactant molecules are usually classified. For example, the head group can be anionic, 
cationic, zwitterionic or nonionic. The head group can be small in size or be a polymeric chain. 
The tail group can be a hydrocarbon, fluorocarbon or a siloxane. It can contain straight chains, 
branched ones, ring structures, multiple chains, etc. The tail group can also be polymeric in 
character. 

Among the most noteworthy characteristics of surfactants is their behavior in dilute aqueous 
solutions, in which they self-assemble to form aggregates so as to achieve segregation of their 
hydrophobic moieties from water (1,2). Depending upon the type of surfactant and the solution 
conditions, the aggregates may have a closed structure with spherical, globular or rodlike shape 
or have the structure of spherical bilayers. The closed aggregates with hydrophobic interiors are 
called micelles while the spherical bilayers containing an encapsulated aqueous phase are called 
vesicles (Figure 15.1). In contrast to this aggregation behavior in water, surfactants form different 
structures in non-polar solvents (5). In these aggregates, the polar head groups are in close contact 
with one another and are in minimal contact with the solvent, while the non-polar tails mix with 
the solvent constituting the exterior of the aggregates. These structures are called reverse micelles 
because of their inverted orientation with respect to the micelles in aqueous solutions. The reverse 
micelles are generally small. In polar organic solvents such as ethylene glycol, the surfactant 
aggregation behavior bears similarities to some features seen in aqueous solutions and others 
observed in non-polar solvents (6). 

A distinguishable property of aqueous surfactant solutions, important to many practical 
applications, is their ability to enhance the solubility of hydrophobic solutes that are practically 
insoluble in water (7-10). The enhanced solubility (by many orders of magnitude) is a 
consequence of the presence of hydrophobic domains in surfactant aggregates which serve as 
favorable microenvironments for the location of hydrophobic solubilizates. In the aggregates 
containing solubilizates, the solubilizate molecules can be located entirely within the region of the 
surfactant tails. Alternately, the solubilizate molecules may constitute a domain themselves in the 
interior of the aggregates, in addition to being present among the surfactant tails. The phase of 
aggregates in water containing a hydrophobic solubilizate domain in their interior is called an oil- 
in-water droplet-type microemulsion. Analogously, the reverse micelles in non-polar solvents are 
capable ofsolubilizing water and other polar substances. The phase of reverse micelles containing 
a water domain in their interiors is called a water-in-oil droplet-type microemulsion. One can also 
form other structures such as the bicontinuous type of microemulsions (11,12) in oil-water- 
surfactant systems. In applications involving polymer molecules along with surfactants, they can 
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Figure 15.1 Schematic representation of surfactant aggregates in dilute aqueous solutions. The structures 
formed include spherical micelles (a), globular micelles (b), spherocylindrical micelles (c) and spherical 
bilayer vesicles (d). 

associate with the surfactant aggregates leading to modifications in the aggregation, solubilization 
and microemulsification behaviors (13-15). The above-mentioned rich patterns of self-assembly 
exhibited by low-molecular-weight surfactants are reproduced also by block copolymers (16,17). 

Many general features of surfactant self-assembly are by now well understood. Mukerjee (18- 
20) showed how cooperativity of self-association is responsible for the formation of large 
aggregatds in preference to molecular clusters and how anti-cooperativity ensures that micelles 
remain finite in size rather than growing without limit. Using empirical expressions, he illustrated 
how subtle variations in the Gibbs energy control the transition between globular and rodlike 
micelles (21). He demonstrated the intrinsic polydispersity of rodlike micelles and derived 
expressions for the strong dependence of the average size of rodlike micelles on the surfactant 
concentration (22). Tanford pioneered a phenomenological model (1,23,24) for the Gibbs energy 
change associated with micellization. He showed that the hydrophobic effect is responsible for 
the cooperative growth of micelles, while the interactions between the polar head groups provide 
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the anti-cooperativity that constrains the aggregates to remain of finite sizes. It is fair to say that 
all discussions of Gibbs energy of aggregation in the literature have been influenced by Tanford's 
work. Tartar (25) and Tanford (1) used geometrical considerations to relate the micellar shape to 
its size. This suggestion has received a clear treatment in the work ofIsraelachvili, et al. (26) who 
proposed a molecular-packing criterion linking the type of aggregate formed and its size to the 
length and the volume of the surfactant tail as well as the aggregate surface area per molecule 
obtained from equilibrium Gibbs energy considerations. The intra-aggregate conformations of the 
surfactant tail have been modeled by Gruen (27), Dill, Flory and coworkers (28), and Ben-Shaul 
and Gelbart (29), in order to estimate the degree of chain ordering inside the aggregates compared 
to analogous liquid hydrocarbons. 

Whereas the studies mentioned above have emphasized many fundamental features of self- 
assembly, our efforts have focused on developing quantitative molecular thermodynamic models 
to predict the self-assembly behavior of surfactants starting from their molecular structures and 
solution conditions. A molecular thermodynamic model of surfactant aggregation in aqueous 
solutions was developed (30-32) to predict the critical micelle concentration, the average size and 
shape of aggregates as well as the size distribution of aggregates. In our approach, the 
physicochemical factors controlling self-assembly were identified by examining all the changes 
experienced by a singly dispersed surfactant molecule when it becomes part of an aggregate. 
Relatively simple, explicit equations were then formulated to calculate the contribution to the 
Gibbs energy of aggregation associated with each of these factors. Since the molecular structure 
of the surfactant and the solution conditions are sufficient for estimating the molecular constants 
appearing in the Gibbs energy expressions, the equations could be used to make a pr ior i  

predictions. 
The model for aggregation in aqueous surfactant solutions has been extended by us to many 

other aspects of self-assembly including the treatment ofbola surfactants, mixtures of surfactants 
and surfactant-alcohol mixtures, the aggregation behavior in non-polar solvents and in polar non- 
aqueous solvents, the solubilization of hydrocarbons and hydrocarbon mixtures in micelles, the 
influence of polymer molecules on surfactant self-assembly, the aggregation ofblock-copolymer 
molecules, the solubilization of hydrocarbons in block- copolymer micelles and shape transitions 
in block-copolymer aggregates. In addition to these results, which have been published (the 
references will be provided in the appropriate sections), new results have been included in this 
chapter, since the method was extended by us to the treatment of droplet-type and bicontinuous- 
type microemulsions, aggregation of surfactant mixtures as vesicles, and aggregation in aqueous- 
organic solvent mixtures. 

The main goal of this chapter is to show how one can make quantitative predictions of the 
self-assembly behavior, given the molecular structure of the surfactant and the solution conditions. 
The wide range of self-assembly phenomena mentioned above will be treated in a unified manner. 
In the following section, the general principles of self-assembly are discussed without invoking 
any specific models for the Gibbs energy of aggregation. In Section 15.3, we summarize the 
molecular packing considerations important to the formation of aggregates. The theory of 
aggregation in aqueous solutions is presented in Section 15.4. It constitutes the point of departure 
for all theoretical developments described in the other sections of this chapter. The self-assembly 
of nonionic surfactants with oligomeric head groups is treated in Section 15.5. In Section 15.6, 
the theory of aggregation is extended to binary mixtures of surfactants. The self-assembly of 
surfactants in non-polar solvents forming reverse micelles is treated in Section 15.7. The 
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aggregation behavior of surfactant molecules in polar organic solvents and in binary mixtures of 
water and polar organic solvents is examined in Section 15.8. In Section 15.9, a theory of 
solubilization in aqueous surfactant micelles is formulated for hydrocarbons and also hydrocarbon 
mixtures. A thermodynamic treatment of droplet and bicontinuous microemulsions is developed 
in Section 15.10. Explicit expressions are developed for the microemulsion characteristics and 
also for the calculation of the interfacial tensions. 

15.2 T H E R M O D Y N A M I C  P R I N C I P L E S  O F  S E L F - A S S E M B L Y  

The self-assembly of surfactant molecules in a solvent can be treated using a variety of 
thermodynamic models which differ from one another in how they describe the solution. The 
most general description is provided by the multicomponent solution model which visualizes the 
surfactant solution as a multicomponent system consisting of the solvent, monomeric surfactant, 
and aggregates of various sizes and shapes. If one adopts the framework of equilibrium kinetics, 
the formation of aggregates can be described by the step-wise-association equilibrium model with 
different equilibrium constants for each association step. The step-wise-association model and the 
multicomponent solution model are entirely equivalent to one another and represent alternate 
descriptions developed by following either kinetic or thermodynamic arguments. A simplification 
based on the assumption that all aggregates are of a single size and shape leads to the monomer- 
micelle equilibrium model, also referred to as the closed-association model. On the other hand, 
in the step-wise-association model, if all the association constants are taken to be independent of 
the size of the aggregate and equal in magnitude, one obtains the open- or continuous-association 
model. An entirely different perspective is offered by the pseudophase model wherein the micelles 
are visualized as pseudophases and, hence, micelle formation is treated as akin to a phase 
separation. In this section, we treat the surfactant solution as a multicomponent system and 
develop the general thermodynamic relations governing the formation of micelles. 

15.2.1 Multicomponent Solution Model 

In this conceptual framework, the surfactant solution is viewed as a multicomponent system 
consisting of solvent molecules, singly dispersed surfactant molecules and aggregates of all 
possible sizes and shapes. Each of these aggregates is treated as a distinct chemical component 
described by a characteristic chemical potential. Let us consider a surfactant solution made up of 
N s solvent molecules, N1 singly dispersed surfactant molecules and Ng aggregates of aggregation 
number g where g can take all possible values from 2 to ~. The total Gibbs energy of the 
solution, G, expressed in terms of the chemical potentials/~i of the various species i present in the 
solution, has the form 

a : + N, I,, + E G (15.1) 

where the subscript S refers to the solvent and g to the aggregate containing g surfactant 
molecules. The summation extends from g=2 to ~ in the above equation and in all the other 
equations presented in this chapter, unless otherwise specified. The equilibrium condition, hence 
the minimum of the Gibbs energy, combined with the Gibbs-Duhem relation leads to 
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~ 0  = ( ~ i S ) IllS + ( ~ i l  ) ~1 + E (  ~ i g  ) ~g = 0 

For a given total surfaetant concentration in solution, 

NI + E gNg : constant,  or, 5N, = - E gSNg 

(15.2) 

(15.3) 

Recognizing that 6N s = 0 and taking into account the above constraint, the equilibrium condition 
(Equation (15.2)) reduces to 

¢t___A = 
f l l  (15.4) 

g 
This equation stipulates that the chemical potential of the singly dispersed surfactant molecule is 
equal to the chemical potential per molecule of an aggregate of any size and shape. Assuming a 
dilute surfactant solution, one can write (for all values of g from g = 1)" 

o 
aUg = [lg + kT In Xg (15.5) 

where the superscript o denotes the standard state of the species. The standard state of the solvent 
is defined as that of the pure solvent while the standard states of all the other species are taken as 
those corresponding to infinitely dilute solution conditions. Introducing this expression in the 
equilibrium relation (Equation (15.4)) yields 

o 
~lg + kT ln Xg = g [ # ~ + kT ln X 1 ] (15.6) 

This relation can be rewritten in the form of the aggregate-size-distribution equation 

Xg = X1 g exp 

(o ~Ug - g ¢t = y g 
exp " * 1  

kT 

g 

kT ) 
(15.7) 

o where Apg is the difference in the standard chemical potentials between a surfactant molecule 
present in an aggregate of size g and a singly dispersed surfactant in water. From this equation, 
the aggregate size distribution and all other size-dependent solution properties can be calculated 

o provided an expression for Apg is available. 

15.2.2 Modeling Self-Assembly from a Kinetic Perspective 

The formation of micelles can also be represented in terms of the step-wise-association 
equilibria: 

k 
[ g - 1  ] + [ 1 ] a=~ [ g ]  , g : 2 t o  oo 

(15.8) 

Here, the aggregate of size g is assumed to form through the addition of a monomer to an 
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aggregate of size [g-l]. The step-wise association equilibrium constant kg depends on the 
O 

aggregation number g and can be linked to the chemical-potential difference All g as follows: 

In k = In g 

x 
x l  

o o 
g / l , U  g -  ( g -  1) A~tg_ 1 

kT d g [  kV J 
(15.9) 

If kg increases with g, then the larger aggregates are favored over smaller ones and the system is 
said to exhibit positive cooperativity. If kg decreases with increasing g, then the formation of 
larger aggregates is increasingly disfavored. Such a system is said to exhibit negative 
cooperativity. If kg is independent of the aggregate size, then we have a system displaying a non- 
cooperative, continuous-association behavior (21). 

A simplified description of micellization is provided by the monomer-micelle equilibrium 
model, where all the aggregates are treated as being identical in size. This aggregation behavior 
is represented by 

K g (15.10) 
g [ 1 ] ~  :~ [ g ]  

where Kg is called the overall association-equilibrium constant. It is related to the standard- 
o chemical-potential difference A~t g defined before via: 

o 

I n K  : -  g / l U g  
kT  

(15.11) 

15.2.3 Pseudophase Model of Aggregation 

An alternative to the size-distribution view ofmicellar solutions emerges from the observation 
that the aggregation number g of micelles is typically large. Taking into account that the 
concentrations X 1 and Xg are of the same order of magnitude, one can rewrite Equation (15.6) by 
ignoring the smallest term as follows: 

o 
o t~g = l.Z 1 + kT  In X 1 (15.12) 

g 

This equation can be interpreted as implying that the aggregates constitute a pseudophase in 
equilibrium with the singly dispersed surfactant molecules. The standard Gibbs energy of this 

O pseudophase ~tg depends on the size g of the phase, as expected for small systems. Thus, the 
pseudophase view of aggregates differs from the size-distribution view through the neglect of the 
contribution to the solution entropy provided by the aggregates. One may observe that if the 
micelles are viewed as pseudophases, the equilibrium condition will correspond to a minimum in 
the Gibbs energy per molecule of this phase. Thus, the equilibrium micellar characteristics are 

O 
obtained from the minimization of All 9. Further, X 1 denotes the concentration at which the 
pseudo-phase separation occurs. 
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15.2.4 Estimation of Critical Micelle Concentration and Micelle Size 

The two important variables that are experimentally accessible and hence commonly explored 
are the critical micelle concentration (cmc) and the average micelle size (1,18,33). These 
quantities can be theoretically predicted starting from the aggregate-size distribution. The critical 
micelle concentration Xcm c Can be obtained by constructing a plot of one of the functions X~, ,~,gXg, 
or ~_NeXg (which are proportional to different experimentally measured properties of the surfactant 
solution such as surface tension, electrical conductivity, dye solubilization, light-scattering 
intensity, etc.) against the total concentration Xto t ( = X 1 + ~_.gXg) of the surfactant in solution 
(1,18,34,35). The cmc can be identified as that value of the total surfactant concentration at which 
a sharp change in the plotted function (representing a physical property) occurs. In practice, the 
cmc is usually taken to be the total surfactant concentration at which about 5 to 10 percent of the 
surfactant is present in the form of aggregates. The cmc has also been estimated as that value of 
X l for which the concentration of the singly dispersed amphiphiles is equal to that of the surfactant 
present in the form of aggregates, namely, X 1 = ~gXg = Xcm c (33). The estimates of the cmc 
obtained by the different methods mentioned above are usually close to one another, though not 
identical (36,37). 

From the size distribution one can compute various average sizes of the aggregates based on 
the definitions 

E g X g  E g 2 X g  E g 3 X g  

g n -  E X  ' gw= E g X  gz E g  2X (15.13) 

where gn, gw and g, denote the number-average, the weight-average and the z-average aggregation 
numbers, respectively. The different average aggregation numbers are determined by different 
experimental techniques, for example, gn is obtained via membrane osmometry, gw via static light 
scattering and gz via intrinsic viscosity measurements. If the summations in Equation (15.13) 
extend from 1 to oo (i.e., include the singly dispersed surfactant molecules), then one obtains the 
apparent (as opposed to the true) average aggregation numbers gn, app, gw,app and gz,app • 

15.2.5 Bounds on CMC and Micelle Size 

From a theoretical viewpoint, it is possible to identify two well-defined limits for both the 
cmc and the average aggregation number (37). One of the limits is provided by the theoretical 
critical concentration defined earlier by us as corresponding to an inflection point in the size- 
distribution function (34). The curve with an inflection point separates the monotonically 
decreasing size distributions from those that exhibit a minimum and a maximum. Based on this 
definition, the critical point associated with micelle formation is given by 

d2X 
dXg = 0 ,  g = 0 (15.14) 
dg dg 2 

The critical aggregation number gerit can be calculated using Equation (15.15) obtained by 
combining the size-distribution (Equation (15.7)) and the critical condition (Equation (15.14)). 
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~'~'/1 (15 15) d 2 g 
: 0 at g : gcrit 

dg 2 kT ] 

The critical concentration Ycrit is obtained by combining the first condition in Equation (15.14) 
with the size-distribution equation. 

in Xcr~ t d [g A/zg] = - - In k at g = gcrit 
dg kT g 

(15.16) 

The second equality in the above equation follows from Equation (15.9) and shows that Xc, t = 
1/kg, evaluated at g = g¢,t. 

The critical surfactant concentration X~ t and the corresponding g~nt constitute lower bounds 
of the X~m c defined above on the basis of the complete aggregate size distribution and the 
corresponding average aggregation number. Indeed, a sharp change in the value of a physical 
property of the surfactant solution implies a sufficiently large number of larger aggregates and 
they are present only when a sufficiently high maximum occurs in the size-distribution curve. The 
two critical concentrations Xcm c and Xcn t differ by only a factor of 1.31 (37) when realistic Gibbs 
energy models, such as that of Tanford (1), are considered. Using an arbitrary Gibbs energy 
model, Ben-Naim and Stillinger (38) found that the two critical concentrations deviate from one 
another by a factor as large as 20, but their Gibbs energy model is physically unreasonable (39). 

A second well-defined limit for the cmc and the average aggregation number is provided by 
the pseudophase model. Since the micelle is viewed as a distinct phase, the Gibbs energy per 
molecule of this phase must be minimum at equilibrium. Therefore, the micellar-aggregation 
number at equilibrium, gopt, is obtained from the expression 

d [A/~g] = 0 at g__gop t (15.17) 
dg L--~--] 

The pseudophase equilibrium condition, Equation (15.12), provides the following expression for 
the critical concentration 

o 

In Ypt A/~ g d A/~ 1 - - -- - I n k  = - - In K at g = gopt (15.18) 
kT dg kT g g g 

The second equality in the above equation follows from Equation (15.17), the third equality from 
the definition of kg (Equation (15.9)) and the last from the definition o fK g(Equation (15.11)). 
One may observe that although both X~n t and X o p t a r e  equal to 1/k ,gthey differ in magnitude 
because kg is evaluated at two different aggregation numbers, g cn#nd g opt respectively. The 
aggregation number gopt is an upper bound of the average aggregation number determined on the 
basis of the size distribution and is typically up to 20 percent larger. Similarly, the critical 
concentration Yop t provides an upper bound for the critical micelle concentration Xcm c. 
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15.2.6 Size Dispersion of Micelles and Concentrat ion-Dependence of  Micelle-Size 

From the size-distribution, Equation (15.7), one can obtain expressions for the variance of the 
size distribution and for the dependence of the average aggregation numbers on the total surfactant 
concentration, )(tot. For nonionic surfactants, the exponential factor in Equation (15.7) is not 
dependent on the concentration of the singly-dispersed surfactant X 1 or on the total concentration 
of surfactant. Consequently, by taking the derivative of the size-distribution relation with respect 
to X1, one obtains (40-42): 

0 In EXg - 
~ X  g 

gXg 0 In X1]= gn 0 In X 1 

0 In EgXg  : Egxgl [ ~  g2Xg 0 In X1]= gw 0 In X 1 (15.19) 

1 [~g3XgOlnX1]=gzOlnX1 0 In EgZXg = EgZXg 

where the average aggregation numbers defined by Equation (15.13) have been introduced. 
Equation (15.19) shows that the average aggregation numbers gn and g w depend on the 
concentration of the micellized surfactant (i.e., }2g Xg =)(tot- X1) as follows: 

01ngn = ( 1 _  gn/gw Oln~_~gX 

gz ) 
0 1 n g w =  ~ww- 1 0 l n E g X g  

(15.20) 

The variances of the size dispersion o2(n) and o2(w) are defined as: 

_ (gw o.2(n) ~ (  g - gn )2 X = gn - 1) 
EYg gn 

2 (gz o2(w) = ~ ( g  - gw)2gAg = gw - 1) 
~_,gXg gw 

(15.21) 

The second expression in Equation (15.21) can be rewritten using Equation (15.20) in the form: 

) _ Olngw 01ngw rr(w) 2 gz _ 1 = = 

gw gw 0 In ~ gXg 0 In (Xtot-Xl) 
(15.22) 
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This equation states that the weight-average aggregation number gw must increase appreciably 
with increasing concentration of the micellized surfactant (Xto t - X1) for the micelles to be 
polydispersed (cr(w)/g w is large). On the other hand, the average aggregation number must be 
virtually independent of the total surfactant concentration if the micelles are narrowly dispersed. 

For ionic surfactants, the exponential factor in the size-distribution, Equation (15.7), is 
O dependent on the concentration of the surfactant in solution since A/z g is affected by the ionic 

strength of the solution. Consequently, Equation (15.19) derived for nonionic surfactants can not 
be applied to ionic surfactants. The multicomponent solution model can be extended to ionic 
surfactants by considering, as suggested by Hall (41,42), the counterions as another distinct 
component of the solution. We consider an ionic micellar solution in the presence of an 
electrolyte in which only one counterion species (denoted by c) is present. We denote by 01 and 
0g, the quantities 

01 = ~1 + ~c 0g = ~tg + g fig /Z c (15.23) 

where ~t 1 is the chemical potential of the singly-dispersed surfactant ion, ¢tg is the chemical 
potential of the micelle of aggregation number g having g (1 - fl ) charges on the surface (fig is 
the degree of dissociation), and ~t c is the chemical potential of t~e singly-dispersed counterion. 
Thus, 01 is the chemical potential of the electrically neutral surfactant molecule consisting of one 
surfactant ion and one counterion necessary to neutralize its charge, while Og is the chemical 
potential of the electrically neutral micelle consisting of the charged micelle, of aggregation 
number g, along with the (gflg) counterions necessary to neutralize the micellar charge. 
Expressions for the chemical potentials 0j of the electrically neutral monomeric surfactant 1 and 0g 
of the electrically neutral micelle of aggregation number g are obtained by considering the Donnan 
equilibrium between the micellar solution and a micelle-free solution containing the electrolyte. 
One obtains (40-42) the following relations for the chemical potentials: 

O, = 01 (T,p) + kT  ln X 1 + kT ln X c + kT ln 72 

Og = O°g (T,p) + kT  ln X + g flg kT  ln X c 

(15.24) 

(15.25) 

Here, 01 and ~g are the standard chemical potentials of the electrically neutral species for which 
concentrations in solution are X1 and X e respectively and 7 stands for the mean activity 
coefficient. X c which denotes the total concentration of the counterions and includes contributions 
from the singly-dispersed surfactant molecules, micelles and the electrolytes present, is given by 

Xc = X  1 + ~_~f lggXg  +Ysalt (15.26) 

where Xsalt is the concentration of the added electrolyte. The summation extends over all values 
of g ~ 2. The activity coefficients of the surfactant ion, the coion in the electrolyte and the 
counterion are all taken equal to one another (an assumption not essential in the treatment). The 
equilibrium condition 0g = g 01, provides the size-distribution equation 
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Xg : Xl g Xffc (1 - fig) /g exp (15.27) 

When Equation (15.7) is applied to ionic surfactants, the exponential factor depends on the 
surfactant concentration since the standard-state chemical potentials of the charged species depend 
on that concentration. In contrast, the exponential factor in Equation (15.27) is independent of the 
surfactant concentration since it involves the standard-state chemical potentials of the electrically 
neutral species (see Equation (15.23)) which are independent of the concentration of surfactant. 

The number-average, the weight-average and the z-average degrees of micelle dissociation 
are defined via the expressions 

Z_f gXg Zrg Xg Z gg X. 
, , (15.28) 

where the summation extends from 2 to oo. One can write (40) starting from Equation (15.27), the 
following expressions for ionic surfactants, taking into consideration the definitions for the various 
average degrees of dissociation given above. 

0 In ~ X =  gn[O In (X1/) + (1-~n) O In X ] 

O In ~ g X g  = gw [O In (X1/) + (1-flw) O In Xc] (15.29) 

c3 In E gEX = gz [0 In ( X l / ) +  (1-flz)c3 In X ]  

The factor 0 In (X1), 2) that appears in the above equations can be expressed in terms of the 
micellized surfactant concentration ~ gXg and the total counterion concentration X cusing the 
second relation in Equation (15.29). One obtains 

0 In (X~ ~2) = _~1 O In ~ g X g  - ( 1 - f lw)  0 lnX~ (15.30) 
gw 

The derivative of the weight-average aggregation number gw can now be obtained by combining 
Equations (15.29) and (15.30). 

(gz / O In gw = ~w - 1 0 In ~ g X  +gz (flw - f l z )  0 l n X  (15.31) 

This equation shows that, if the micelles are monodispersed (i.e., gw = gz and flw - flz), the 
weight-average aggregation number gw of ionic micelles is independent of ~.,gXg and also ofX c. 
In contrast, when the micelles are polydispersed, gw must increase with the total surfactant 
concentration, conclusions identical to that arrived at earlier for nonionic surfactants. 
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15.2.7 Micelle Charge 

Some general conclusions regarding the degree of dissociation of ionic head groups at the 
micelle surface can be drawn from the above thermodynamic analysis (40-42). Combining 
Equation (15.28) defining various average degrees of dissociation with Equation (15.27) for the 
size distribution of ionic surfactant aggregates, one can obtain 

E g2 
c3 fin = (flw - ft, ) 0 In ~ gXg + (gw fl2w - ~*g) 0 In X c (15.32) EgXg 
The coefficient of the first term is of order unity (since the degree of dissociation is of the order 
of 1) while that of the second term is of the order of 100 (since it is of the order of g, the 
aggregation number of the micelles). Thus, Equation (15.32) shows that 

)) (15.33) 
0 l n X  c ~gxg 0 In ~ g A g  x~ 

This implies that the degree of dissociation depends much less on the total surfactant concentration 
than on the total counterion concentration (or, total ionic strength). Further, from Equations 
(15.31) and (15.32) one finds, in terms of the order of magnitude, 

c3 In gw 

c3 in EgX~ 
N 
N 

( gw_O ] 
0 In X )  EgXg (15.34) 

implying that, if 

c3 In gw ~ 1 then ,.~ 
Z ' c3 In Xc EgXg gw 0 in EgX~ 

(15.35) 

Since the micellar-aggregation numbers gw are of the order of 100, Equation (15.35) shows that, 
as long as the change in the aggregation number gw due to a change in the total ionic strength X c 
is not too large, the average degree of dissociation fin is almost independent of Xc. As already 
noted in regard to Equation (15.33), the effect of the total surfactant concentration on fin is even 
smaller than the effect of X~. Hence, one can conclude that the average degree of dissociation ,fin 
is practically a constant independent of both the total surfactant concentration and the added salt 
concentration, as long as gw does not change dramatically with X¢. A constant value for fin implies 
that fig is a constant, independent of the aggregation number g. Consequently, one can write 
/~n = ~w = ~z = /~g = constant. In contrast, if the aggregation number gw changes substantially 
with X~ such that 
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/ O01nxcln gw E gX~ ~ 2 ,  0 in x~ E gxg gw 2)1  (15.36) 

then the average degree of dissociation fin does vary appreciably with the total ionic strength Xc 
as shown by the above relation. 

15.2.8 Concentration of Singly Dispersed Surfactant beyond the CMC 

In the framework of the pseudophase model, the concentration of the singly dispersed 
surfactant X1 remains constant beyond the cmc, since the micelle formation is viewed as a pseudo- 
phase transition process. In contrast, the size-distribution model (Equation (15.7)) suggests that 
X 1 continues to increase for nonionic surfactants as the total surfactant concentration is increased. 
Indeed, the quantitative dependence of X~ on the concentration of the aggregated surfactant is 
described by the second relation in Equation (15.19) which can be rewritten as 

O l n X  1 1 

0 In E g X g  gw 
(15.37) 

Since gw is a positive number, X1 increases monotonically with increasing total surfactant 
concentration beyond the cmc. However, if the micellar size gw is sufficiently large, then X1 
remains practically constant beyond the cmc. 

A different behavior is exhibited by ionic surfactants. Considering Equation (15.30) derived 
for ionic surfactants, we observe that the various logarithmic concentration terms appearing in this 
equation are of comparable magnitude, while the aggregation number is large, of the order of 100. 
Hence, the first term on the right-hand side of the above equation can be taken zero. Since flw is 
practically constant, Equation (15.30) can be integrated to yield 

In (X 1 y2) + (1 - f lw) In  (X 1 + flu ~ gXg + Xsalt ) : constant (15.38) 

where Equation (15.26) for the total counterion concentration X c is introduced. This equation 
shows that: (i) the concentration of the singly-dispersed surfactant ion X 1 decreases as the 
concentration of the aggregated surfactant is increased, (ii) the plot of In (X 1 ye) against In (Xc) 
is a straight line with the slope -(1- flw ), and (iii) the mean ionic activity, (X~ X c ye)l/2 increases 
with increasing total surfactant concentration (analogous to the monomer concentration X 1 for 
nonionic surfactants). 

15.2.9 Sphere-to-Rod Transition 

Micelles that are sufficiently small in size pack into spherical aggregates or distorted globular 
aggregates. Usually, such micelles are narrowly dispersed. A different micellization behavior is, 
however, observed when micelles become larger in size and rodlike micelles are generated. These 
aggregates can be visualized as having a cylindrical middle part with two spherical endcaps as 
shown in Figure 15.1. The standard chemical potential of a rodlike aggregate of size g containing 
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,~ap molecules in the two spherical endcaps and (g -  gcap) molecules in the cylindrical middle can 
9e written as (26,43) 

o o o 

¢tg = (g  -- gcap)  flcyl + gcap /2cap (15.39) 

o o where flcyl and ,//cap a r e  the standard chemical potentials of the molecules in the two regions of 
;he spherocylindrical aggregate, respectively. Introducing the above relation in the aggregate-size 
distribution (Equation (15.7)) yields 

X _._ g 

( oI]g 
X 1 exp A,/.!cyl exp 

kT 

( O O/] 
Aflcap - zlflcy 1 

gcap k T  
(15.40) 

O o 
where  A,ttcy 1 and Aflcap are the differences in the standard chemical potentials between the 
surfactant molecules in the cylindrical middle or the endcaps of the spherocylindrical micelle and 
the singly dispersed surfactant molecule. The above equation can be rewritten as 

( ) (o o / 
o A f l c a p _  zjflcy 1 

Xg= -~1 yg , Y = X 1 exp ACtCylkT ' In K = gcap kT  (15.41) 

One may note that K is a measure of the Gibbs-energy advantage of the molecules present in the 
cylindrical portion to those present in the spherical endcaps. The parameter Y indicates the 
possibility of occurrence of rodlike aggregates at a given concentration of the singly dispersed 
surfactant molecules. The average aggregation numbers defined by Equation (15.13) can be 
computed on the basis of the size distribution Equation (15.41). Performing the analytical 
summation of the series functions, one obtains (26) 

1 ] 
gn = gcap + ' g w  = gcap + 1 + (15.42) 

1-- Y Y + gcap ( 1 -  Y) 

The total concentration of surfactant present in the aggregated state can be also calculated 
analytically and is given by the expression 

1 gcap Yg~p Y 
- --  1 + (15.43) 

~ g X g -  K 1-Y gcap(1-Y) 

Equations (15.42) and (15.43) show that for values of Yvery close to unity, very large aggregates 
are formed. In the limit of Yclose to unity and gcap (l-Y) << 1, Equation (15.43) reduces to 

- -  

= Xto t - X 1 (15.44) 

Consequently, Equation (15.42) can be simplified as 
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gn : gcap+ ( 1 )  :gcap + / ' tot 
(15.45) 

It is evident from the above equations, that the weight- and the number-average aggregation 
numbers substantially deviate from one another. This indicates a high polydispersity in the sizes 
of the equilibrium aggregates. Typically, K must be in the range of 108 to 1011 for polydispersed 
rodlike micelles to form at physically realistic surfactant concentrations (22,26,43,44). For 
systems in which rodlike micelles form, the critical micelle concentration can be calculated from 
the condition that Y should tend to unity. Then, from Equation (15.41), one obtains 

[ A/zcO1 ] (15.46) 
X 1 = S c m  c = exp k T  ) 

The thermodynamic results obtained so far are independent of any specific microscopic model 
for the standard Gibbs energy changes associated with aggregation. Such microscopic models are 
needed to relate the molecular features of surfactant to specific aggregation characteristics. 

15.3 M O L E C U L A R  P A C K I N G  IN S E L F - A S S E M B L E D  S T R U C T U R E S  

To go beyond general thermodynamic results, an explicit expression for the standard- 
O chemical- potential difference term A/t o is needed. In turn, this requires the specification of the 

aggregate shapes and their geometrical characteristics (32). The hydrophobic domain of the 
surfactant aggregates contains the surfactant tails. If the density in the domains is considered equal 
to that in similar hydrocarbon liquids, the surfactant tails must entirely fill the space in these 
domains. As a result, irrespective of the shape of the aggregate, no point within the aggregate can 
be farther than gs from the aggregate-water interface, where ,e s is the extended length of the 
surfactant tail. Therefore, at least one dimension of the surfactant aggregates should be smaller 
than or at most equal to 2 ,e s (1). The domain volume is determined by the number of surfactant 
molecules g in the aggregate and the volume v s of the surfactant tail. 

The small micelles are assumed to be spherical in shape. When large rodlike micelles form, 
they are visualized as having a cylindrical middle portion and parts of spheres as endcaps. The 
cylindrical and the end-cap regions are allowed to have different diameters, the actual values being 
determined from minimum Gibbs energy considerations. When surfactants cannot pack into 
spheres any more (this happens for aggregation numbers for which a spherical aggregate will have 
a radius larger than gs), and, if at the same time the rodlike micelles are not yet favored, small 
globular aggregates that are not much larger than the largest spheres form. The shapes of these 
aggregates have been examined by I'sraelachvili et al. (26) on the basis of local and overall 
molecular-packing considerations. For a shape to be allowed, they showed that the local 
geometrical characteristics of the shape rather than its average geometrical characteristics should 
satisfy the molecular packing requirements. By using this criterion, they argued that ellipsoidal 
shapes, which satisfy the packing criterion on the average, do not satisfy the packing criterion 
locally anywhere in the aggregate. Therefore, for aggregates in the transition region between 
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'pheres and spherocylinders, they have suggested globular shapes generated via ellipses of 
• evolution. We note that for aggregation numbers up to 3 times larger than the largest spherical 
nicelles, the average area per molecule for globular aggregates (ellipses of revolution) suggested 
~y Israelachvili et al. (26) is practically the same as for prolate ellipsoids. Therefore, the average 
geometrical properties of the aggregates in the transition regime will be computed as for prolate 
ellipsoids. It should be emphasized, however, that this does not imply that prolate ellipsoidal 
nicelles form, but only that the micelles are non-spherical and globular. 

Further, surfactants may also pack into spherical bilayer structures. In this case, the number 
~f surfactant molecules in the outer and the inner layers of the vesicle do not have to be equal and 
:he layer thicknesses can also be different. Therefore, the aggregate properties depend on the 
zharacteristics of both layers. 

For aggregates containing g surfactant molecules, the volume of the hydrophobic domain of 
_:he aggregate, Vg, the aggregate-water surface area, A g ,  and the surface area Ag6 at a distance 6 
from the aggregate-water interface are listed in Table 15.1 for various aggregate shapes. Also, 
a packing parameter P is defined in the Table for each aggregate in terms of the geometrical 
variables characterizing the aggregate. 

Table 15.1 Geometrical properties of aggregates 

Spherical Micelles: ( Radius Rs -< gs ) 

4rd~3 = 4~R 2 =  g a 
V - 3 - g vs Ag 

Ag~ = 4 ~ ( R s + c~ )2 = g a~ 

P -  Vg _ v s _ 1 

Ag R s a R s 3 



608  

Globula r  Micel les :  (Semi-minor  axis R s = gs , semi-major  axis b _< 3 / s , eccentr ic i ty  E)  

2 
4 a R  s b 

Vg -- 3 = g Vs 

2 [ sin--1E 
Ag = 2 n R s 1 + E (1 E 2) 1/2 = g a ,  E =  1 

1/2 

Ag a = 2 rc (R s + t~) 2 

E~  --" 

1 + 
s i n - l E ~  

E~ (1 E l )  1/2 

1/2 2 

P Vg Vs 1 
- - , - _< P _< 0.406 Req 

A g R s a R s 3 

= g a a  

4~  } 

1/3 

Cyl indr ica l  Par t  o f  Rodl ike  Micelles" ( Radius  R c _< ~¢s, Length  L c ) 

2 
Ve = ~ : R  c L c = g v  s 

Ag = 2 ~ R c L c = g a , Ag a = 2 7t (R c + ~) L c = g a a 

V Vs 1 p - g = - 

Ag R c a R¢ 2 



Endcaps of  Rodlike Micelles: ( Endcap Radius R s _< g s ,  Cylinder Radius R c _< gs ) 

H = R s [ 1  { 1 - - (  R c / R  s )2 } 1/2 ] 

V .... g 

3 
8 rt R s 2 71:H2 (3Rs H)  

3 3 
= g v  s 
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2 
Ag = [ 8 7r, R s 4 7t R s H ]  - g a 

Ag 6 = [ 8 71; (R s + c~) 2 4 rt (R s + 3) ( H  + c~) ] = g a~ 

p m Vg _ Vs 

Ag R s a R s 

Spherical Vesicles: (Inner/outer radii Ri,  R o ; Inner/outer layer thickness ti, to -< gs ) 

3 
4~ [ R o - R i  3 ] 

Vg = 3 = g vs ' g = go + gi 

3 )3 
47t [ R o  - ( R o - t  o ] 

Vg° = 3 = go Vs 

47t [ ( R i + t i ) 3 _  Ri 3 ) 
Vgi = 3 = gi Vs 

2 
Ag o = 4 rt R o , Ag~ = 4rt Ri 2 

Ag~o = 4 7t ( R ° + ~ )2 = go a6o 

Ag6i = 4 7t ( R i - •  )e = gi a~i 
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15.4 S E L F - A S S E M B L Y  IN A Q U E O U S  S O L U T I O N S  

15.4.1 Model for the Standard-Gibbs-Energy Difference for Aggregates 

The calculation of the aggregate size distribution requires an explicit expression for the 
o between a surfactant molecule in an aggregate and one in standard- Gibbs-energy difference AB 9 

the singly dispersed state. This Gibbs-energy difference can be decomposed into a number of 
contributions on the basis of molecular considerations (30-32). Firstly, the hydrophobic tail of the 
surfactant is removed from contact with water and transferred to the aggregate core which is like 
a hydrocarbon liquid. Secondly, the surfactant tail inside the aggregate core is subjected to 
packing constraints because of the requirements that the polar head group should remain at the 
aggregate-water interface and the micelle core should have a liquid-like density. Thirdly, the 
formation of the aggregate is associated with the creation of an interface between the hydrophobic 
domain of the aggregate and water. Fourthly, the surfactant head groups are brought to the 
aggregate surface giving rise to steric repulsions between them. Finally, if the head groups are 
ionic or zwitterionic, then electrostatic repulsions between the head groups at the aggregate surface 
also arise. Explicit analytical expressions developed in our earlier studies (30-32) are presented 
in this section for each of these Gibbs-energy contributions in terms of the molecular 
characteristics of the surfactant. A similar approach for calculating the Gibbs energies has been 
employed by Puvvada and Blankschtein (45). 

15. 4.1.1 Transfer Gibbs Energy of the Surfactant Tail 

When aggregation occurs, the surfactant tail is transferred from its contact with water to the 
hydrophobic core of the aggregate. The contribution to the Gibbs energy from this transfer process 
is estimated by considering the aggregate core to be like a liquid hydrocarbon. The fact that the 
aggregate core differs from a liquid hydrocarbon gives rise to an additional Gibbs-energy 
contribution that is evaluated immediately below. The transfer Gibbs energy of the surfactant tail 
from water to a liquid hydrocarbon state is estimated from independent experimental data on the 
solubility of hydrocarbons in water (46,47). On this basis, the transfer Gibbs energy for a 
methylene group in an aliphatic tail as a function of temperature T (in K) is given by (32) 

(A,ug)tr/kT = 5.85 In T + 896/T k 36.15 - -  0.0056 T 

For a methyl group in the aliphatic chain, the transfer Gibbs energy is (32) 

(15.47) 

O (A~ue,)~kT = 3.38 In T + 4064 /T- -44 .13  + 0.02595 T (15.48) 

For surfactants containing two hydrocarbon chains, one expects considerable intramolecular 
interactions between the two chains in their singly dispersed state. Hence, the contribution to the 
transfer Gibbs energy of the two chains would be smaller than the estimate obtained by assuming 
that there are two independent single chains. Tanford (1) estimated that the second chain of a 
dialkyl moleculecontributes a transfer Gibbs energy that is sixty percent of an equivalent single- 
chain molecule. In the absence of more detailed thermodynamic information on such double-chain 
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molecules, we will use Tanford's estimation. 

15.4.1.2 Deformation Gibbs Energy of the Surfactant Tail 

Being attached to the polar head group, one end of the surfactant tail is constrained to be 
located at the aggregate-water interface. The other end (the terminal methyl group) is free to 
occupy any position in the entire volume of the aggregate as long as an uniform segment density 
can be maintained within the aggregate core. Obviously, the chains must be locally deformed in 
order to satisfy both the packing and the uniform-density constraints. A positive Gibbs-energy 
contribution results from this conformational constraint on the surfactant tail which will be 
referred to as the tail- deformation Gibbs energy. The conformational Gibbs energy per surfactant 
tail can be determined by calculating the integral of the local deformation energy over the entire 
volume of the aggregate as suggested by Semenov (48) for block-copolymer microdomains. In 
this manner, one obtains (32) for the Gibbs-energy contribution associated with the chain 
deformation in the aggregate core for spherical micelles the expression 

(~/'/g)def = k T  / 9PTt2 ) 8 0  [ Rs]NL 2 ) (15.49) 

where P is the packing factor defined in Table 15.1 for various aggregates shapes, R s is the core 
radius and L is the segment length, which as suggested by Dill and Flory (28) contains about 3.6 
methylene groups (hence L = 4.6 ,~). L also represents the spacing between alkane molecules in 
the liquid state, namely, L 2 is the cross-sectional area of the polymethylene chain. Since the 
volume of the methyl group is twice that of a methylene group, a surfactant tail that contains 
(n c -1) methylene groups and a terminal methyl group is made up of N segments, where N = 
(n c + 1) / 3.6. The above equation is employed also for globular micelles and for the spherical 
endcaps of rodlike micelles. For infinite cylindrical rods and lamellar aggregates, the following 
expression was obtained (32): 

In the case of cylindrical micelles, R c is the core radius and P=l/2. When this equation is used 
for spherical bilayer vesicles, the molecular-packing differences between the outer and the inner 
layers must be accounted for. The thicknesses of the outer and inner layers of the bilayer are 
denoted t o and ti. Consequently, this Gibbs-energy contribution is calculated for vesicles by 
replacing R c with t o for the molecules in the outer layer, and ti for the molecules in the inner layer 
and P=I, as for lamellar aggregates. For surfactant tails with two chains, the deformation Gibbs 
energy calculated for a single chain should be multiplied by a factor of two. 

15.4.1.3 Aggregate Core- Water Interfacial Gibbs Energy 

The formation of surfactant aggregates generates an interface between the hydrophobic 
domain consisting of the surfactant tails and the surrounding water medium. The Gibbs energy of 
formation of this interface is taken as the product of the area and the macroscopic interfacial 
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tension both corresponding to the aggregate core-water interface (30-32). 

jo ( 
( /'t g)in t O'agg ] 

kT = - -~)  ( a - a ° )  
(15.51) 

Here, O'agg is the macroscopic aggregate core-water interfacial tension, a is the surface area of the 
hydrophobic core per surfactant molecule, and a o is the area per molecule shielded from contact 
with water by the head group of the surfactant. For bilayer vesicles, the area a differs on the outer 
and inner layers and a in the above equation is replaced by (Ago+AgO/g. Expressions for the area 
per molecule a corresponding to different aggregate shapes are listed in Table 15.1. 

The aggregate core-water interfacial tension Oagg is taken equal to the interfacial tension Osw 
between the aliphatic hydrocarbon of the same molecular weight as the surfactant tail (S) and the 
surrounding water (W). The interfacial tension Osw can be calculated in terms of the surface 
tensions o s of the aliphatic surfactant tail and o w of water via the relation (49) 

trsw = a s + tr w - 2.0 ~ ( a s t r  w )1/2 (15.52) 

where ~, is a constant with a value of about 0.55 (49,50). The surface tension o s can be 
estimated to within two percent accuracy (32) using the relation 

a s - 35.0 - 325 M-2/3 _ 0.098 ( T -  298) (15.53) 

where M is the molecular weight of the surfactant tail, T is in K, and o s is expressed in dyne/cm. 
The surface tension of water (51) can be calculated using the expression 

tr w = 72.0 - 0.16 ( T - 298 ) (15.54) 

where the surface tension is expressed in dyne/cm and the temperature in K .  
The area a o that appears in Equation (15.51) depends on the extent to which the polar head 

group shields the cross-sectional area of the surfactant tail. It has already been noted that L 2 
corresponds to the cross-sectional area of the surfactant tail. This area is shielded completely from 
contact with water if the polar head group has a cross-sectional area ap larger than L 2 For such a 
surfactant, a o is taken equal to L 2. If the polar head group area a p is less than L 2, then the head 
group shields only a part of the cross-sectional area of the tail from contact with water. In this case, 
a o is taken equal to ap. 

15.4.1.4 Head-Group Steric Interactions 

The formation of an aggregate brings the polar head groups of the surfactant molecules to the 
surface of the aggregate where they are crowded when compared to their isolated states as singly 
dispersed molecules. This generates steric repulsions among the head groups. If the head groups 
are compact in nature with a definable hard-core area or hard-core volume, then the steric 
interactions can be estimated as hard-particle interactions by using any of the models available in 
the literature. The simplest is the van der Waals approach, on the basis of which the contribution 
from steric repulsion atthe micelle surface is given by (30-32) 
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ap --,//6. steric _ In 1 - - -  (15.55) 
k T  a 

where ap is the effective cross-sectional area of the polar head group near the micellar surface. This 
approach is no longer adequate when the polar head groups cannot be considered as compact such 
as in the case of nonionic surfactants having poly(ethylene oxide) chains as head groups. An 
alternate treatment for head-group interactions in such systems is developed in Section 15.5. For 
bilayer vesicles, the steric repulsions at both the outer and the inner surfaces must be considered. 
Noting that the area per molecule is different for the two surfaces, one can write 

o, I aplgi I ap) (A,IAg steric _ go In 1 - - -  In 1 

k T  g AgTg o g A gi/g i 
(15.56) 

15.4.1.5 Head-Group  Dipole  Interactions 

If the polar head groups are zwitterionic, then they possess a permanent dipole of appreciable 
magnitude. The dipole-dipole interactions are dependent on the orientation of the dipoles. 
Because of the chain packing, one expects to find the dipoles oriented normal to the interface and 
to be stacked such that the poles of the dipoles are located on parallel surfaces. The dipole-dipole 
interactions in such a case are repulsive and they can be estimated by considering that the 
arrangement of the poles of the dipoles generate an electrical capacitor. The distance between the 
planes of the capacitor is equated to the distance of charge separation in the zwitterionic head 
group. Consequently, the dipole-dipole interactions for dipoles having a charge separation d can 
be calculated (30-32) for spherical micelles using the expression 

A o 2 ( R  s + 0 )  l 
( /'/g)dipole = 2 a e d (15.57) 

1 k T  e a a k T  R s + ~ + d 

In the above relation, e denotes the electronic charge, e is the dielectric constant of the solvent, 
Rs is the radius of the spherical core and 6 is the distance from the core surface to the place where 
the dipole is located. The same equation can be employed for globular aggregates and the endcaps 
of spherocylinders. For the cylindrical part of the spherocylinders, 

ZI o 2 (R c + 3) ( ~g)dipole 2 rt e d 
- In 1 + (15.58) 

k T  e a a k T  R c + 

where Rc is the radius of the cylindrical part of the micelle. For vesicles, considering the outer and 
inner surfaces, one can write (31) 
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A 0 ( ~ g)dipole 
kT 

go 2ne2(Ro + fi) d 

g e a a o k T  Ro+a+d 

+ gi 271:e2(Ri- a) 

g eaaikT Ri--~d 

(15.59) 

where the areas a~o and ari are defined in Table 15.1. The dielectric constant ~ is taken to be 
that of pure water and is calculated using the expression 

e = 87.74 exp [ - 0.0046 ( T -  273) ] (15.60) 

where the temperature T is in K. 

15. 4.1.6 Head-Group lonic Interactions 

Ionic interactions arise at the micellar surface if the surfactant has a charged head group. The 
theoretical computation of these interactions is complicated by a number of factors such as the 
size, shape and orientation of the charged groups, the dielectric constant in the region where the 
head groups are located, the occurrence of Stem layers, discrete charge effects, etc. (52). The use 
of the Debye-Hiickel expression is known to overestimate the interaction energy (1,53). An 
approximate analytical solution to the Poisson-Boltzmann equation has been derived for spherical 
and cylindrical micelles assuming that the surfactant molecules are completely dissociated (54). 
The approximate solution for non-planar geometries was obtained by adding to the exact solution 
for the planar geometry another term that accounts for the curvature of the aggregate. 

( /~g)ioni~ = 2 [ In S 1/2 2 1/2 kT -~ + [ 1 + (  )2 1 - - ~  [ 1 + (  )2] 

2 C l n  ( 1 
x s  

1 1,2) + - - [ 1  + (  )2] ] 
2 

1) 
(15.61) 

where 

4he 2 
S - (15.62) 

e x a a k T  

The area per molecule a 6 which appears in the above equation is evaluated at a distance 6 from 
the hydrophobic core surface. This distance 6 is estimated as the distance from the hydrophobic 
core surface to the surface where the center of the counterion is located, n is the reciprocal Debye 
length. The last term in the right hand side of Equation (15.61) is the curvature-correction term 
while the remaining terms constitute the exact solution to the Poisson-Boltzmann equation for a 
planar geometry. C is a factor dependent on the curvature and is given by 
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C ._. 
2 2 1 

R s + fi R eq + fi R c + fi 
(15.63) 

for spheres/spherical endcaps of spherocylinders, globular aggregates and cylindrical middle part 
of spherocylinders, respectively. The reciprocal Debye length n is related to the ionic strength of 
the solution via 

8 n n o e 2] 1/2 ( C1 + Cadd ) NAv 
x = , n = (15.64) 

e kT ) o 1000 

In the above equation, no is the number of counterions in solution per cm 3, C 1 is the molar 
concentration of the singly dispersed surfactant molecules, Cadd is the molar concentration of the 
salt added to the surfactant solution and NAv is Avogadro's number. The temperature dependence 
of the reciprocal Debye length n arises from both the variables T and e present in Equation 
(15.64). For spherical bilayer vesicles, the electrostatic interactions at both the outer and inner 
surfaces are taken into account (31). For the molecules in the outer layer, the Gibbs-energy 
contribution is calculated from the above equation but with a 6 replaced by aro and C=2/(Ro + 6). 
For the molecules in the inner layer, a 6 is replaced by ari and C =-2/(R i - 6 ) .  

1 5 . 4 . 2  C o m p u t a t i o n a l  A p p r o a c h  

The equation for the size distribution of aggregates, in conjunction with the geometrical 
characteristics of the aggregates and the expressions for the different contributions to the Gibbs 
energy of micellization allows one to calculate the size distribution of aggregates, the cmc, and 
various average properties of the surfactant system. In the equation for the aggregate size 
distribution, 

Y g -  Xlg e x p - I g A l t ° g  I k T  

o o) o A o o o 
(A,IJg) = ( A ~ g ) t  r + (A[. lg def + (Aflg)int  + ( flg)steric + (Aflg)dipole + (Aflg)ionic 

(15.65) 

o o A/I g is the sum of various contributions as shown above, where the contribution (Ap g)dipole should 
o 

be included for zwitterionic surfactants, (A/~ g)ionic for ionic surfactants, and neither in the case of 
nonionic surfactants. 

15.4.2.1 Maximum-Term Method 

For spherical or globular micelles and spherical bilayer vesicles, the size dispersion is usually 
narrow around a maximum. Since the maximum in the size distribution (denoted by XgM) refers 
to the aggregates present in the largest numbers, these aggregates dominate the number-average 
properties of the system. Therefore, the aggregation number g at which Xg has a maximum (=XgM) 
Can be approximated as the number-average aggregation number gn" Similarly, the value of g for 
which (gXg) has a maximum, equal to (gXg)M , can be approximated as the weight-average 
aggregation number gw, since the aggregates present in the largest mass concentration (gXg)M 
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dominate the weight-average properties of the system. Thus, the size distribution is replaced by 
the maximum term in the distribution function, for the purpose of obtaining the average properties 
of the solution. The average aggregation numbers estimated by the maximum-term method are 
practically the same as those obtained by calculating the entire size distribution of aggregates (55). 

One can also obtain quantitative estimates of the variance of the size distribution using the 
maximum-term method, without computing the detailed size distribution. Combining Equations 
(15.20) and (15.21) with the maximum-term approach, we obtain 

[ (  0 ln_gn ,]_ 1 ]1/2 ( A l n g n  ]1/: 
o-(n) _ 1 -  - 1 ,~, . . . .  
gn 0 In ~_~gXg) A In gnXgM) 

o'(w) : [  81ngw ]1/2 

gw 8 In E g X g )  

( lngw / 
A In (g @M 

1/2 

(15.66) 

In writing the above equation, the average aggregation numbers gn and gw are taken to be the 
aggregation numbers g at which the distribution functions Xg and (gXg) have maxima, the total 
concentration of the surfactant in the aggregated state ~g, Xg is replaced by the maximum term 
(g~Xg M or (gXg)~, and the partial derivatives are approximated by the difference terms (denoted 
by A). For two values of X~ close to one another, g, and Xg M (or gw and (gXg)M) are determined by 
the maximum-term method. Introducing these in the difference equation above, the variance in 
the size distribution is calculated. 

The critical micelle concentration is calculated as that value of X1 for which the total amount 
of surfactant in the micellized form is equal to that in the singly dispersed form (33), namely 
Xcme"-Xl-'-~gXg. In the maximum-term method, the total concentration of the surfactant in the 
aggregated state ~g, Xg is replaced with gcYgM or (gX) M. The predicted average aggregation 
numbers reported here correspond to the cmc, unless otherwise stated. 

15.4.2.2 Calculations for Rodlike Micelles 

As discussed in Section 15.2.9, there is no maximum in the size distribution Xg when rodlike 
micelles form and aggregates of all aggregation numbers g occur in significant concentrations. 

o In Equation (15.41) for the size distribution of rodlike micelles, APcy 1 is the standard-chemical- 
potential difference between a surfactant molecule in the cylindrical part and one in its singly 

o dispersed state and APcap is the difference in the standard chemical potentials between a 
surfactant molecule in the spherical endcaps of the micelle and a singly dispersed surfactant 

o molecule. By minimizing APcy 1 for an infinitely long cylinder, the equilibrium radius R c of the 
cylindrical part of the micelle is determined. Given the radius of the cylindrical part, the number 

o 
of molecules gcap in the spherical endcaps is found to be that value which minimizes APca p . Given 

o gcap, APcyl and APc°ap, the sphere to rod transition parameter K is calculated from Equation 
(15.41), the average aggregation numbers at any total surfactant concentration from Equation 
(15.45) and the critical micelle concentration from equation (15.46). 

The search for the parameter values that maximize the aggregate concentration Xg (or gXg) or 
o o minimize the standard Gibbs-energy differences Aflcy 1 and APca p was carried out using the 

IMSL (International Mathematical and Statistical Library) subroutine ZXMWD. This subroutine 
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is designed to search for the global extremum of a function of many independent variables subject 
to any specified constraints on the variables. This subroutine has been used for all the calculations 
described in this chapter involving anywhere from 1 to 5 independent variables. 

15.4.3 Molecular Constants for Surfactants 

Illustrative predictions are presented here for a number of nonionic, zwitterionic and ionic 
surfactants. The molecular constants used in the predictive calculations (Table 15.2) are estimated 
from the chemical structure of the surfactant molecule. For example, the glucoside head group 
in [3-glucosides has a compact ring structure (10) with an approximate diameter of 7 ,~, and hence, 
the effective cross-sectional area of the polar head group ap is estimated as 40 ~2. 
Correspondingly, the area shielded by the polar head group is taken to be a o = L 2 = 21 ,~2, at 25°C. 
For the zwitterionic N-betaine head group, the distance d between the separated charges can be 
estimated from the bond lengths and bond angles for the bonds separating the charges. The 
computations in this paper are based on an estimate of d = 5 ,~. The distance 6 from the core 
surface at which the dipole is located is estimated to be about 0.7 ,~. The cross-sectional area of 
the polar head group ap has been estimated to b e  30A 2, and correspondingly, the cross-sectional 
area of the tail shielded by the head group is taken to be ao = L 2 -- 21 ,~2, at 25°C. For sodium alkyl 
sulfates, the cross-sectional area of the polar group ap has been estimated to be 17 ~2 which is 
smaller than L 2. Consequently, the cross-sectional area of the surfactant tail shielded by the head 
group a o is taken equal to the area ap. The distance 6 at which the ionic interactions are computed 
depends on the size of the ionic head group (approximately 3.6 ,~) and the size of the hydrated 
counterion (approximately 1.85 ,~). Therefore, we estimate 6 = 5.45 ,~. The molecular volume 
of the surfactant tail containing nc carbon atoms is calculated from the group contributions of (nc- 
1) methylene groups and the terminal methyl group, 

v s - v ( C H  3)  + ( n  c -  1 ) v ( C H  2)  (15.67) 

These group molecular volumes, estimated from the density vs temperature data available for 
aliphatic hydrocarbons, are given by the expressions (32) 

v ( C H  3 ) = 54.6 + 0.124 ( T -  298) ,~3 

v ( C H  2)  = 26.9 + 0.0146 ( T -  298) ,~3 (15.68) 

where Tis in K. For double-tailed surfactants, v s is calculated by accounting for both the tails. The 
extended length of the surfactant tail gs at 298 K is calculated using a group contribution of 1.265 
~, for the methylene group and 2.765 A for the methyl group (1). In the absence of any 
information and given the small volumetric expansion of the surfactant tail over the range of 
temperatures of interest, the extended tail length gs is considered as temperature independent. The 
small volumetric expansion of the surfactant tail is accounted for by small increases in the 
cross-sectional area of the surfactant tail. 
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Table 15.2 Molecular constants for surfactants 

Surfactant Head Group ap (A 2) a o (A 2) 6 (A) d (A) 

J3-Glucoside 40 21 - - 
Methyl sulfoxide 39 21 - - 
Dimethyl phosphene oxide 48 21 - - 
13-maltoside 43 21 - - 
N-methyl glucamine 34 21 - - 
N-betaine 30 21 0.7 5 
Sodium sulfate 17 17 5.45 - 
Sodium sulfonate 17 17 3.85 - 
Potassium carboxylate 11 11 6.00 - 
Sodium carboxylate 11 11 5.55 - 
Pyridinium bromide 34 21 2.2 - 
Trimethyl ammonium bromide 54 21 3.45 - 
Hydroxyl 8 8 - - 
Lecithin 45 42 6.5 6.2 

15.4.4 Influence of Gibbs-Energy Contributions on Aggregation Behavior 

Some general features of the theory can be extracted from the functional forms of the various 
contributions to the Gibbs energy of micellization (all expressed per molecule of  surfactant). 
Figure 15.2 presents the calculated Gibbs-energy contributions for cetyl pyridinium bromide in 
water as a function of the aggregation number g. Of all the contributions, only the transfer Gibbs- 
energy of the surfactant tail is negative. When this contribution is large enough in magnitude to 
ensure that the total Gibbs-energy change on micellization is negative, the aggregated state of the 
surfactant is favored compared to the singly dispersed state. However, this transfer Gibbs-energy 
contribution is independent of  the micellar size and thus has no influence on the structural 

O 
characteristics of the equilibrium aggregate. All the remaining Gibbs-energy contributions to A/t g 
are positive and depend on the micelle size. Among them, the aggregate core-water interfacial 
Gibbs-energy contribution decreases with increasing aggregation number. This is a result of  the 
decrease in the area per molecule of the hydrophobic core of  the aggregate with increasing 
aggregation number. This Gibbs-energy is thus responsible for the positive cooperativity which 
favors the growth of aggregates to large sizes. All remaining Gibbs-energy contributions (namely, 
the surfactant-tail deformation energy, the steric repulsions between the head groups, the 
dipole-dipole interactions between zwitterionic head groups and the ionic interactions between 
ionic head groups) increase with increasing aggregation number. These Gibbs-energy contributions 
are, therefore, responsible for the negative cooperativity which limits the aggregates to finite sizes. 
All the Gibbs-energy contributions affect, however, the magnitude of  the cmc. The calculated 

size distributions for cetyl pyridinium bromide are presented in Figure 15.3 for two values of  the 
molar concentration C1 (= 55.55 X1) of  the singly dispersed surfactant. As expected, a small 
variation in C1 gives rise to a large variation in the total aggregate concentration, ~ot. The average 
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Figure 15.3 Calculated size distribution of cetyl pyridinium bromide aggregates in water at 25°C at two 
values of the total surfactant concentration Clot and the singly dispersed surfactant concentration C1. (a) 
C1 = 0.54 mM and Clo t = 0.68 mM; (b) C1 = 0.57 mM and Clot = 5.89 mM. 

15.4.5 Influence of Tail and Head Groups on Aggregation Behavior 

The cmc values predicted at 25°C, for nonionic alkyl 13-glucosides, zwitterionic N-alkyl 
betaines and ionic alkyl sodium sulfates are presented in Figure 15.5 as a function of  the length 
of  the surfactant tail. The cmc decreases with an increase in the chain length of  the surfactant. This 
is primarily a consequence of  the increase in the magnitude of  the transfer Gibbs energy of the 
surfactant tail with increasing chain length (or no). The incremental variation in cmc is roughly 
constant for a given homologous family of surfactants. The experimentally measured cmcs (56-61) 
are in reasonable agreement with the predicted values. For a given length of  the surfactant tail, the 
cmc is smaller for a nonionic surfactant than for an anionic surfactant. This is a consequence of 
the relative magnitudes of  the head group steric interactions and the head group ionic interactions 
for the surfactants considered. 
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Figure 15.4 Calculated size-dependent solution properties (the apparent weight-average aggregation 
number gw,app, the apparent number-average aggregation number gn, app, the monomer concentration X~ and 
the concentration of the surfactant in the form of aggregates, ~_,gXg) of cetyl pyridinium bromide in water 
as a function of the total surfactant concentration. All concentrations are expressed in mole fraction units. 
See Section 15.2.4 for the definitions of the apparent aggregation numbers. 

The predicted average aggregation numbers at the cmc are plotted as a function of the tail 
length in Figure 15.6 for some zwitterionic and anionic surfactants. The micelles are spherical or 
globular and are narrowly dispersed in size. For the zwitterionic alkyl N-betaines, the predicted 
aggregation numbers are in reasonable agreement with the measured values (60,61). The 
aggregation number increases with an increase in the chain length of the surfactant tail. This 
happens because the equilibrium area per molecule of the aggregate does not vary appreciably with 
a change in the tail length. Consequently, given an equilibrium area per molecule of the aggregate, 
the aggregation number of a spherical or globular micelle must increase with increasing tail length. 
For anionic sodium alkyl sulfates with alkyl chain lengths smaller than dodecyl, a large number 
of experimental data have been reported in the literature (62-65). We select for plotting in Figure 
15.6 those whose aggregation numbers show the largest deviation from the predicted values. For 
tetradecyl and hexadecyl chains, the aggregation numbers mentioned in reference 66 have been 
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Figure 15.5 Dependence of the critical micelle concentration on the number of carbon atoms in the 
surfactant tail for nonionic alkyl 13-glucosides (triangles), zwitterionic N-alkyl betaines (circles) and 
anionic sodium alkyl sulfates (squares). The lines represent the theoretical predictions while the points are 
experimental data (56-61). 

plotted. Although reference 66 cites the work of Tartar (62) as the source of these experimental 
data, no such information was there and therefore, the reported aggregation numbers for these two 
surfactants should be discounted. For alkyl sulfates, the predicted aggregation numbers do not 
show a significant increase with increasing length of the surfactant tail and remain practically 
constant for the longer tail lengths. These results can be understood by noting that the cmc for the 
surfactant with the smaller tail length is large, and for this reason, the ionic strength is larger. This 
decreases the head-group ionic repulsion, thus leading to a smaller equilibrium area per molecule 
in the aggregate. In contrast, for surfactants with longer tail lengths, the cmcs are low, the ionic 
strengths smaller and hence, the equilibrium area per molecule in the aggregate larger. This 
increase in the equilibrium area per molecule with increasing tail length is responsible for the 
relatively small increase of the aggregation number with increasing tail length, in contrast to the 
behavior exhibited by the zwitterionic surfactant. 
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Figure 15.6 Dependence of the weight-average aggregation number of micelles at the cmc, on the chain 
length of the surfactant tail for sodium alkyl sulfates (squares) and N-alkyl betaines (circles). The points 
are experimental data (60-66). The dotted line shows predicted values for sodium alkyl sulfates while the 
continuous line describes the predictions for N-alkyl betaines. See text for comments about the reported 
experimental aggregation numbers for sodium alkyl sulfates with Cl4 and C16 surfactant tails. 

The predicted results for nonionic alkyl [3-glucosides indicate that large polydispersed rodlike 
micelles form. For the octyl glucoside, the aggregation numbers are still not very large, while for 
longer chain lengths very large rods form. The predicted weight-average aggregation number is 
used to compute the hydrodynamic radius of the micelles using the expression 

{ / 3 gw Vs 
RH = + gp (15.69) 

47t 

where gp is the length of the polar head group which for the ring structure of the 13-glucoside has 
been estimated (18) to be 7 ,~. The computed hydrodynamic radius as a function of surfactant 
concentration is presented in Figure 15.7. One may note that for conditions which favor the 
formation of rodlike micelles, the parameter K, which is a measure of the propensity for the 
surfactant molecule to be present in the cylindrical part rather than in the spherical endcaps is 
large. From Equation (15.41), one can see that the value of K can be dramatically altered by small 

O 
changes in the calculated standard Gibbs-energy difference (APc°p-APcyl) between spherical 
endcaps and cylinders, since gcap which appears in the definition of K is quite large. For example, 
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Figure 15.7 The dependence of the micellar size (expressed as the hydrodynamic radius) on the 
concentration of the surfactant for octyl glucoside. Both the lines correspond to predicted values but for 
marginally different values of the molecular constant ap. The circles denote the reported experimental data 
(58). The triangles correspond to modified experimental data if the reported hydrodynamic radius had 
included one layer of water. See text for discussion. 

assuming a typical value of 90 for gcap, a small change of 0.05 kT in the Gibbs-energy difference 
(AL/ca po _A//cyl)O will cause a change in K of e 4"5 -- 90. Since the magnitude of K affects the 
aggregation numbers, the predicted average aggregation numbers are very sensitive even to small 
changes in the Gibbs-energy estimates when rodlike micelles form. This is illustrated by the 
calculations carried out for two slightly different values of the parameter ap, which affects the 
magnitude of the head-group steric-interaction energy. The predictions are compared with the data 
provided by dynamic light-scattering measurements (58). It is not clear whether the reported 
hydrodynamic radii correspond to the dry or hydrated aggregates. Therefore, both the reported 
values of the hydrodynamic radii and the radii obtained by subtracting the diameter of a water 
molecule are plotted in Figure 15.7. Given the sensitivity of K to the Gibbs-energy estimates, the 
agreement between the measured and predicted aggregate sizes is satisfactory. 
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1 5 . 4 . 6  I n f l u e n c e  o f  I o n i c  S t r e n g t h  o n  A g g r e g a t i o n  B e h a v i o r  

An increase in the ionic strength increases the reciprocal Debye length n. Consequently, the 
head-group ionic interactions at the micelle surface are weakened by the addition of salt to the 
surfactant solution. The predicted values of the cmc and the average aggregation number for the 
anionic sodium dodecyl sulfate surfactant are presented in Figure 15.8 as a function of the amount 
of added NaC1 electrolyte. For the range of ionic strength considered, only narrowly dispersed 
spherical or globular micelles are formed. As expected, with decreasing ionic repulsion between 
the head groups, the cmc decreases and the average aggregation number of the micelle increases. 
The predicted values are in satisfactory agreement with the experimental measurements available 
in the literature (64,65). 
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F i g u r e  15.8 Influence of added NaC1 concentration on the cmc and the average aggregation number of 
sodium dodecyl sulfate micelles. The lines denote the predicted values while the points are the 
experimental measurements (64,65), both at 25°C. 
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15.4.7 Influence of Temperature on Aggregation Behavior 

The temperature dependence of the cmc and the average aggregation number of the micelle 
have been calculated for a number of surfactants. Figure 15.9 compares the predicted cmc values 
with the experimental data (60,61) for the zwitterionic surfactants N-alkyl betaines for three 
different alkyl- chain lengths. In Figure 15.10, the predicted cmcs of the anionic surfactant sodium 
dodecyl sulfate have been plotted for two different concentrations of added NaC1 electrolyte and 
compared with experimental data (67). Calculated and experimental (68) cmcs are presented in 
Figure 15.11 for the homologous family of sodium alkyl sulfonates. In all cases, the predictions 
show reasonable agreement with experiment. However, one may note that the predicted values 
show a monotonic decrease of the cmc with decreasing temperature, while the experiment 
indicates some increase in the cmc as the temperature is decreased below about 25°C. It has been 
suggested that the state of dehydration of the ionic head group of the surfactant is lower in the 
aggregated than in the singly dispersed state. Since at low temperatures, the interactions between 
the head group of the singly dispersed surfactant molecules and water are stronger, an additional 
difficulty to micellization arises, which was not accounted for in our calculations, and which 
increases the cmc. 
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Figure 15.9 The dependence of cmc on temperature for N-alkyl betaines having C10, Cll and C12 chains 
as surfactant tails. The lines are predictions of the present theory while the points are experimental data 
(60,61). 



627 

A 

E 

12 

- 0 0 0 m . . ~  0 
- NaCl = 0 

NaCI = 0.0125 M 

I ! I I ! 

0 I0 20 50 40 50 60 

T E M P E R A T U R E  ( ° C )  

Figure 15.10 The dependence of cmc on temperature for sodium dodecyl sulfate in water and in a 0.0125 
M solution of NaC1. The lines are predictions of the present theory while the points are experimental data 
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Figure 15.11 The dependence of cmc on temperature for sodium alkyl sulfonates having C10, C12 and C14 
chains as surfactant tails. The lines are predictions of the present theory while the points are experimental 

data (68). 
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15.4.8 Transition from Spherical to Rodlike Micelles 

An increase in ionic strength beyond that in Figure 15.8 is expected to contribute to a transition 
from globular micelles to large spherocylindrical micelles. This is examined for the anionic 
sodium alkyl sulfates with NaC1 as the added electrolyte. As noted earlier, the parameter K which 
indicates the propensity for the presence of a surfactant in the cylindrical part of the micelle rather 
than in the spherical endcaps, has an extremely sensitive dependence on the standard-Gibbs- 
energy difference between the molecules located in those regions. As already noted, a small 

O variation of 0.05 kT in the standard-Gibbs-energy difference (A/lc°ap -A~cut ) causes a change in 
K by a factor of about e 4"5 = 90, for gcap close to 90. Consequently, the ability to predict In K with 
deviations of about 4.5 or less from the measurements can be considered very satisfactory. The 
predicted values for the sphere-to-rod transition parameter K are plotted in Figure 15.12 against 
the added concentration of electrolyte for the anionic sodium dodecyl sulfate. The predicted values 
are compared with those provided by light-scattering measurements (69). The agreement is 
exceptionally good, given the sensitivity of K to the Gibbs-energy estimates. The predicted radius 
of the cylindrical part of the aggregate is smaller than the fully extended length of the surfactant 
tail. It increases from 14.5 A to 14.9 ,~ as the electrolyte concentration is increased from 0.45 M 
to 1.25 M at 25°C. For this range of ionic strengths, the radius of the endcaps remains unaltered 
and is equal to the extended length of the surfactant tail. The predicted cmc, as defined by 
Equation (15.46), decreases from 0.380 mM to 0.204 mM over this range of added salt 
concentration. 
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Figure 15.12 The dependence of the sphere-to-rod transition parameter K for sodium dodecyl sulfate on 
the concentration of added electrolyte NaC1. The points are from light-scattering measurements (69) and 
the line represents the predictions, both at 25°C. 
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The temperature dependence of the parameter K has been calculated for sodium dodecyl 
sulfate for two concentrations of the added NaC1 electrolyte. The predicted values of K are plotted 
in Figure 15.13 along with the experimental estimates based on dynamic light-scattering 
measurements (69). Again the comparison is satisfactory. Figure 15.14 presents the predicted 
values of K as a function of the added electrolyte concentration for the homologous family of 
sodium alkyl sulfates with 10 to 13 carbon atoms in their hydrophobic tails. The figure shows that 
even the largest deviation in In K between the predicted and the experimental values (69) is 
smaller than 4. 
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Figure 15.13 Influence of temperature on the sphere-to-rod transition parameter K of sodium dodecyl 
sulfate in solutions containing 0.45 M and 0.80 M added NaC1 electrolyte. The lines denote the predicted 
values while the points are experimental data (69). 
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Figure 15.14 The dependence of the sphere-to-rod transition parameter K on the surfactant-tail length 
and on the concentration of added electrolyte NaC1 for sodium alkyl sulfates. The lines are predictions 
obtained from the present theory while the points denote the experimental data (69), both at 30°C. The 
predicted lines are labeled with the surfactant-tail lengths and the corresponding experimental data are 
indicated by squares, circles, triangles and hexagons, respectively. 

15.4.9 Formation of Bilayer Vesicles 

The aggregation behavior of anionic surfactants dialkyl sodium sulfates at an ionic strength 
of 0.01 M has been calculated and the results are summarized in Table 15.3. Because of the 
presence of two tails, these surfactants can form spherical vesicular structures provided the length 
of the surfactant tail is large enough and the ionic strength is not too small. The predicted 
aggregation number of the vesicles, the inner and outer radii, the thicknesses of the inner and the 
outer layer of the vesicles, the numbers of molecules of surfactant present in the two layers and 
the cmc have been calculated and the results are listed in Table 15.3. One can see that the inner 
and the outer layer differ somewhat in thicknesses, with the inner layer more compressed than the 
outer. The thicknesses are much smaller than the extended lengths of the tails and are also smaller 
than the radii of spherical and cylindrical micelles formed of single tailed sodium alkyl sulfates, 
discussed in previous sections. The equilibrium areas per surfactant molecule are substantially 
different from one another for the molecules in the two layers. The vesicles are not too large and 
the aggregation number increases with increasing chain length of the surfactant. As one may 
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anticipate, the cmc is very small due to the dialkyl tail. 
Calculated results for  dialkyl lecithins with phosphotidyl choline head group are also 

presented in Table 15.3 for alkyl chain lengths varying from 12 to 18. As was the case for dialkyl 
sodium sulfates, the vesicles formed of lecithins also have inner and outer layers with different 
thicknesses. However, the radii of the lecithin vesicles and hence, the aggregation numbers are 
much larger than those formed of dialkyl sodium sulfates. Consequently, the areas per molecule 
in the inner and outer layer are close to one another The vesicle radius decreases slightly with an 
increase in the chain length of the surfactant. The differences between the two types of molecules 
can be traced to the decrease in the head group repulsions in the case of the zwitterionic lecithin 
head groups compared to that in the case of anionic sodium sulfate head groups. In all cases listed 
in Table 15.3, the aggregates are narrowly dispersed. 

Table 15.3 Predicted structural properties of vesicles 

nc Ri Ro ti to ai ao gi go 
(A) (A) (A) (A) (A ~1 (A ~) 

di-CnSO4Na + 0.01 M NaC1 
12 46.3 66.8 9.8 10.7 58.25 77.1 462 727 
14 53.0 75.7 10.9 11.8 60.65 80.45 580 893 
16 58.3 83.1 12.0 12.8 62.7 83.6 684 1041 
18 63.6 90.4 13.0 13.8 64.6 86.5 787 1185 

Xcmc 

7.67x 10 -8 
1.07 x 10 -9 
1.46x 10 -11 
1.92x 10 -t~ 

di-Cn-lecithin 
12 209.0 226.7 8.46 9.2 79.6 79.4 6929 8163 1.58x 10 -9 
14 201.1 220.9 9.5 10.3 81.3 82.0 6260 7490 2.01x l0 ll 
16 196.1 218.0 10.5 11.4 82.8 84.5 5855 7086 2.49x 10 -t3 
18 193.0 217.0 11.5 12.5 84.2 86.9 5577 6822 3.04x 10 -15 

Note: i refers to the inner layer of the bilayer and o to the outer layer, R is the radius at the 
hydrophobic domain-water interface, t the layer thickness, a the area per surfactant molecule and 
g the number of surfactant molecules. 

15.5 MICELLES WITH POLY(ETHYLENE OXIDE) HEAD GROUPS 

The nonionic surfactants with poly(ethylene oxide) chains as their polar head groups are 
among the most extensively used surfactants. The poly(ethylene oxide) chains differ from the 
compact head groups present in many surfactant molecules discussed earlier. For sufficiently 
large poly(ethylene oxide) chain lengths, it is more appropriate to treat the head group as a 
polymeric chain when estimating the Gibbs energy of head group interactions. As the chain 
length ofpoly(ethylene oxide) decreases, the use of polymer statistics becomes less satisfactory. 
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15.5.1 Approach to Modeling Head-Group Interactions 

The poly(ethylene oxide) head group of the singly dispersed surfactant molecule can be 
viewed as an isolated free polymer coil swollen in water. In micelles, the region surrounding the 
hydrophobic core (referred to as the micellar shell or corona) can be viewed as a polymer solution 
consisting of poly(ethylene oxide) chains and water. The difference in the two states provides a 
contribution to the Gibbs energy of aggregation which is computed by considering the Gibbs 
energy of mixing of the polymer segments with water as well as the Gibbs energy of polymer 
chain deformation. Besides this new Gibbs-energy contribution, the expression for the Gibbs 
energy of formation of the aggregate-water interface must be modified compared to that in Section 
15.4.1.3, to account for the presence of the ethylene oxide units in the micelle corona. 

Two models for the micellar corona are considered. One model assumes that the corona 
region is characterized by an uniform concentration of polymer segments. For curved aggregates, 
the maintenance of such an uniform concentration in the micellar shell is possible only if the 
polymer chains deform non-uniformly along the radial coordinate. The second model considers 
the polymer chains to be deformed uniformly. This gives rise to a radial concentration variation 
of polymer segments in the micellar corona. The quantitative results for either of the above 
models will be affected by the polymer-solution theory used for the calculation of the mixing 
Gibbs energies. The mean-field approach of Flory (70) is used here because of its simplicity, 
since only the polymer-water interaction parameter ZWE is needed to calculate the Gibbs energies. 
It should be, however, noted that composition and temperature dependencies different from those 
used for non-aqueous polymer solutions must be assigned to ZwE to describe the thermodynamic 
properties of aqueous polymer solutions (71-73). Such dependencies have not yet been 
satisfactorily established and hence, the calculations will consider that XwE is a constant. In both 
models, the Gibbs energy of the steric repulsion between the head groups is calculated taking a 0 
equal to L 2. 

15.5.2 Uniform Concentration Model 

Given the spherical and cylindrical geometries of the micelles, the constraint of uniform 
concentration requires the poly(ethylene oxide) chains to deform non-uniformly along the radial 
coordinate. In lamellar aggregates, the curvature effects are absent and hence, an uniform 
concentration in the corona is compatible with an uniformly deformed polymer chain. The 
poly(ethylene oxide) head group is described as a polymer chain and the characteristic segment 
volume is retained to be L 3. For a poly(ethylene oxide) chain containing E x ethylene oxide units, 
the number of segments N E is given by NE=ExvE/L 3, where v E is the volume of an ethylene oxide 
unit. Based on available density data (74), the volume of an ethylene oxide unit at 25°C has been 
estimated to be VE=63 A 3. In micelles, the corona region is viewed as a polymer solution. The 
thickness of this region is denoted by D. The volume of the corona region V s can be calculated 
from the geometrical relations summarized in Table 15.4. Since the concentration in the corona 
is homogeneous, the volume fraction of the polymer segments is given by 
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q~Eg = 
g E v E gIVE L3 

v~ v s 
(15.70) 

Table 15.4 Volume of corona region of micelles with poly(ethylene oxide) head groups 

Spherical Micelles 

V s _ V  
g g /  s/3 1 + 1] 

Globular Micelles 

V s _ V  
g g 

2 
1 + (1 +_;)1 

Cylindrical part of Rodlike Micelles 

V s _ V  
g g 

1 + - 1  

Spherical endcaps of Rodlike Micelles 

V s _ V  
g g 

8 71; (R s + D) 3 

3 g v  s 

2 a : ( H + D )  2 

3 g v  s 
{3 (R s + D ) - ( H  + D) } - 1] 

15.5.2.1 Head-Group Mixing Gibbs Energy 

The change in the Gibbs energy of mixing of the poly(ethylene oxide) head group and water 
when an isolated free polymer coil is transferred to the micellar corona is calculated using the 
mean-field approach of Flory (70). We denote the segment density of the poly(ethylene oxide) in 
the corona (as a function of the radial coordinate r) by ~0(r), which is a constant in this model since 
a homogeneous concentration is assumed. Because of the interactions between the segments of 
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a single molecule and the segments of all the other molecules, each molecule experiences a 
potential U(r). This potential is taken in the mean field approach to be proportional to the total 
segment density arising from all the molecules of the micelle. The influence of the solvent is also 
incorporated in this mean-potential via the excluded volume factor (70,75). Thus, the mean 
potential can be written as 

1 
U(r) = kT q~(r) ( -~ -XWE ) (15.71) 

where ZwE is the Flory interaction parameter for the water-poly(ethylene oxide) system. The 
mixing Gibbs energy of the head group in the corona with respect to that in an isolated, free 
polymer coil is given by 

(A/2g)mix,EO _ 1 1 R+D U(r) 4rtr 2 1 
f q~(r) dr - N E ~0Eg ( - ~ -  XWE) (15.72) kT g L 3 kT 
R 

Here, R refers to' the location of the micelle core-water interface and thus represents the core radius 
R s of the spherical micelles. This equation can be used to calculate the head-group mixing Gibbs 
energy for the globular aggregates and the endcaps of rodlike aggregates, as well. For a rodlike 
micelle of length L c containing g molecules, one can write 

o~ R +z~ 

(AFtkT g ! m i x ' E  _ gl L13 f q~(r) U(r)kT 27trLc dr = N E ~0Eg ( -~1 _ ZWE) 
R 

where R now stands for the core radius R c of the cylindrical part of the micelle. 

(15.72 

15.5.2.2 Head-Group Deformation Gibbs Energy 

The deformation Gibbs energy of the poly(ethylene oxide) chains in the corona region of the 
micelle is calculated by employing the approach described in Section 15.4.1.2 based on the 
analysis ofblock-copolymer microdomains by Semenov (48). One can estimate the Gibbs energy 
contribution arising from the head-group deformation in the micellar corona from the expression 
(32) 

o 
(AlUg)def, E _ 3 L R  s D 

kT 2 a ~OEg R s + D 
for spheres, globular aggregates and the endcaps of the spherocylinder and from 

(15.74) 

o 
( Aflg )de fE  3 L R c 

' - I n  

kT 2 a q~Eg 
D 

1 + m  

R c 
(15.75) 

for the cylindrical part of the spherocylinder. 
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15.5.2.3 Aggregate Core-Water Interfacial Gibbs Energy 

o 
The interfacial Gibbs-energy contribution (A/z g)int refers to the sharp interface between the 

micellar core and the micellar corona and can be calculated using Equation (15.51). In this case, 
the interface is between one phase made up of surfactant tails and another phase made up of a 
solution of poly(ethylene oxide) segments in water. This implies that ~agg in Equation (15.51) 
should be different from Csw and dependent on the concentration of the poly(ethylene oxide) 
segments in the micellar shell region as well as on the surfactant tail-poly(ethylene oxide) 
interfacial tension ~sE. The interfacial tension between a polymer solution consisting of 
poly(ethylene oxide) and water in the micellar corona and an immiscible liquid consisting of the 
surfactant tails in the micellar core cart be calculated using the Prigogine theory (76,77) for the 
surface tensions of solutions. According to that theory, the surface phase composition is 
determined in terms of the bulk solution composition by equating the chemical potentials of the 
surface and bulk phases. The surface phase compositions, in turn, determine the effective 
interfacial tension between the two bulk phases. In the present case, the micellar corona is at an 
uniform bulk concentration ~0Eg. Corresponding to this bulk composition (PEg, the concentration 
~0 s of polymer segments at the interface is determined by solving the implicit equation 

In 
I (GjSlgEg) liN~ 

(1 - (ns)/(1 - (PEg) 

(O ' sw -- O'SE) 2/3 
V S + 

kT 

3 1 ~0s 
~ XWE [ (1 - ~0Eg ) -- qgEg ] -- -~ XWE [ (1 - ~0 s) - ] 

(15.76) 

Once ~0 s is determined, the interfacial tension (Yagg C a n  be calculated from the explicit equation 

/ kT v s = In + (~ °s -- (PEg) 
1 - 

1 3 + [ ( 0s) - ] 

(15.77) 

The interfacial tension ~sE between poly(ethylene oxide) and surfactant tails which appears in the 
above equation, can be calculated in terms of the surface tension ~s of the surfactant tails and the 
surface tension GE of poly(ethylene oxide) using the relation (49): 

O'SE = a s + O" E --2.0 ~ ( a s a E )1/2 (15.78) 

The constant ~ depends upon the nature of the interactions between the two components (49) and 
is taken to be !/s = 0.55, as for surfactant tail-water system in Equation (15.52) because of the 
polarity of the head group. The surface tension e~ s is calculated using Equation (15.53). The 
surface tension of poly(ethylene oxide) as a function of its molecular weight and temperature is 
estimated on the basis of the information given in reference (78) using the equation 

a E - 42.5 - 19 E x- 2/3 _ 0.098 ( T -  298) (15.79) 
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where E x represents the number of ethylene oxide units of the head group. 

15.5.3 N o n - u n i f o r m  Concentrat ion  M o d e l  

In this model, a radial concentration gradient of segments in the micellar corona consistent 
with the uniform deformation of the poly(ethylene oxide) chain is assumed. The calculation of the 
mixing and chain deformation Gibbs energies in the corona region aremodified to account for 
these features. 

15.5.3.1 Head-Group Mixing Gibbs Energy 

To calculate the mixing Gibbs energy, the polymer concentration in the corona region is first 
determined from the requirement that the polymer chains be uniformly deformed over the thickness 
D. The uniform deformation implies that the local chain deformation is a constant. The radial 
variation of polymer concentration in spherical aggregates is thus obtained (32) from 

( N E L 3 )  g (15.80) 
~0(r) = D 4 ~ r 2 

while for cylinders of length L c containing g molecules, from 

( N z L 3 )  g 

~o(r) = D 2 ~ r L c (15.81) 

The polymer concentration at the micellar core-water interface (where r = R) is denoted by ~0R 
which for both spheres and cylinders is given by 

= (15.82) 
~n D a 

where a is the micellar core area per surfactant molecule. As in the previous model, the mixing 
Gibbs energy of the head group in the micellar corona with respect to the reference state of an 
isolated, free polymer coil is given for spherical micelles (32) by 

A o n+D U(r) r a 
( ~ g)mix,E _ 1 1 f ~0(r) J 4 7t dr 

kT g L 3 kT 
R 

1 1 
= NE ~°R ( ~ - X w E )  ( 1 + D / R )  

(15.83) 

This equation is also used to calculate the head-group mixing Gibbs energy for the globular 
aggregates and the endcaps of spherocylinders, with R denoting the radius of the spherical or 
globular aggregate. For a cylinder of length L c containing g molecules, one can write (32) 
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o R+D U(r) 
( Z l / 2 g ) m i x , E  _ 1 1 f ¢(r) 2 7 t r t c d r  

kT g L 3 kT 
R 

1 R 
: ArE q~R ( - ~ - Z w ~ ) ' ~  In ( 1 + D / R )  

where R now stands for the core radius R c of the cylindrical part of the micelle. 

(15.84) 

15.5.3.2 Head-Group Deformation Gibbs Energy 

The polymer chain has been assumed to deform uniformly along the chain length. Using 
Flory's (70) rubber elasticity theory to estimate the deformation Gibbs energy of a chain, one 
obtains 

( Z I ~ U g ) d e f ,  E _ 1 

kT 2 

M 1/2 
D 2 2 "'E L 

+ - 3  
NE L2 D 

(15.85) 

which can be employed for all the aggregate geometries. 
The head-group steric interactions Gibbs energy is calculated as in the previous model. 

Finally, the aggregate core-water interfacial Gibbs energy is also calculated as in the previous 
model, but with the concentration ~0R replacing ~0Eg in Equations (15.76) and (15.77). 

15.5.4 Predicted Aggregation Behavior 

The calculations were carried out as described in Section 15.4.2, with the difference that an 
additional independent variable D (the thickness of the micellar corona) is involved. The 
poly(ethylene oxide)-water interaction parameter 2'wz can, in principle, be obtained from the 
thermodynamic properties of poly(ethylene oxide)-water solutions (such as the activity data or the 
phase-behavior data). The activity data (71) represented in the framework of the Flory-Huggins 
theory indicate that 2'wE is dependent on the composition of the polymer solution (72). The phase 
behavior exhibits both a lower critical solution temperature and an upper critical solution 
temperature (71),(73) indicating that 2'wz first increases and then decreases with increasing 
temperature. Further, the head group of the surfactant contains a functional group (such as a 
hydroxyl) that terminates the polymer chain. The presence of this terminal group may also affect 
the value of 2'wE when compared to that estimated for high-molecular-weight poly(ethylene oxide) 
systems. The dependence of Xwz on polymer concentration, temperature, polymer molecular 
weight, and the terminating functional group is, however, not known. Since water is a good 
solvent for poly(ethylene oxide), values for 2'wE smaller than 0.5, namely 2'wE = 0.1 and 0.3 have 
been chosen for the illustrative calculations. 

The predicted cmc values for a surfactant C12Ex with dodecyl hydrocarbon tail and 6 to 53 
ethylene oxide units are presented in Figure 15.15 for both the uniform concentration model and 
the non-uniform concentration model and for 2'wE = 0.1 and 0.3. The experimental data used for 
comparison are for polyoxyethylene glycol ethers (79-84) and polyoxyethylene methyl ethers (85). 
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Figure 15.15 Dependence of the cmc on the length of the polyoxyethylene head group of nonionic 
surfactants C,2E x. The points refer to measured values while the lines denote predictions from the present 
model, both at 25°C. The continuous lines represent the results from the non-uniform concentration model 
while the dotted lines denote the predictions based on the uniform-concentration model. Calculated results 
are shown for two different values of the polyoxyethylene-water interaction parameter XwE. The circles 
refer to commercial polyoxyethylene glycol ethers (80-83), triangles represent commercial samples where 
the distribution of oxyethylene chain lengths is reduced by molecular distillation (84) and squares 
correspond to purified polyoxyethylene methyl ethers (85). 

One may observe that there is considerable scatter in the measured cmcs. This is partly a 
consequence of the heterogeneity of some of the surfactant samples that have been used, the 
samples containing a range ofpolyoxyethylene chain lengths distributed around the reported mean 
value. Figure 15.16 presents the predicted as well as the measured cmc data for a surfactant C,6Ex 
with a hexadecyl hydrocarbon tail and 8 to 63 ethylene oxide units. The experimental data are for 
poly(ethylene oxide) glycol ethers (86-89) and poly(ethylene oxide) methyl ethers (85). The 
smaller scatter in the experimental data of Figure 15.16 compared to that of Figure 15.15, is 
primarily due to the fewer measurements available for the C,6Ex surfactants. The predicted 
aggregation numbers based on the non-uniform concentration model are plotted in Figure 15.17 
for both C,2Ex and C,6Ex surfactants. Measured aggregation numbers (79,86-89) are also included 
for comparison. The calculated aggregation numbers are in qualitative agreement with the 
experimental values. The predicted aggregation numbers are larger when a larger value is taken 
for ~wE. The agreement between the predicted and measured aggregation numbers is satisfactory 
even from a quantitative point of view. The predicted thickness D of the micellar corona region 
is plotted in Figure 15.18 for both C,2Ex and C]6E x surfactants, on the basis of the non-uniform 
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Figure 15.16 Dependence of the cmc on the length of the polyoxyethylene head group of nonionic 
surfactants C~6E x. The points refer to measured values while the lines denote predictions from the present 
model, both at 25°C. The continuous lines represent the results from the non-uniform concentration model 
while the dotted lines denote the predictions based on the uniform-concentration model. Calculated results 
are shown for two different values of the polyoxyethylene-water interaction parameter Xws. Circles denote 
polyoxyethylene glycol ethers (86-89) while the squares represent purified polyoxyethylene methyl ethers 
(85). 

concentration model. The experimental shell thicknesses are those estimated by Tanford et aL (90) 
from intrinsic viscosity measurements (86-89). As expected, the shell thickness D calculated 
assuming a smaller value for ZwE (= 0.1, implying a better solvent) is larger than that based on a 
larger value (= 0.3, implying a relatively poorer solvent). 

The predicted aggregation numbers and shell thicknesses based on the uniform concentration 
model are presented in Figure 15.19 and Figure 15.20 for both ClzEx and C16Ex surfactants. The 
predicted dependence of the micelle aggregation numbers on the poly(ethylene oxide) chainlength 
is in reasonable agreement with the experimental data but the calculated aggregation numbers are 
smaller than the experimental values. Figure 15.20 shows that the model predicts much smaller 
values for the thickness D than that estimated from intrinsic viscosity measurements (90). 

One can conclude that the non-uniform-concentration model is in somewhat better agreement 
with experiments than the uniform-concentration model. Improved agreement between predicted 
and experimental micellar properties should await a more satisfactory treatment of poly(ethylene 
oxide)-water solutions than presently available. It is essential that any model for nonionic 
surfactants be validated by comparing experimental and predicted results for all the micellar 
characteristics, namely the cmc, the aggregation number and the shell thickness over an extended 
range of poly(ethylene oxide) chain lengths. 
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Figure 15.17 Influence of the polyoxyethylene head-group size on the average aggregation number of 
micelles. The two surfactants contain dodecyl and hexadecyl hydrophobic tails, respectively. The points 
are experimental data at 25°C (79,86-89) and the lines represent the predictions of the present theory. The 
calculated results are based on the non-uniform-concentration model. 

The temperature dependence of the aggregation behavior of surfactants with poly(ethylene 
oxide) head groups is expected to differ from that of ionic and zwitterionic surfactants because 
of the way the interactions between polyoxyethylene head groups depend on temperature. For 
ionic and zwitterionic surfactants, the various contributions to the Gibbs energy of micellization 
display a temperature dependence which leads to a lowering of the aggregation number with 
increasing temperature. These temperature-dependent effects are, however, overshadowed 
by the temperature- dependent ~WE which governs the interactions between the poly(ethylene 
oxide) head groups and water in the micellar shell region. As suggested by the observed phase 
behavior of the poly(ethylene oxide)-water systems (71-73), the interaction parameter ~w first 
increases as the temperature is increased (giving rise to the lower critical solution temperature, 
LCST), passes through a maximum and then decreases with increasing temperature (giving rise 
to the upper critical solution temperature, UCST). Thus, for temperatures smaller than the LCST 
(which is the temperature range for which the aggregation behavior is examined), the interaction 

parameter ~v E should increase with increasing temperature. The calculations presented above 
show that the aggregation numbers increase with increasing ~ if none of the other variables are 
changed (Figures 15.17 and 15.19). Consequently for the poly(ethylene oxide) surfactants, the 
decrease of the head-group interactions with water with increasing temperature, promote aggregate 
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Figure 15.18 Influence of the polyoxyethylene head-group size on the shell thickness of the micelles. The 
two surfactants a r e  C l z E  x and ClzEx. The points are experimental data at 25°C (90) and the lines represent 
the predictions of the present theory. The calculated results are based on the non-uniform-concentration 
model. 

growth with increasing temperature. The remaining Gibbs-energy contributions favor a decrease 
in the aggregation number with increasing temperature. It is interesting to note that an increase 
in ZwE with increasing temperature promotes both the phase separation of the polymer solution 
(LCST) and also the growth of the micelles to large aggregation numbers (91,92). 

15.6 SELF-ASSEMBLY OF SURFACTANT MIXTURES 

The theory of aggregation in aqueous solutions formulated for single component surfactant 
systems has been extended in our earlier studies to mixtures containing two surfactants (53),(93) 
and to mixtures of surfactant and an alcohol (94). The theory predicts the size and the composition 
distribution of mixed aggregates, thus allowing one to estimate the critical micelle concentration 
(cmc), the average micelle size, the average micelle composition, and the size and composition 
polydispersity of the micelles, as a function of the composition of either the total surfactant mixture 
or the singly dispersed surfactants. Although we have concentrated on binary surfactant mixtures, 
the approach can be readily extended to solutions containing any number of surfactantsl 
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Figure 15.19 Influence of the polyoxyethylene head-group size on the average aggregation number of 
micelles. The two surfactants contain dodecyl and hexadecyl hydrophobic tails, respectively. The points 
are experimental data at 25°C (79,86-89) and the lines represent the predictions of the present theory. The 
calculated results are based on the uniform concentration model. 

15.6.1 Size and Composit ion Distribution of Aggregates 

We consider a solution of surfactant molecules A and B. We denote by g the aggregation 
number of the mixed micelle containing gA molecules of A and gB molecules of B. At equilibrium, 
in analogy with Equation (15.7), one obtains (53,93) for the aggregate size and composition 
distribution, the equation 

Xo = Xi~ XI~ exp  

[ o) _ g AP a 

kT [ :) [ o o) 
g Ap = fig - gA fl 1A - gB fl 1B 

kT kT 

(15.86) 
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Figure 15.20 Influence of the polyoxyethylene head group size on the thickness of the micellar shell for 
the C12Ex and C12E~. surfactants. The points are experimental data at 25°C (90) and the lines represent the 
predictions of the present theory. The calculated results are based on the uniform- concentration model. 

Here, ctg is the standard chemical potential of the mixed micelle, while fllA and ° o ct 1B are the 
O 

standard chemical potentials of the singly dispersed A and B molecules, respectively; ACt v is the 
difference in the standard chemical potentials between gA/g molecules of surfactant A plus gB/g 
molecules of surfactant B present in an aggregate of size g and the same numbers of molecules 
present in their singly dispersed states in water; X1A and X1B are the mole fractions of the singly 
dispersed surfactants A and B, while Xg is the mole fraction of aggregates of size g in the solution. 
The mole fraction Xg is dependent not only on the size g but also on the composition of the micelle. 
We define the composition of the singly dispersed surfactant mixture, the mixed micelle, and the 
total surfactant mixture (in terms of the components A and B) by the relations: 
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alA = 
XlA x,B XlB 

- , a l B  - 

X1A + X1B X 1 X1A + X1B X 1 

gA gA gB gB 
agA : - , a s  : - (15.87) 

g A + g S  g g A + g S  g 

X1A + E g A  Xg X1B + E g ~ ¥ g  
atA = , atB = 

X 1 + E g X g  X, + ~ g X g  

In the above equation, the summation is over two independent variables, namely, the aggregation 
number g = 2 to oo and the micelle composition a A = 0 to 1. From the size and composition 
distribution one can compute the average sizes o~the aggregates via Equation (15.13). The 
average composition of the mixed micelle can be calculated from 

E % x E x 
agA:  E X g  , %,B: E X g  (15.88) 

where the summation is again over the two variables as mentioned above. The geometrical 
relations for various micellar shapes have already been presented in Table 15.1. In these relations, 
the tail volume v s is now given by v s : ( ag A vSA + ag B VSB ), where, VSA and VsB denote the 
volumes of the hydrophobic tails of surfactants A and B. 

15.6.2 Gibbs Energy of Formation of Mixed Micelles 

Expressions for the standard-Gibbs-energy difference between the surfactant molecules A and 
B present in a micelle and those present in the singly dispersed state in water are obtained by a 
simple extension of the equations developed in Section 15.4.1 for single-component surfactant 
systems. We discuss here, only the modifications necessary for the treatment of surfactant 
mixtures compared to the analysis of pure-surfactant behavior. 

15.6.2.1 Transfer Gibbs Energy of the Surfactant Tail 

For a mixed micelle having the composition (agA, agB), the transfer Gibbs energy per 
surfactant molecule is given by 

o o (A/uOg)~,B (Aft g)tr (Aft g)tr,A + (15.89/ 
kT = a gA kT a gB kT 

The transfer Gibbs-energy contribution for hydrocarbon surfactants with single or double tails is 
estimated as in Section 15.4 using the group contributions for CH2 and CH 3 groups. For 
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fluorocarbons, using the work of Mukerjee and Handa (95), we estimate the transfer Gibbs-energy 
to be -6.2 kT for the C F  3 group and -2.25 kT for the CF 2 group at 25°C. Transfer Gibbs energies 
for fluorocarbons at other temperatures are presently unavailable. The transfer Gibbs energy 
calculated from Equation (15.89) does not include contributions arising from the mixing of 
hydrocarbon-hydrocarbon, fluorocarbon-fluorocarbon, or hydrocarbon-fluorocarbon chains inside 
the micellar core, which are examined below. 

15.6.2.2 Deformation Gibbs Energy of the Surfactant Tail 

When the surfactants A and B have different hydrophobic tail lengths, segments of both 
molecules may not be simultaneously present everywhere in the micellar core. Let us assume that 
surfactant A has a longer tail than surfactant B, gsa ) gSB" If the micelle radius R is less than both gsa 
and ,ass, then even the shorter tail can reach everywhere within the core of the micelle. If gsA 
) Rs ) gSB, then the inner region of the micellar core, of dimension (R s - gSB), can be reached only 
by the A tails. Taking into account the different extents to which the A and the B tails are 
stretched for the two situations described above, one obtains (93) for the deformation Gibbs- 
energy change the expression 

o / 
(Act g)def = B [ ag A + ] Bg 

kT g NA L 2 ag B NB L 2 ' 80  

Qe, = Rs if R s ( gSA, gSB and Qg = gSB = NBL if gSA ) Rs ) gSB 

(15.90) 

NA and NB stand for the number of segments in the tails of surfactants A and B, respectively, and 
P is the packing factor defined before in Table 15.1. Since, the innermost region of the micelle 
is not accessible to surfactant B, the micelle must contain a sufficient number of A surfactant 
molecules to completely fill up the inner region. This packing condition is automatically satisfied 
if the radius R s is less than the composition-averaged value of the tail lengths of the two 
surfactants, R s _< ( On gsa + r/B gSB), where r/A and FIB are the volume fractions of surfactant tails 
in the micellar core. In all the calculations reported here, the upper limit of R s is taken to be this 
composition-averaged value of the tail lengths (93). 

The fluorocarbon chains have different geometrical characteristics than the hydrocarbon 
chains. Consequently, the definition of a lattice site for micelles involving fluorocarbon 
surfactants has to be different. The lattice models can not accommodate differences in the 
geometrical properties of molecules that are to be located on the same lattice, without complicating 
the mathematical equations significantly. Since most examples considered here pertain to 
hydrocarbon surfactants, we retain the lattice definition given earlier and estimate the number of 
lattice segments N even for fluorocarbon chains via the length ratio, N = gs/L. 

15.6.2.3 Aggregate Core-Water Interfacial Gibbs Energy 

The Gibbs energy associated with the formation of an interface is given for the case of binary 
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mixtures by the expression 

O 

(A/./g)int _ °'agg 
kT kT ( a  - ag A aoA- ag B aoB ) (15.91) 

Here, aoA and aoB are the areas per molecule of the core surface shielded from contact with water 
by the polar head groups of surfactants A and B. Since the interfacial tensions against water of 
various hydrocarbon tails of surfactants are close to one another, the aggregate core-water 
interfacial tension Oagg is approximated by the micelle-composition-averaged value: 

O'agg = Y/A flAW + /'/B O'BW (15.92) 

where OAW and OBW are calculated using Equation (15.52). For the fluorocarbon systems, the 
water-perfluorohexane interfacial tension has been experimentally determined (95) at 25°C to be 
56.45 dyne/cm. The temperature dependence of this interfacial tension is presently not available. 
Since this value is comparable to the water-hydrocarbon interfacial tension, Equation (15.92) will 
be used for estimating Oagg, even for the hydrocarbon-fluorocarbon mixed surfactants. The areas 
aoA and aoB that appear in Equation (15.91) are estimated as described in Section 15.4.3 and these 
molecular constants for various surfactants are listed in Table 15.2. 

15.6.2.4 Head-Group Steric Interactions 

Extending Equation (15.55) used for single surfactant systems to binary surfactant mixtures, 
one can write (93) 

o, In(1 / (A,ug steric agA apA + agB apB (15.93) 
kT a 

This equation is used in the case of spherical and globular micelles, and also for the cylindrical 
middle part and the spherical endcaps of rodlike micelles. In the case of vesicles, Equation 
(15.56) is extended in a similar manner, keeping in mind that the compositions of the surfactant 
mixture at the inner and the outer surfaces are different from one another. 

15. 6.2.5 Head-Group Dipole Interactions 

The dipole-dipole interactions for dipoles having a charge separation d can be computed for 
spherical or globular aggregates from an extention (93) of Equation (15.57) 

o) 2 ~ e 2 (R s + 3) d ] 
(A]./g dipole = ag (15.94) 

kT e adipole kT R s + fi + d] dipole 

In the above relation, ag dipole is the fraction of surfactant molecules in the micelle having a dipolar 
head group. If both A and B are zwitterionic surfactants with the same head group then 

•g dipole = agA + agB = 1 , adipole = a~,  fi = ag A OA + agB (~B (15.95) 
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If surfactant A is zwitterionic and surfactant B is nonionic or ionic, then 

a~ 

a g  dipole = agA , adipole - ' ~ = ~A (15.96) 
a g  dipole 

The dipole-dipole interactions may be relevant even when the surfactants do not possess 
zwitterionic head groups. Such a situation occurs when the surfactant mixture consists of an 
anionic and a cationic surfactant. The two oppositely charged surfactants may be visualized as 
forming ion pairs. Depending upon the location of the charges on the two surfactant head groups, 
these ion pairs may be assigned dipole moments. The distance of  charge separation d in the 
zwitterionic head group, now refers to the distance between the locations of  the anionic and the 
cationic charges, measured normal to the micelle core surface. Thus, for such systems 

ag dipole = the smaller o f  (agA'agB) 
2 

a~ 

adipole - , d = ]~A - C~BI 
a g  dipole 

(15.97) 

The factor 1/2 in the expression for a s dipole dipole accounts for the fact that a dipole is associated 
with two surfactant molecules, treated as a pair. 6 A and 6 B represent the distances normal to the 
hydrophobic core surface at which the charges are located on the A and B surfactants. The 
distance 6 at which the dipole is located is taken to be the distance from the hydrophobic surface 
to the location of  the nearest ionic group (either of A or B surfactant). 

Similar extension of  Equation (15.58) is done for the cylindrical middle part of the rodlike 
micelles, The spherical endcaps are treated using Equation (15.94) given above for spherical and 
globular micelles. In the case ofbilayer vesicles, we extend Equation (15.59) in the same manner 
as described above but taking into account the fact that the compositions of  the surfactant mixture 
at the outer and inner surfaces of the vesicles are different. 

15.6.2.6 Head-Group Ionic Interactions 

The ionic interactions that arise at the micellar surface are calculated using Equations (15.61) 
to (15.63), where S is now given by 

S _.. 
47re 2 

e x a 6 ion kT 
(15.98) 

If both A and B are ionic surfactants with the same kind of charged head groups, then 

a g  ion agA + agB = 1 , a oion = a~ ,  ~ = a g  A O A + agB ~B (15.99) 

If A is ionic while B is nonionic or zwitterionic, then 

a 6 
a g i o  n - ag A , a~ ion - ~ ,  ~ "- ~A (15.100) 

a • 
g ion 
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If A and B are both ionic but of opposite charge, then 

a~ 
agion = I ~ g A -  agB I, aa ion - ' ~ = agA c~A + agB fib (15.101) 

~g ion 

Similarly, Equations (15.61) to (15.63) in conjunction with Equations (15.98) to (15.101) can be 
applied to bilayer vesicles. However, in calculating the ionic interactions at the inner and the outer 
surfaces of the vesicle, the composition differences between the two layers and the different 
curvature factor C for the two surfaces should be accounted for. 

15.6.2.7 Gibbs Energy of Mixing of Surfactant Tails 

This is the only contribution which is not present in the Gibbs energy model for single 
component surfactant solutions. This contribution accounts for the entropy and the enthalpy of 
mixing of the surfactant tails of molecules A and B in the hydrophobic core of the micelle, with 
respect to the reference states of pure A or pure B micelle cores. The Flory-Huggins expression 
leads to 

o 
(A//g)mix 

kT = [agA In ~A + agB In qB] 

+ Vs. " : 4 x ) 2 V k r  --~mix) + agB VSB 

(15.102) 

where 6~ and ~ are the Hildebrand solubility parameters of the tails ofsurfactants A and B and ~mix 
is the volume-fraction-averaged solubility parameter of all the components within the micelle core, 

15.6.3 Predictions of Molecular Theory 

The molecular constants corresponding to surfactant head groups are listed in Table 15.2 for 
a number of surfactants. The molecular constants corresponding to surfactant tails (volume and 
extended length) were discussed in Section 15.4.3 for hydrocarbon surfactants. For fluorocarbon 
surfactants, sufficient volumetric data are not yet available to estimate the temperature dependence 
of the volumes of the CF 3 and CF 2 groups. Using the data available (96-98) for 25°C, we estimate 
that v(fF 3 )=1.67 v(fH3) and v(CF2)=l.44 v(CH/). The ratios between the volumes of the 
fluorocarbon and the hydrocarbon groups are assumed to be the same at all temperatures. The 
extended length of fluorocarbon chain is estimated using the same group contributions as those for 
hydrocarbon tails, namely, 2.765 A for the CF 3 group and 1.265 A for the CF 2 group. The 
Hildebrand solubility parameters for the hydrocarbon and fluorocarbon tails of the surfactants can 
be estimated using a group contribution approach based on the properties of pure components 
(99,100). The solubility parameter estimated on this basis is 12.3 MPa 1//for the fluorocarbon tail 
of the surfactant, sodium perfluoro octanoate (SPFO). Since the solubility parameters estimated 
in this manner have been found inadequate for the quantitative description of hydrocarbon - 
fluorocarbon mixture properties, Mukeljee and Handa (95) have estimated group contributions to 
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the solubility parameters by fitting the critical-solution temperature of the hydrocarbon - 
fluorocarbon mixtures. On the basis of these group contributions, one can calculate the solubility 
parameter of the SPFO tail to be approximately 9.5 MPa v2. Computed results are presented later 
utilizing both estimates. 

15.6.3.1 Nonionic Hydrocarbon - Nonionic Hydrocarbon Mixtures 

The calculated aggregation properties of binary mixtures ofdecyl methyl sulfoxide (designated 
as C10SO) and decyl dimethyl phosphene oxide (designated as C,0PO) at 24°C are presented in 
Figures 15.21 and 15.22. In Figure 15.21, the cmc is plotted against the composition of the 
micelles and the composition of the singly dispersed surfactants. Note that when the total 
surfactant concentration is equal to the cmc, the amount of surfactant present as micelles is small 
and hence, one can practically equate the composition of the monomers to the composition of the 
total surfactant. Figure 15.21 contains also the experimental data obtained by Holland and 
Rubingh (101) on the basis of surface tension measurements. Figure 15.22 presents the average 
aggregation numbers predicted by the theory as a function of the composition of the mixed micelle 
and that of the monomers. No experimental data are, however, available for comparison. The size 
of the mixed micelle varies approximately linearly with the composition, but one can discern a 
slight s-shaped curve, as was observed in the experiments ofWarr et al. (102) for another binary 
mixture of nonionic surfactants. 
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Figure 15.21 The cme of C,0PO+C~0SO binary mixtures as a function of the composition micelles (dotted 
line) and that of singly dispersed surfactants (continuous line) at 24°C. The points are experimental data 
from reference (101). 
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Figure 15.22 The average aggregation number of C10PO + C10SO mixed micelles at the cmc as a 
function of the composition of micelles (continuous line) and that of the singly dispersed surfactants 
(dotted line) at 24°C 

It has been shown that the cmc of this binary surfactant system can be calculated from the 
cmc values of the individual surfactants by assuming the mixture to be ideal (101). In the 
framework of the molecular theory presented here, nonidealities in this binary mixture can arise 
even when the two surfactants have somewhat different head-group cross-sectional areas while 
possessing identical tails (53,93). Since there are no volume differences between the hydrophobic 
tails of the two surfactants, for any aggregation number, the area per molecule of the mixed micelle 
is independent of the micelle composition. However, the steric interaction between head groups 
at any aggregation number is a nonlinear ftmction of the micelle composition. This constitutes 
a source of mixture nonideality. Nevertheless, the deviation from ideal mixing is rather small, and 
for this reason the ideal mixed-micelle model can predict satisfactorily the mixture cmc. However, 
the small nonideality is reflected in the aggregation number of the micelle which exhibits a slight 
nonlinear dependency on the micelle composition. 

15. 6.3.2 lonic Hydrocarbon- lonic Hydrocarbon Mixtures 

The predicted cmc of mixtures of two anionic surfactants, sodium dodecyl sulfate (SDS) and 
sodium decyl sulfate (SDeS), which differ from one another in their hydrocarbon tail lengths, is 
plotted against the composition of the singly dispersed surfactant in Figure 15.23. The figure also 
contains the experimental data obtained by Mysels and Otter (103) based on conductivity 
measurements, and the data of Shedlowsky et al. (104) based on e.m.f, measurements. The 
predicted mixed-micelle composition as a function of the composition of the singly dispersed 
surfactants is compared in Figure 15.24 with the data obtained by Mysels and Otter (103). In these 
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Figure 15.23 The cmc of SDS + SDeS mixtures as a function of the composition of singly dispersed 
surfactants. The experimental data shown by circles are from reference 103 and by triangles, from 
reference 104. 
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binary mixtures, one of the sources of nonideality arises from the volume differences between the 
hydrophobic tails of the two surfactants. Consequently, at any given aggregation number, the area 
per molecule of the mixed micelle is a nonlinear function of the micelle composition and hence, 
nonlinearly reflected in all the Gibbs energy contributions. Another source of nonideality is the 
change in ionic strength of the solution as the composition is modified. In the absence of any added 
salt, the ionic strength is determined mainly by the concentration of the singly dispersed 
surfactants. This concentration changes with the composition and thus modifies the ionic 
interactions at the micelle surface nonlinearly with respect to composition. Given the importance 
of the ionic interactions to the Gibbs energy of micellization, the nonideality is more perceptible 
in these binary mixtures. The predicted micelle aggregation numbers plotted in Figure 15.25 
reflect the nonideality arising from the change in the ionic strength of the surfactant solution. The 
aggregation numbers are larger for the mixed micelles than for the two pure component micelles. 

A somewhat different behavior is exhibited by the mixtures of cationic surfactants, dodecyl 
trimethyl ammonium bromide (DTAB) and decyl trimethyl ammonium bromide (DeTAB). This 
mixture is similar to the SDS-SDeS mixture as concerns the tail lengths of the two surfactants. 
However, the trimethyl ammonium bromide head group has a very large area a o compared to that 
of the anionic sulfate head group. The predicted cmc as a function of the micelle and the monomer 
compositions is presented in Figure 15.26, which contains also the experimental cmc data obtained 
by Garcia-Mateos et al. (105) using electrical conductivity measurements. One can observe large 
cmc changes for the DTAB-DeTAB mixture as the composition is altered; this also influences the 
ionic strength of the solution. Nevertheless, the predicted micelle aggregation numbers plotted in 
Figure 15.27 do not provide values above those of the pure-component micelles. This different 
behavior is a consequence of the larger steric repulsion for these cationic surfactants with a bulky 
head group, when compared to the sulfate head groups of SDS-SDeS. 

To explore the effect of different chain lengths of the hydrophobic tails, we have computed 
the micellization behavior of mixtures of anionic potassium alkanoates, namely, potassium 
tetradecanoate (KC14) - potassium octanoate (KCs) , and potassium decanoate (KC~0) - potassium 
octanoate (KCs) at 25°C. The calculated cmc, micelle composition and micelle 
aggregationnumbers are plotted in Figures 15.28 to 15.30 as a function of the composition of the 
singly dispersed surfactant, together with the experimental cmc data (106) obtained by Shinoda 
using dye-solubilization measurements. One can observe from Figure 15.29 that the less 
hydrophobic KC8 is almost completely excluded from the micelles in KC8 + KC14 mixtures because 
of the much stronger hydrophobicity of KC14. This is in contrast to the behavior displayed by the 
KC8 + KC10 mixtures, where the chain-length difference is smaller. 

15.6.3.3 lonic Hydrocarbon -Nonionic Hydrocarbon Mixtures 

The mixture of anionic sodium dodecyl sulfate (SDS) and nonionic decyl methyl sulfoxide 
(C~0SO) at 24°C, in the presence of 1 mM Na2CO3, is considered for illustrative calculations. The 
calculated cmc is plotted in Figure 15.31, while the aggregation number is presented in Figure 
15.32, both as functions of the composition of the singly dispersed molecules. The experimental 
cmc data based on surface-tension measurements (101) are also included in the figure. The results 
show that this binary mixture exhibits considerable nonideality. The cmc of the mixed system is 
substantially smaller than that anticipated for the ideal mixed micelle. The two surfactants differ 
somewhat in their hydrophobic-tail lengths and in the sizes of the polar head groups. Similar 
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Figure 15.25 The average aggregation number of SDS + SDeS mixed micelles as a function of the 
composition of the micelles (dotted line) and that of singly dispersed surfactants (continuous line) 
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(dotted fine) and that of singly dispersed surfactants (continuous line). The points are experimental data 
from reference 105. 
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Figure 15.27 The average aggregation number of DTAB + DeTAB mixed micelles as a function of the 
composition of singly dispersed surfactants. 
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KCs + KC~4 mixtures as a function of the composition of singly dispersed surfactants. The experimental 
data (circles and triangles) are from reference 106. 
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Figure 15.30 The average aggregation number ofKC8 + KC~0 mixed micelles and KC8 + KC14 mixed 
micelles as a function of the composition of singly dispersed surfactants. 
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of singly dispersed surfactants. The experimental data (circles) are from reference 101. 
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differences occurred in the case of nonionic-nonionic mixtures considered before, but they did not 
give rise to significant nonidealities. However, in the present case, one component is ionic while 
the other is nonionic. Therefore, the area per charge at the micelle surface and the ionic strength 
are strongly affected by the composition of the micelle. This results in a large variation 
in the ionic-interaction energy at the micelle surface as the micelle composition is changed. This 
Gibbs energy contribution is mostly responsible for the nonideal behavior exhibited by this system. 

The predictions for binary mixtures of the anionic sodium dodecyl sulfate (SDS) and nonionic 
~-dodecyl maltoside (DM) are now compared with the experimental data obtained by Bucci et al. 

(107) in Figures 15.33 to 15.35. In this system, the two surfactants have identical hydrophobic 
chains, and hence the nonideality arises from the differences in the size and charge of the two head 
groups. The calculated average aggregation numbers and those estimated from neutron-scattering 
measurements (107) are plotted in Figure 15.33, with and without added salt. The average 
aggregation number and the average micelle composition are estimated at a total surfactant 
concentration of 50 mM and at 25°C. Figures 15.34 and 15.35 present the cmc and micelle 
composition, as functions of the composition of the singly-dispersed surfactants at two 
concentrations of added electrolyte, NaC1. They show that the nonionic DM molecules are 
preferentially incorporated in the micelles over most of the composition range. In the absence of 
any added electrolyte, this preference is stronger since this decreases the positive Gibbs energy 
contribution due to the presence of the anionic SDS in micelles. Obviously, in the presence of 
NaC1, the electrostatic repulsions between ionic head groups are reduced and hence a larger 
number of SDS molecules is incorporated into the mixed micelles. 
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Figure 15.33 The average aggregation number of SDS + dodecyl maltoside (DM) mixed micelles as a 
function of the total surfactant composition at a total surfactant concentration of 50 mM. The experimental 
data are from reference 107 where the circles refer to micelle sizes in the absence of any added salt while 
the triangles correspond to a 0.2 M concentration of added NaC1. 
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15.6.3.4 Anionic Hydrocarbon-Cationic Hydrocarbon Mixtures 

When present together, the anionic and cationic surfactants are expected to form ion pairs 
with no net charge; this decreases their aqueous solubility and results in precipitation (108,109). 
These surfactant mixtures can also generate mixed micelles or mixed spherical bilayer vesicles in 
certain concentration and composition ranges. As noted earlier, depending upon the location of 
the charges on the anionic and the cationic surfactants, one can associate a permanent dipole 
moment with each ion pair. Consequently, these surfactant mixtures can behave partly as ionic 
single-chain molecules and partlyas zwitterionic paired-chain molecules. We have calculated the 
aggregation characteristics of binary mixtures of decyl trimethyl ammonium bromide (DeTAB) 
and sodium decyl sulfate (SDeS). The calculated and experimental (101) cmc values are presented 
in Figure 15.36, while information regarding the micelle composition is provided by Figure 15.37. 
One can conclude that rodlike mixed micelles are formed over the entire composition range. The 
micelle composition data show that the mixed micelles contain approximately equal numbers of 
the two types of surfactants over the entire composition range. The small deviation from the 
micelle-composition value of 0.5 arises because of the different sizes of the polar head groups. 
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Figure 15.36 The cmc of SDeS + DeTAB mixtures as a function of the composition of singly dispersed 
surfactants. The points are experimental data from reference 101. 
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Figure 15.37 The average composition of SDeS + DeTAB mixed micelles as a function of the 
composition of monomers. 

Some binary mixtures of anionic and cationic surfactants have been observed to give rise to 
spherical bilayer vesicles in aqueous solutions (110-113). In these mixtures, the surfactant tails 
have appreciably different lengths. Here, we have calculated the solution behavior of binary 
mixtures of cationic cetyl trimethyl ammonium bromide (CTAB) and anionic sodium dodecyl 
sulfate (SDS), in the presence of 1 mM NaBr as electrolyte, to explore the formation of micelles 
versus vesicles in such mixtures. Figure 15.38 shows the calculated critical-aggregate (micelle or 
vesicle) concentration as a function of the composition of the aggregate. The aggregates with 
the lower critical concentration are favored thermodynamically. In CTAB-poor systems (CTAB 
mole fractions in the aggregates ag, CTA B less than 0.2), only micelles are generated. For CTAB 
compositions in the range 0.2<ag, CTA B <0.29, spherical bilayer vesicles are predicted to form. In 
CTAB-rich systems (ag, CTAB>0.57), only micelles are present in solution. In the narrow 
composition range of 0.565 <ag, CTA B <0.567, vesicles are formed in solution. For a wide range of 
CTAB compositions, 0.29 <ag, cT~ <0.565, the calculations indicate the formation of lamellar 
aggregates rather than spherical bilayer vesicles. This may correspond to the formation of a 
precipitating surfactant phase. In Figure 15.39, the calculated average aggregation numbers of the 
micellar and vesicular aggregates are presented. The micelles correspond to spherical or globular 
aggregates. The smallest vesicles formed are not very much larger than the larger micellar 
aggregates. The vesicles (corresponding to the results shown in the figure) have outer radii in the 
range of 30 to 140 A. The inner and outer layers of the bilayer vesicles have different 
compositions as shown in Figure 15.40. In CTAB-poor vesicles, the inner layer is enriched 
somewhat in CTAB, while in CTAB-rich vesicles, the inner layer is somewhat depleted of CTAB. 
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Figure 15.38 The critical micelle (or vesicle) concentration of CTAB + SDS mixtures as a function of the 
composition of the aggregates. Squares denote micelles and triangles refer to spherical bilayer vesicles. 
The lines simply connect the calculated results. The dotted line near the composition region between 0.29 
and 0.57 corresponds to a precipitated surfactant phase of lamellar aggregates. 

15.6.3.5 Anionic Fluorocarbon-Nonionic Hydrocarbon Mixtures 

The aggregation behavior of mixtures of nonionic alkyl-N-methyl glucamines (MEGA-n) and 
anionic sodium perfluoro octanoate (SPFO), studied experimentally by Wada et aL (114) was 
investigated using the present model. In such mixtures, the nonideality associated with the mixing 
of hydrocarbon and fluorocarbon surfactant tails is superimposed on the nonideality associated 
with the mixing of anionic and nonionic head groups. For hydrocarbon surfactants with these 
polar head groups, the results presented earlier revealed considerable negative deviations from 
ideality, (i.e., the Gibbs energy ofmixed-micelle formation is lower than the composition-averaged 
sum of the Gibbs energies of the pure-component micelles) (53,93). For mixtures of hydrocarbon 
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Figure 15.39 The aggregation number of mixed micelles and mixed vesicles formed of CTAB + sDs 
mixtures as a function of the composition of the aggregates. Squares denote micelles and triangles refer 
to vesicles. The lines simply connect the calculated results. The dotted line near the compositions 0.29 
and 0.57 which extend vertically suggest the formation of infinite lamellar aggregates in that region 
corresponding to the precipitation of a surfactant phase. 

and fluorocarbon tails one can anticipate strong positive deviations from ideality. Thus, for the 
anionic fluorocarbon-nonionic hydrocarbon mixtures, both negative and positive deviations from 
ideality occur, which partially compensate one another. As a result, these binary mixtures exhibit 
reduced nonideality. Figures 15.41 and 15.42 present the calculated cmc and the composition of 
the mixed micelles as a function of the composition of the singly dispersed surfactant for MEGA- 
8-SPFO mixtures. Similar results for the MEGA-9-SPFO mixtures are presented in Figures 15.43 
and 15.44. The calculations have been performed for two different values of the solubility 
parameter of SPFO, one determined from the properties of pure fluorocarbons (12.3 MPal/2), and 
the other determined from the properties of fluorocarbon - hydrocarbon mixtures (9.5 MPal/2). The 
cmcs calculated using these two solubility parameter estimates provide bounds for the measured 
cmc. We note that the cmc of the pure MEGA-n surfactants, determined by Wada et al. (114) 
using surface-tension measurements, are 10 to 20 percent lower than those estimated from their 
light-scattering data. Since the measurements have been made using the surface-tension 
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Figure 15.40 The distribution of CTAB molecules in the inner and the outer layers of the bilayer vesicles 
shown as a function of the composition of the vesicles. Squares denote the inner layer and triangles refer 
to the outer layer. The line corresponds to the condition when the inner and outer layers have compositions 
identical to one another, and hence, to that of the aggregate. 

technique, the actual cmcs may be somewhat larger than those provided by the experimental points 
in Figures 15.41 and 15.43. Both MEGA-8-SPFO and MEGA-9-SPFO mixtures display the same 
qualitative behavior. The miscibility between the two surfactants is promoted by the head-group 
interactions which lead to a single kind of mixed micelles in solution. As shown by the data 
presented in Figures 15.42 and 15.44, there is no demixing ofmicelles for the MEGA-8-SPFO and 

MEGA-9-SPFO mixtures. 
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Figure 15.43 The cmc ofMEGA-9 + SPFO mixtures as a function of the composition of singly dispersed 
surfactants. The calculated results are presented for two limiting values of the solubility parameter of the 
SPFO tail. The experimental data (circles) are from reference 114. 

01 SPFO + MEG 

0.8 

~,°~I I--. / -- 
° I,,,// ~ -N o.4 z~ 

~ 0.2 

0.0 I /  1 I I I 

.<[: 

0.0 0.2 0.4 0.6 0.8 1.0 

MOLE FRACTION OF MEGA-9  

IN MONOMERS 

Figure 15.44 The average composition of MEGA-9 + SPFO mixed micelles as a function of the 
composition of monomers. The conditions correspond to those described in Figure 15.43. 
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15. 6. 3.6 Anionic Hydrocarbon-Anionic Fluorocarbon Mixtures 

The micellization behavior of sodium perfluoro octanoate (SPFO) and sodium decyl sulfate 
(SDeS) mixtures is plotted in Figures 15.45 and 15.46. The cmcs are compared with available 
experimental data (114) in Figure 15.45 which provides also the composition of the mixed micelle. 
There are positive deviations in the cmc in contrast to the negative deviations observed in the 
binary mixtures examined previously. This positive deviation is a direct consequence of the 
interactions between the hydrocarbon and fluorocarbon tails. This positive deviation, which was 
also present in SPFO-MEGA-n mixtures, was partially compensated there by the negative 
deviations due to head-group interactions. Such compensating effects are, however, absent in the 
SPFO-SDeS mixtures since the head groups of both surfactants are anionic. The calculations show 
the interesting feature that over a certain composition domain two types of micelles coexist. 
One is hydrocarbon-rich and the other one is fluorocarbon-rich, with average compositions ag A 
= 0.32 and 0.79, respectively. The predicted average aggregation numbers of the mixed micelles 
are plotted in Figure 15.46. The fluorocarbon- and hydrocarbon-rich micelles which coexist have 
different aggregation numbers. 
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Figure 15.45 The cmc of SDeS + SPFO mixtures as a function of the composition ofmicelles (dotted line) 
and that of singly dispersed surfactants (continuous line). The experimental data (circles) are from 
reference 114. The experimental and calculated results indicate the coexistence of two micelle 
populations. 
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Figure 15.46 The average aggregation number of SDeS + SPFO mixed micelles as a function of the 
composition of micelles. A single type of mixed micelle exists in the SDeS-rich and SPFO-rich mixtures 
while for intermediate compositions, two distinct micelle sizes corresponding to the two coexisting micelle 
populations are indicated. 

15.7 SURFACTANT SELF-ASSEMBLY IN NON-POLAR MEDIA 

The aggregation of surfactants in non-polar solvents has often been described using concepts 
borrowed from aggregation in aqueous solutions (115,116). The aggregates have been visualized 
as spherical with the polar head groups of the surfactants shielded from contact with the solvent 
by the hydrocarbon tails of the surfactants. Because this structure has the orientation that is 
reversed from that in aqueous solutions, these aggregates have been called reverse micelles or 
inverse micelles. However, the behavior of surfactant solutions in non-polar solvents differs in 
many significant respects from that in aqueous solutions (5,117-122). For example, in aqueous 
surfactant solutions, many solution properties undergo an abrupt change over a narrow region of 
concentrations and this has been the basis of the experimental determination of the critical micelle 
concentration (cmc). In contrast, for surfactant solutions in non-polar solvents, the various 
physical properties change only gradually without any sharp transitions, making the identification 
of a cmc difficult experimentally (5,120). Even though some cmc values have been reported in 
the literature, a critical examination of these data by Kertes (5) led to the conclusion that a cmc is 
absent in those systems as well. The absence of a cmc, however, does not imply the absence of 
aggregation in non-polar solvents. Indeed, many experiments have confirmed the formation of 
aggregates even at very low surfactant concentrations (118,119). However, the aggregation 
numbers are typically much smaller than those found in aqueous solutions. Although large 
aggregation numbers have been reported in a few cases, their formation has been questioned and 
the large values have been ascribed to the presence of crystallites in solution (5). 
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A quantitative approach to predicting the aggregation characteristics in non-polar solvents can 
be developed along the same lines as for aqueous surfactant solutions, in spite of the differences 
between the two solvents. Equation (15.7) can be used to calculate the size distribution of 
aggregates from which other size-dependent solution properties can be estimated. To perform such 
calculations, it is necessary to modify the expression for the Gibbs energy of aggregation 
developed in Section 15.4.1 to account for the significantly different physical factors controlling 
the aggregation behavior in non-polar solvents. Such Gibbs-energy expressions were developed 
in our earlier work (123) and they are presented below in a somewhat modified form. 

One can intuitively understand the different behavior of surfactants in non-polar solvents 
compared to their behavior in water from the role played by water as a solvent (124). In water, the 
structural changes in the solvent medium induced by the hydrophobic surfactant tails leads to an 
unfavorable Gibbs-energy change. As a result, there is a strong tendency to minimize the 
unfavorable contacts between the surfactant tails and water, and this is accomplished by the 
aggregation process. The hydrophilic head groups of surfactants shield the hydrophobic tails inside 
the aggregates from having contact with water. Since such shielding is not effective if the 
aggregates are very small, large aggregation numbers are favored at equilibrium. In contrast, in 
a non-polar solvent, the interactions of the surfactant tail with solvent molecules are just as 
favorable as its interactions with other surfactant tails. Hence, the solvent does not induce any 
aggregation, but the occurrence of dipole-dipole interaction between the head groups leads to the 
formation of relatively small aggregates. Because of the small aggregation numbers, the cmc is 
not always clearly detectable in solutions of surfactants in non-polar solvents. 

15.7.1 Gibbs Energy of Aggregation 

In a non-polar solvent of low dielectric constant, the head groups of ionic surfactants are 
undissociated and behave as dipoles, similar to the head groups of zwitterionic surfactants. When 
the surfactant molecule is singly dispersed, the head group interacts with the solvent through 
dispersion and induced-dipole-type interactions. In an aggregate, the head groups mutually interact 
with one another while retaining some interactions with the solvent as well. The head-group 
interactions in the aggregates can be attractive or repulsive depending upon the orientation of the 
dipoles with respect to one another. For any aggregation of surfactants to be possible, the head 
groups must necessarily organize themselves in such a way as to lead to attractive dipole-dipole 
interactions between them. Figure 15.47 schematically depicts three types of arrangement of 
dipoles compatible with aggregates in non-polar solvents (122). The arrows represent the 
orientation of the dipoles and are arranged such that the dipoles will mutually attract one another. 
The three structures shown correspond to the growth of the aggregate as a string or as a tube in 
one-dimension, or as a disc in two-dimensions. In addition to these dipole interactions, the head 
groups may be able to form hydrogen bonds or metal coordination bonds with one another, further 
contributing to aggregation (5,117,121). 
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Figure 15.47 Schematic representation of string-like and tube-like linear aggregates and disc-like two- 
dimensional aggregates with compact arrangement of dipoles. The arrow denotes the two charges on the 
dipole separated by the distance d. The linear distance between two nearest dipoles in the assembly is 
denoted as 6. Also shown are the surfactant tails attached to the dipolar head groups. 

The process of  aggregation brings the surfactants tails close to one another inside the 
aggregate from their infinitely dilute state when they are singly dispersed. This proximity between 
the molecules in the aggregates generates a steric barrier to the formation of  aggregates (123), 
analogous to the steric repulsions between the head groups considered in aqueous surfactant 
solutions. The interactions of  a surfactant tail in the singly dispersed state and in the aggregated 
state with its neighbors are not very different. The singly dispersed molecule interacts only with 
the solvent molecules while a surfactant present in an aggregate interacts with the tails of  other 
surfactant molecules in the aggregate as well as with the solvent molecules. These interactions are 
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of the dispersion type which are practically independent of the type of the molecules and affected 
mainly by the intermolecular distances of separation (99,100). Hence, the transfer of the surfactant 
tail of a singly dispersed molecule into an aggregate provides a negligibly small interactional Gibbs 
energy contribution. 

Explicit equations are presented below for each of these Gibbs-energy contributions assuming 
the aggregate structure to be disc-like. In a disc-like aggregate with g surfactant molecules, 
considering a square lattice, one can identify gF.D =4 (ga -- 1) molecules at the edge of the aggregate 
and gcE=(g a -  2) 2 molecules in the center of the aggregate. One may observe that in a square 
lattice, all the molecules in an aggregate with g<9 are located at the edges of the aggregate (gc~=0) 
while for g>9, the molecules are distributed between the edges and the center of the aggregate. 
The molecules in the edges of disc-like aggregates are essentially similar to those in the string-like 
or tube-like aggregates. With this understanding, the equations presented below have been applied 
to all aggregates with aggregation number g ranging from 2 to ~. 

15. 7.1.1 Interactions between Head Groups 

In Figure 15.47, the arrows represent the dipoles and their orientation. The dipole length is 
denoted by d while the linear distance of separation between two dipoles is designated by 6. For 
the three structures shown, the dipole-dipole interactions have been calculated by Muller (122) by 
treating a dipole as two point charges separated by the distance d, and summing up all the pairwise 
Coulombic interactions. It was found that in order to bring into agreement the estimated and 
measured dimerization energies, the interaction energy calculated by the pairwise summation 
procedure should be corrected by a multiplicative factor of 0.65 (122). The correction accounts 
for dipole-induced-dipole interactions, dispersion forces and closed-shell repulsions and is applied 
to all aggregation numbers. Of the three structures, the disc-like structure has the most compact 
arrangement of dipoles and leads to the largest attractive Gibbs energy; hence, this structure is 
favored by the large aggregates. For the disc-like aggregates, the numerical estimates obtained by 
the pairwise summation procedure for dipoles separated by the distance 6 can be satisfactorily 
represented (123) in the range 1_< 6 / d  ___1.5, bythe expression 

A O m ( ~tg)dipole [0.75/(cVd) - 0.33](g 1) e 2 - _ (15.103) 
k T  [0.2(O/d) + g] edkT 

where e is the electronic charge and e is the dielectric constant of the solvent. The magnitude of 6 
depends on the geometry of the head group and also on the nature of the surfactant tail since the 
hard-core repulsions between two surfactant molecules imposes a limit on how close they can 
come together. The numerical results of Muller (122) for g=2 and above, taking ( 6 / d )  = 1, are 
reproduced closely by the approximate expression given above. 

15. 7.1.2 Quasi-chemical Bonding between Head Groups 

For some surfactants, hydrogen bonding or metal coordination bonding between the head 
groups may occur in an aggregate. These bonds are quasi-chemical in nature and have energies AEbond 
that depend on the type of the bonding atoms in the head group, the distance of separation between 
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the head groups and their orientation (5,117,121). Typical energies in the range of-1 to-5 kT are 
possible. The number of bonds between the head groups in an aggregate depends on the number 
of bonding sites available in each polar group and the number of nearest-neighbor head groups. 
The head groups of surfactants that have been studied in the literature, such as ammonium halides 
and metal carboxylates, provide a pair of atoms for quasi-chemical bonding (5). In such cases, 
each head group can bond with only two neighbors independent of whether the aggregates have 
the linear or the two-dimensional growth shown in Figure 15.47. The Gibbs-energy contribution 
from bonding in such aggregates can be estimated from 

A ° ( fl g)bond _ ,dEbond (15.104) 

kT kT  

The contribution of the quasi-chemical bonds to the Gibbs energy of aggregation is negative thus 
favoring the formation of aggregates. However, this Gibbs-energy contribution is independent of 
the aggregation number g; hence, it does not affect the size of the aggregate but only lowers the 
concentrations at which the aggregates come into existence. 

15. 7.1.3 Steric Interactions between Surfactant Tails 

The surfactant tails in an aggregate are closer to one another and this crowding of the tails 
contributes to the Gibbs energy of aggregation. An expression for the steric-repulsion Gibbs 
energy between tails can be developed in analogy with Equation (15.55) written for the head-group 
interactions in the case of normal micelles. The area per molecule accessible to the head groups 
must be, however, replaced with the volume per molecule accessible to the tail in the aggregate 
(compared to that in the singly dispersed state). The volume accessible for the translation of the 
tails inside the aggregate is affected by the stereochemistry of the tails and their closeness of 
packing (123). The molecules at the edge of the aggregate have a larger accessible volume 
compared to the molecules in the center. For the gCE molecules in the center, the volume normal 
to the two surfaces of the lattice is available and the volume per molecule is thus (282 t), where t 
is the thickness of each layer. The layer thickness t for a straight-chain hydrocarbon tail is equal 
to the extended length of the tail, t = gs" For chains with branches, t will be smaller depending 
upon the extent of branching and is taken as the largest extended length in the given branched 
structure. For the gED molecules at the edges, the hemicylindrical volume at the circumference of 
the lattice and an additional volume at the four comers of the lattice are available. Consequently, 
the volume per molecule is (re t 2 6)/2 + 4 7t t3/( 3 gED)" In the singly dispersed state, the surfactant 
tails can sweep a volume equal to (4~ t3/3). Since the accessible volume is the volume per 
molecule specified above excluding that occupied by the surfactant tail, one can write 

o 

(A,//g) steric 
kT 

( 2 2t vs) / + 4 t3jBg i  vs/ 
gCE In -gED In 

47it 3/3 - v s 47tt 3/3 - v s 
(15.105) 

where the numerators within the logarithmic terms are the accessible volumes per molecule within 
the aggregate and the denominators are those in the singly dispersed state. For aggregation 
numbers below 9, only the second term in the above equation is used since all the molecules are 
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at the edges of the aggregate. For aggregation numbers of 9 and larger, both terms make a 
contribution. 

15. 7.1.4 Tail-Solvent Interactions 

In the singly dispersed state, the surfactam tail is totally surrounded by solvent molecules with 
which it interacts. When the surfactant is part of an aggregate, the tail interacts with the other 
surfactant tails and also with the solvent molecules that penetrate the tail region of the aggregate. 
The difference in the interactional energies provides a small contribution to the Gibbs energy of 
aggregation. For the disc-like aggregates, the volume per molecule in the tail region is different 
for the molecules at the edges compared to those at the center. Taking into account these local 
concentrations of the tails and knowing the concentration to be infinitely dilute for a singly 
dispersed molecule, we can estimate the Gibbs energy of transfer of surfactant tail in the 
framework of the Flory mean-field theory (70) using the relation 

A 
o 

-- (fi~ - 3~)2 /~gEO + gCE r/CE 1 (15.106) 

p ,  

( fl g)tail VS 
k T  k T  [ g ~ E D  g 

In the above equation, r/E D and r/c E are the local-volume fractions of the solvent corresponding 
to the molecules in the edge and in the center, respectively, of an aggregate. These volume 
fractions are calculated from geometrical considerations and for the disc-like aggregates containing 
g surfactant molecules, 

V s V s 
~TED = 1 -- , ~CE = 1 (15.107) 

n t 2 ~/2 + 4 n t3/3 gED 2 ~2 t 

The interaction energy in Equation (15.106~ is calculated using the solubility parameter of the 
surfactant tail o~s and that of the solvent 6 o. Again, as noted earlier, for aggregation numbers 
below 9, the term corresponding to the molecules in the center in Equation (15.106) is excluded 
since gCE =0 under these conditions. 

15.7.2 Predictions from the Model 

Illustrative calculations have been carried out to examine the influence of the number of 
chains in the surfactant tail, the chain length, presence of branching in the chain, the distance of 
separation between the dipolar heads, the solvent dielectric constant and temperature on the 
aggregation behavior of surfactams in non-polar solvents. Most calculations have been performed 
for a surfactant with two octyl aliphatic chains as the tail (Z=2, nc=8), that has a head group with 
a dipole of length d=6 A, and two neighboring dipoles separated by the distance 6=6 A. The 
molecular volume of the solvent is taken as Vo=243 A 3 (corresponding to n-heptane) and the 
dielectric constant e is assigned the value of 2.34. The solubility parameters of the surfactant tail 
and the solvent are estimated to be 6~=16.0 MPa 1/2 and 6o=15.6 MPa 1/2. One or more of these 
molecular constants are changed in order to investigate the influence of a physical variable on the 
aggregation behavior. 
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15. 7.2.1 Gibbs-Energy Contributions 

The various contributions to the standard-state Gibbs-energy difference between a molecule 
in the aggregated state and one in the singly dispersed state, calculated on the basis of the Gibbs- 
energy expressions described above, are plotted in Figure 15.48. The dipole-dipole interactions 
between the head groups provide a large negative contribution to the Gibbs energy of aggregation. 
This is the principal factor favoring the formation of aggregates in non-polar solvents. One can 
observe that the dipole-interaction energy increases in magnitude as the aggregation number 
changes from 2 to about 20. Beyond a cluster size of about 20 molecules, the addition of 
molecules into an aggregate makes only a marginal contribution to the dipole-interaction energy 
per molecule. Another negative Gibbs energy contribution is associated with the surfactant tail- 
solvent interactions; therefore, this contribution favors the aggregated state over the singly 
dispersed state. However, this contribution is negligibly small because the solvent and the 
surfactant tail are very similar to one another from the point of view of interactions (as can be seen 
from the solubility parameter values of 6~=15.6 MPa ~/2 and 6~=16.0 MPa 1/2). The steric 
interactions between the surfactant tails arising from their crowded state in an aggregate compared 
to the infinitely dilute condition of the singly dispersed molecules, provides a positive contribution 
to the Gibbs energy. The magnitude of this contribution increases with increasing aggregation 
number. One can observe a significant increase in the range g=2 to 20, in which the volume 
accessible to the molecules of an aggregate continuously diminishes. When the aggregates become 
large enough, the incremental addition of a molecule does not appreciably alter the accessible 
volume per molecule and hence, this Gibbs-energy contribution becomes approximately constant. 
The net Gibbs energy is negative thus favoring the formation of aggregates. The Gibbs energy 
decreases continuously and more rapidly in the region g=2 to 20 after which it changes only 
gradually. This implies that larger aggregates of all aggregation numbers are energetically equally 
probable and there is no unique aggregation number for the equilibrium aggregates. Also, one can 
observe that the Gibbs energy per molecule for small clusters such as dimers, trimers, tetramers, 
etc., are large enough in magnitude to allow these small aggregates to be present in significant 
concentrations. The consequences of such Gibbs energy versus aggregation number behavior can 
be seen in the size-distribution calculations given below. 

15. 7.2.2 Size Distribution of  Aggregates 

For the molecule characterized by the Gibbs energy contributions presented in Figure 15.48, 
the size distribution of aggregates has been calculated at various concentrations X 1 of the singly 
dispersed surfactant using Equation (15.7). The calculated distributions are plotted in Figure 
15.49. Each curve corresponds to a total surfactant concentration that is approximately one order 
of magnitude different from that of the neighboring curves. These curves differ qualitatively from 
the typical size distributions calculated for aqueous solutions (see Figure 15.3 for comparison). 
Figure 15.49 shows, that in non-polar solvents, the concentrations of aggregates of small size in 
the range 2 to 20 are appreciable whereas aggregates in this size range are negligible in aqueous 
solutions. 
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Figure 15.48 The contributions to the standard-state-Gibbs-energy difference between a molecule in an 
aggregate of size g and a singly dispersed surfactant in the solvent. The calculations are for a surfactant 
with two chains in the tail (Z-2) and d=6A, 6=6A, nc=8, T=298 K, Vo-243 ,~3, e=2.34 ' t = 11.62 ,~,. 

Utilizing the size-distribution functions of Figure 15.49, some size-dependent solution 
properties have been calculated and the results are plotted in Figure 15.50. The figure contains the 
calculated values of the apparent number-average and weight-average aggregation numbers 
(defined in Section 15.2.4) and the concentration of the singly dispersed surfactant, as a function 
of the total concentration of surfactant in solution. Most physical, colligative or spectral properties 
of  surfactant solutions are proportional to one or the other of these size-dependent quantities 
(1,18). As mentioned in Section 15.2.4, the cmc of a surfactant can be estimated as the 
concentration at which any one of these size-dependent variables exhibits a sharp change in value. 
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Figure 15.49 The size distribution of aggregates at various concentrations of the singly dispersed 
surfactant in the solvent. The molecular constants characterizing the surfactant and the solvent are those 
listed in Figure 15.48. The concentration of the singly dispersed (X~) and total (Xtot) surfactant (in mole 
fraction units) corresponding to the various lines shown on the figure are as follows: X~= 1.0 x 10 7, J~ot = 1.6 
x 10 .7 (filled circles); X1=2.5 x 10 7, X~ot = 1.85 x 10 .6 (open circles); X~=3.9 x 10 -7, Xtot=2.9 x 10 .5 (filled 
triangles); X1=4.5 x 10-7,J~ot=l.15 x 104 (open triangles); X~=5.3 x 10.7,~ot=1.04 x 10 .3 (filled squares); 
X~=5.9 x 10 -7, Xtot=8.7 X 10 -3 (open squares). 

Indeed, in Figure 15.4 for an aqueous surfactant solution, a clear identification of the cmc was 
possible on this basis. Note that a sharp transition is observable in this figure over a very small 
range of total surfactant concentration. In contrast, the calculated points in Figure 15.50 show that 
the size-dependent quantities continue to change gradually as the total surfactant concentration 
is increased. Note that the total concentration in this figure changes by as much as five order 
orders of magnitude and yet no sharp transition is observed. In aqueous solutions, the 
concentration of the singly dispersed surfactant XI becomes practically a constant beyond the cmc, 
and is very close to the cmc. In contrast, in non-polar solvents, X] increases continuously leading 
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Figure 15.50 The dependence of apparent weight-average aggregation number gw,app (filled circles), 
apparent number-average aggregation number gn,app (open circles), and the concentration of the singly 
dispersed surfactant X/ (open squares) on the total surfactant concentration. All concentrations are 
expressed in mole-fraction units. The molecular constants characterizing the surfactant and the solvent 
are those listed in Figure 15.48. 

to the conclusion that a cmc does not exist. 
However, the conclusion regarding the absence of a cmc does not imply the absence of 

aggregation since the calculations show that even at very low surfactant concentrations aggregates 
do form. One may note that the apparent and true aggregation numbers are virtually equal to one 
another when the total surfactant concentration is much larger than X1. The calculated results 
show that aggregates having an average aggregation number in the range of 10 to 20 form in non- 
polar solvents, much smaller than the typical micelles formed in aqueous solutions. Also, the 
average size of the aggregates keeps increasing with increasing total surfactant concentration. 
Numerous experimental methods employed for the study of surfactants in non-polar solvents have 
led to similar conclusions (5). The size-distribution curves also reveal that the aggregates are 
polydispersed in size. As noted in Section 15.2.6, the aggregate polydispersity can be inferred 
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Figure 15.51 The influence of number of hydrocarbon chains in the surfactant tail on aggregation 
behavior. Filled symbols are apparent aggregation numbers gw,app and the open symbols denote the 
concentration of the singly dispersed surfactant. The number of tails is Z=I (squares), Z=2 (circles) and 
Z=3 (triangles). The molecular constants characterizing the surfactant and the solvent are those listed in 
Figure 15.48, except for the number of chains per tail. 

from the increasing average aggregation numbers with increasing surfactant concentration. 
Applying Equation (15.22) to the calculated results presented in Fig.15.50, one obtains for the 
variance of  the size dispersion o(w)/gw = 0.44. Another index of  the aggregate polydispersity is 
the ratio gJg. which is approximately 1.26 when the total surfactant concentration is in the range 
10 .3 to 10 2. One can contrast these results with those for aqueous solutions, where the micellar 
polydispersity index gJgn is as small as 1.04 or below when spherical or globular aggregates form. 

15. 7.2.3 Influence of Surfactant Molecular Structure 

The apparent weight-average aggregation number and the concentration of the singly 
dispersed surfactant are plotted in Figure 15.51 as a function of  the total surfactant concentration 
for three surfactants having the same chain length (nc=8) but different number of  chains Z in the 
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Figure 15.52 The influence of the chain length of the surfactant tail on aggregation behavior. Filled 
symbols are apparent aggregation numbers gw,,pp and the open symbols denote the concentration of the 
singly dispersed surfactant. The chain lengths are nc =8 (circles), nc =12 (squares) and nc =16 (triangles). 
The molecular constants characterizing the surfactant and the solvent are those listed in Figure 15.48, 
except for the chain length variables nc and t. 

tail group of the surfactant (Z=l,2 or 3). The general behavior such as the presence of small 
aggregates, the absence of a cmc and the continuous growth in aggregates with increasing 
surfactant concentration is the same for all three molecules. The molecules with single tails (Z=I) 
form the largest aggregates and the corresponding values o f X  1 are the smallest. The increase of 
the number of chains Z in a tail thus makes aggregation less favorable. This is a direct 
consequence of the steric repulsions between the tails since in all three cases the dipolar head 
groups are arranged in identical manner. As Z increases from 1 to 3, the accessible volume that 
is free for the molecular translation decreases and this leads to the reduction in gw,app and the 
increase inX 1. The polydispersity index gw/gn decreases from 1.25 for Z=I to a value of 1.14 for 
Z=3. This indicates that while the aggregation number is smaller for Z=3 (gw,app is only 12 for the 
highest surfactant concentration employed), the aggregates are relatively narrowly dispersed. 
Experiments have shown that small aggregates that are almost monodispersed are formed for alkyl 
dinonyl naphthalene sulfonates in non-polar solvents (118). 

Figure 15.52 presents the calculated results for three dialkyl surfactants having the same head 
group but tails of different chain lengths. The results, which show that the aggregation tendency 
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Figure 15.53 The influence of head-group separation on the aggregation behavior. Filled symbols are 
apparent aggregation numbers gw,app and the open symbols denote the concentration of the singly dispersed 
surfactant. The head groups with a dipole length of d = 6 ,~ are separated by the distance 6 =6 ,~, (circles) 
and by the distance 6 =6.5 ~, (squares). The molecular constants characterizing the surfactant and the 
solvent are those listed in Figure 15.48, except for the head-group separation variable 6 .  

diminishes as the chain length nc increases from 8 to 16, are in agreement with experimental 
measurements (5,119). Again, the calculated results are a direct consequence of the steric 
repulsion between the chains. Indeed, the reduction in the accessible volume per molecule on 
changing from the singly dispersed state to the aggregated state is much larger for the longer chains 
than for the shorter ones. As a result the aggregation tendency decreases with increasing chain 
length. Again, the polydispersity index gw/g, decreases from 1.21 to 1.13, as the chain length 
increases from 8 to 16, suggesting that the smaller aggregates in the size range of about 10 (formed 
from the molecules with nc=l 6) are more narrowly dispersed. 

The effect of dipole-dipole attractions on the ag(egate characteristics can be seen from 
Figure 15.53. A small variation from 6=6 A to 6=6.5 A results in an appreciable decrease in the 
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Figure 15.54 The influence of chain branching on the aggregation behavior. Filled symbols are apparent 
aggregation numbers gw,app and the open symbols denote the concentration of the singly dispersed 
surfactant. The extended chain lengths are t = 11.62 ,~ (circles) for a straight alkyl chain forming the tail 
and t = 6.97 A (squares) for a chain with branches forming the surfactant tail. The molecular constants 
characterizing the surfactant and the solvent are those listed in Figure 15.48, except for the chain length 
variable t. 

magnitude of  the dipole-dipole attractive interaction energy. Consequently, the aggregates are 
somewhat smaller and the concentrations X~ for a given total surfactant concentration much larger. 
A further increase in 6 can completely eliminate aggregates of  any significant size other than 
dimers from forming. Experiments confirm such a behavior (5,118,119). 

The consequences of  stereochemical variations in surfactant tail are illustrated by Figure 
15.54, where two surfactants having the same head group, but either a straight chain or a branched 
chain as tail (with nc=8 in both cases) are compared. One can observe the rather large decrease 
in the size of  the aggregate when the octyl chain is replaced by a chain with the same volume but 
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Figure 15.55 The influence of temperature on the aggregation behavior. Filled symbols are apparent 
aggregation numbers gw,app and the open symbols denote the concentration of the singly dispersed 
surfactant. The temperatures are T = 298 K (circles), T = 313 K (squares) and T = 333 K (triangles). The 
molecular constants characterizing the surfactant and the solvent are those listed in Figure 15.48, except 
for the temperature. 

with the length of a pentyl chain. These predictions are in agreement with experiment (5,119). The 
presence of chain branching increases the steric repulsion between the chains and consequently, 
makes the aggregation less favorable. 

When the surfactant molecules can form hydrogen bonds or metal coordination bonds, the 
aggregation behavior discussed above remains unaltered but the magnitude o f X  1 at a given total 
surfactant concentration is decreased. The aggregation numbers and their dependence on the total 
surfactant concentration are not, however, qualitatively modified. This behavior occurs because 
the Gibbs-energy contribution from such bonding is independent of  the size of  the aggregates. 

15. 7.2.4 Influence of Temperature and Solvent Polarity 

Figure 15.55 presents the calculated results for a surfactant with a dioctyl chain as the tail at 
three different temperatures. The increase in temperature decreases the aggregation number and 
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Figure 15.56 The influence of the dielectric constant of the solvent on the apparent aggregation number. 
The dielectric constants are ~:=2.34 (circles), ~:=3.0 (triangles) and e=5.0 (squares). The remaining 
molecular constants characterizing the surfactant and the solvent are those listed in Figure 15.48. 

increases X 1 at any total surfactant concentration, because it decreases the dipole-dipole attractions. 
Available experimental data on the effect of temperature are in agreement with these general trends 
(5). 

A strong influence on the aggregation behavior is exerted by the polarity of the solvent. When 
the dielectric constant is increased from 2.34 (employed in all the calculations thus far), to 3.0 and 
to 5.0, the average size of the aggregates diminishes significantly and the concentration of the 
singly dispersed surfactant increases to very large values. Indeed, for these three solvent dielectric 
constants, X 1 is equal to 5.9 x 10 7, 1.8 x 10 .5 and 1.3 x 1 (t 3, when the total surfactant concentration 
(in mole fraction units) is 10 -2. One can note the significant decrease in the aggregation number, 
only the dimers and trimers being important for a solvent dielectric constant of about 5. In this 
case, the aggregate polydispersity index gw/gn increases to the large value of about 1.45, indicating 
the comparable presence of monomers, dimers and trimers in solution. One may also note that the 
narrowing of the size dispersion with decreasing aggregate size mentioned before was for average 
aggregation numbers of about 10; the size dispersion increases when the average aggregation 
number becomes smaller. 
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Experiment has shown that, for some systems, the average aggregation number tapers off or 
even slightly decreases as the total surfactant concentration is increased (5,119,125). A possible 
explanation is that the polarity of the solvent increases somewhat with increasing concentration 
of the singly dispersed molecule, thereby reducing the aggregation tendency of the surfactant. 
Such a dependence of the solvent polarity on the concentration X 1 has not been included in the 
present calculations. The aggregation tendency is completely eliminated at high solvent dielectric 
constants. Such a behavior is seen in polar solvents like low- molecular- weight alcohols (5). 
However, as the dielectric constant of the solvent increases further and reaches values of about 40, 
as for ethylene glycol, the aggregation behavior is reversed from that in non-polar solvents and 
normal micellar aggregates begin to form. 

15.8 S E L F - A S S E M B L Y  O F  S U R F A C T A N T S  IN  P O L A R  N O N - A Q U E O U S  

S O L V E N T S  

The contrasting behaviors of surfactants in water and non-polar solvents has stimulated many 
studies about the role of the solvent. An obvious approach has involved the replacement of water 
with other polar organic solvents which allow the surfactant tail to experience a range of 
solvophobicities. A number of organic solvents such as formamide, ethylene glycol, N,N'-dimethyl 
formamide, glycerol, dimethyl sulfoxide, dimethyl acetamide, and N-methyl acetamide, have been 
investigated (6,126-136). Conflicting results have appeared in the literature questioning whether 
or not the experimental observations point to the existence of a cmc and the formation of micelles. 
We have extended the theory of self-assembly in aqueous solutions to the study of self-assembly 
in polar organic solvents and in binary mixtures of polar organic solvents and water (137). The 
calculations have been carried out for ethylene glycol as solvent, since it has been widely studied 
experimentally (126-135), and for the surfactants alkyl trimethyl ammonium bromides (CnTAB) 
and alkyl pyridinium bromides (CnPBr), for which cmc data have been reported in the literature 
(130-132). 

15.8.1 Gibbs Energy of Aggregation 

Three of the Gibbs-energy contributions to the formation of micelles examined in Section 
15.4.1 are dependent on the nature of the solvent. The first is the transfer Gibbs energy of the 
surfactant tail from the solvent medium to the micellar core. The second is the Gibbs energy of 
formation ofmicelle-solvent interface. The third is the Gibbs energy of interactions between the 
head groups at the micelle-solvent interface which is affected by the dielectric constant of the 
solvent. Expressions for calculating these Gibbs energy contributions, in the case of ethylene 
glycol as the polar non-aqueous solvent, are presented below. 

The transfer Gibbs energy of the surfactant tail can be estimated from the infinite-dilution 
activity-coefficient data for paraffinic hydrocarbons in ethylene glycol (138). Using the data from 
reference 138, we have obtained the following relations for the transfer Gibbs energy as a function 
of temperature (expressed in K). For the methylene (CH2) group, 

O 

(All g)tr _ 0.307 In T 428 0.003083T (15.108) 
k T  T 
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and for the methyl (CH3) group, 

o 

(Akt g)tr _ 0.149 In T - 720 _ 
kT T 

0.0021T (15.109) 

For calculating the Gibbs energy of formation of the micelle-solvent interface, Oagg is estimated 
from the surface tensions o s of the surfactant tail and oEa of ethylene glycol via the relation (49) 

- -  O" )1 /2  
O'agg = O" S + O'EG 2 ~t ( %  EG (15.110) 

where tp is a constant whose value has been estimated by us to be 0.78, on the basis of the 
measured surface and interfacial tensions given in reference (139). The surface tension o s of a 
tail of molecular weight M is calculated using Equation (15.53), while the measured surface 
tension of ethylene glycol (140) is given by the correlation 

O'EG = 48.5 - 0.1 (T - 298) (15.111) 

All the surface and interfacial tensions are expressed in dyne/cm. The measured dielectric constant 
e of ethylene glycol [ 141] has been satisfactorily correlated by us with the relation 

e = 46.6 exp [ - 0.00516 ( T -  273 ) ] (15.112) 

15.8.2 Predictions of Solution Behavior 

The Gibbs energy expressions are introduced in Equation (15.7) and the size distribution Xg 
is calculated as a function ofg  for a specified value of the monomer concentration XI. The total 
surfactant concentration .Arm t is given by (XI+~ g Xg). The surfactant concentrations expressed as 
molar concentrations C and mole fractions X are related via the expression 

( )1 
C = 1000 V~u~ f + ( l - X )  VE G 

X 
(15.113) 

where V~urf and VEC are the molar volumes of the surfactant and ethylene glycol, respectively. The 
molar volume of the surfactant is calculated by adding to the volume of the polar head group 
(approximately 200 A 3 for pyridinium bromide, 190 A 3 for trimethyl ammonium bromide, and 90 
A 3 for sodium sulfate) the tail volume estimated from the group contributions given in equation 
(15.68). The molar volume of ethylene glycol is 55.8 cm3/mole (51). From the size distribution 
(Xg versus g), the true weight-average and number-average aggregation numbers (gw and g,), and 
the apparent weight-average and number-average aggregation numbers (gw,app and gn,app) defined 
by Equation (15.13) are calculated. The aggregate polydispersity is given by the polydispersity 
index (gw/gn)" 
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15.8.2.1 Aggregate Size Distribution 

The calculated size distribution Xg of cetyl pyridinium bromide aggregates in ethylene glycol 
is plotted in Figure 15.57 at two different surfactant concentrations. One can compare this against 
the calculated size distribution of aggregates in water given in Figure 15.4. The size-distribution 
curves in ethylene glycol are for monomer concentrations of C1 = 120 mM and 140 mM, while the 
index size- distribution curves in water are for monomer concentrations of C1 = 0.54 mM and 0.57 
mM. A number of contrasting features in these two figures deserve to be noted. Firstly, the total 
surfactant concentrations Cto t at which the size distributions have been calculated are 1000-fold 
larger for ethylene glycol solutions than for aqueous solutions. Secondly, a clear maximum in the 
size distribution arotmd a narrow size range is observed for the aqueous solution, even at very low 
surfactant concentrations. In contrast, even at the high concentrations employed, the aggregate-size 
distribution in ethylene glycol does not exhibit a pronounced maximum. Thirdly, a small 
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Figure 15.57 Calculated size distribution of cetyl pyridinium bromide aggregates in ethylene glycol at 
two surfactant concentrations (C1 refers to singly dispersed surfactant and Ctot is the total surfactant). (a) 
C~ = 120 mM and Ctot = 195 mM ; (b) C1 = 140 mM and Ctot = 827 Mm. 
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change in the monomer concentration by a factor of 1.05 causes an increase in the 
aggregateconcentration Xg by over two orders of magnitude for aqueous solutions. In contrast, to 
achieve a similar increase for ethylene glycol solutions, the monomer concentration has to be 
increased by a factor of 1.17. Finally, as shown in Figure 15.4, the location of the maximum in 
the aggregate-size distribution in water is not appreciably altered when the total surfactant 
concentration is changed by an order of magnitude. This is in contrast to the behavior in ethylene 
glycol where an increase in the total surfactant concentration makes the number of larger 
aggregates greater. These differences in the size-distribution curves in water and ethylene glycol 
lead to important differences in the critical micelle concentration and the aggregate size in the two 
solvents, as discussed below. 

15.8.2.2 Critical Micelle Concentration 

Four different ways of determining the cmc are used to estimate the theoretical cmc of cetyl 
pyridinium bromide in ethylene glycol (Figure 15.58) using the calculated size-distribution data. 
The size-dependent quantities plotted for ethylene glycol do not exhibit a very sharp transition as 
the total surfactant concentration is increased. Although, the curves reflect the presence of 
aggregates, the computed physical properties (represented by the appropriate size-dependent 
variables) change only gradually over a wide range of concentrations. The identification of a 
single concentration as the cmc is difficult and there is considerable ambiguity in the selections 
made. Table 15.5 summarizes the cmc values estimated using two of the approaches along with 
available experimental data (130-132). Different readers looking at the curves in Figure 15.58 may 
arrive at somewhat different estimates for the cmcs in ethylene glycol compared to those listed in 
Table 15.5. The cmcs determined by the different procedures are quite close to one another for 
aqueous solutions, while different for ethylene glycol solutions. 

15.8.2.3 Aggregate Polydispersity and Concentration-Dependent Aggregate Size 

The true weight-average aggregation number gw and the polydispersity index (gw/gn) calculated 
as a function of the total surfactant concentration are plotted in Figures 15.59 and 15.60 for cetyl 
pyridinium bromide in ethylene glycol. One can see that near the estimated cmc, the solution 
contains mainly small aggregates, such as dimers, trimers and tetramers. Gharibi et aL (130) 
concluded from their emfmeasurements that dimers and trimers must be formed in ethylene glycol 
at concentrations below the cmc. Even at very large surfactant concentrations, the aggregation 
numbers are small compared to the typical behavior in water (see Figure 15.3 where aggregation 
numbers of about 60 in water can be observed). The calculated polydispersity index in Fig. 
15.60,having values appreciably larger than unity, indicate considerable polydispersity in the 
aggregate sizes. The ascending portion of the curve is due to the increasing numbers of dimers, 
trimers and other small oligomers, as the concentration increases. Once aggregates in the size 
range of about 10 appear in the solution, the polydispersity becomes smaller and the descending 
branch of the curve is obtained. Over the entire concentration region, the polydispersity is, 
however, large. In contrast, the polydispersity index in aqueous solutions when spherical or 
globular micelles form is less than 1.05. 
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Figure 15;58 Calculated size-dependent solution properties (the apparent weight-average aggregation 
number gw,app, the apparent number-average aggregation number gn,app, the monomer concentration )(1 and 
the concentration of the surfactant in the form of aggregates, Y'gXg ) of cetyl pyridinium bromide in 
ethylene glycol as a function of the total surfactant concentration. All concentrations are expressed in mole 
fraction units. 
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Figure 15.59 True weight-average aggregation number of cetyl pyridinium bromide aggregates in ethylene 
glycol as a function of the total surfactant concentration. 

15.8.2.4 Gibbs-Energy Contributions 

The differences observed between aqueous and ethylene glycol solutions can be understood 
by comparing the various Gibbs-energy contributions. The calculated Gibbs-energy curves are 
presented in Figure 15.61 for ethylene glycol and in Figure 15.2 for water. The three solvent- 
dependent Gibbs-energy contributions show major differences in water and in ethylene glycol. 
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Figure 15.60 Polydispersity index of cetyl pyridinium bromide aggregates in ethylene glycol as a function 
of the total surfactant concentration. 

The first is the surfactant tail transfer Gibbs energy which accounts for the solvophobic effect. The 
magnitude of the transfer Gibbs energy is considerably smaller in ethylene glycol than in 
water and is responsible for the much larger cmc in ethylene glycol compared to water. The 
second contribution is that of ionic head-group interactions. Since the dielectric constant of 
ethylene glycol is smaller than that of water, the ionic interaction Gibbs energy (which depends 
on the inverse of the dielectric constant) should be larger in ethylene glycol resulting in an increase 
in the cmc compared to water. However, the monomer concentration at which aggregates form 
is much larger in ethylene glycol than in water and consequently, the ionic strength is substantially 
higher in ethylene glycol. The decrease in inter-ionic repulsions due to the higher ionic strength 
more than compensates for the increase in ionic repulsions due to the lower dielectric constant of 
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Figure 15.61 Contributions to the standard Gibbs-energy change associated with aggregation of cetyl 
pyridinium bromide in ethylene glycol as a function of the aggregation number. Subscripts refer to the 
following: tot (total), tr (transfer Gibbs energy of tails), def (deformation Gibbs energy of tails), int 
(interfacial Gibbs energy), ste (head group steric interactions), and ion (head group ionic interactions). See 
text for a discussion of the various contributions. 

interfacial tension compared to the water-hydrocarbon interfacial tension. The interfacial Gibbs 
energy term causes a reduction in the cmc in ethylene glycol solutions compared to that in water. 
Of these three Gibbs-energy contributions, the influence of the first on the cmc is much larger than 
that of the other two. Consequently, the cmc in ethylene glycol is much larger than that in water. 
Concerning the aggregate size, one can expect that the decrease in the ionic repulsions in ethylene 
glycol compared to water will lead to larger aggregates. However, this effect is more than 
compensated by the decrease in the interfacial energy which makes the aggregation numbers much 
smaller in ethylene glycol than in water. The steric interaction Gibbs energy and the chain- 
deformation Gibbs energy are similar in both ethylene glycol and water and are not important in 
explaining the observed differences in the cmc or in the aggregate sizes. 
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15.8.2.5 Aggregation Behavior of Alkyl Pyridinium Bromides 

In Figure 15.62, the concentration C1 of the singly dispersed surfactant is plotted against the 
total surfactant concentration Ctot for alkyl pyridinium bromides with chain lengths nc=12, 14 and 
16. This plot can be used to estimate the cmc, since the variation of the monomer concentration 
with the total surfactant concentration simulates the surface tension versus concentration behavior. 
It is obvious that the determination of the cmc from the above plot becomes increasingly 
ambiguous as the tail length of the surfactant decreases. The estimated cmcs are listed along with 
the available experimental data (130-132) in Table 15.5. Figure 15.63 presents the calculated 
apparent weight-average aggregation number as a function of the total surfactant concentration in 
ethylene glycol solutions. Even at very high concentrations of about 1 M, the average aggregation 
numbers are quite small. The average aggregation number increases with increasing tail length of 
the surfactant (note the contrasting behavior in non-polar solvents discussed in Section 15.7.2.3). 
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Figure 15.62 Calculated dependence of the singly dispersed surfactant concentration C~ on the total 
surfactant concentration Ctot for dodecyl, tetradecyl and cetyl pyridinium bromides in ethylene glycol 
solutions. 
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Table 15.5 CMC of alkyl pyridinium bromides and alkyl trimethyl ammonium bromides in ethylene 
glycol at 25 °C 

Surfactant cmc (M) predicted 

from gw,,pp v s  Cto t 

cmc (M) predicted 

from C1 v s  Cto t 

cmc (M) from emf 

measurements (130-132) 

C16TAB 0.112 0.095 0.10 
C14TAB 0.20 0.176 0.17 
C12TAB 0.311 0.351 0.32 
C10TAB 0.60 0.646 0.44 
C16PBr 0.148 0.124 0.10 
C14PBr 0.246 0.222 0.18 
C12PBr 0.446 0.372 0.65 
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Figure 15.63 Calculated dependence of the apparent weight-average aggregation number gw,~p on the total 
surfactant concentration Ctot for dodecyl, tetradecyl and cetyl pyridinium bromides in ethylene glycol 
solutions. 
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15.8.2.6 Aggregation Behavior of Alkyl Trimethyl Ammonium Bromides 

The size distributions of aggregates of alkyl trimethyl ammonium bromides with chain lengths 
in the range nc=l 0 to 16 have been calculated; in Figure 15.64, the concentration C1 of the singly 
dispersed surfactant is plotted against the total surfactant concentration Ctot while in Figure 15.65, 
the calculated gw, app is plotted against Ctot. The cmcs estimated using these plots and the available 
experimental data (130-132) are also listed in Table 15.5. As in the previous case, the 
determination of the Cmc from these plots becomes increasingly ambiguous as the tail length of 
the surfactant decreases. Figure 15.65 shows that, even at high concentrations of about 1 M, the 
average aggregation number is quite small; the aggregation number increases with increasing tail 
length of the surfactant. 
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Figure 15.64 Calculated dependence of the singly dispersed surfactant concentration C1 on the total 
surfactant concentration Ctot for decyl, dodecyl, tetradecyl and cetyl trimethyl ammonium bromides in 
ethylene glycol solutions. 



694 15 

10 
C16TAB 

C3. 

03 

[,, 

10-~ 
I I I I I I I I 

10 0 

C t o  t ( M )  

Figure 15.65 Calculated dependence of the apparent weight-average aggregation number gw,app on the total 
surfactant concentration Ctot for decyl, dodecyl, tetradecyl and cetyl trimethyl ammonium bromides in 
ethylene glycol solutions. 

15.8.2. 7 Comparison with Experimental Observations in the Literature 

The first claim regarding the existence of micellar aggregates in a non-aqueous polar solvent 
was made by Ray (126) on the basis of surface-tension measurements for solutions of dodecyl 
pyridinium bromide (C12PBr) and tetradecyl trimethyl ammonium bromide (C14TAB) in ethylene 
glycol. From the change in the slope of the surface-tension curves, the cmcs were estimated to 
be 0.55 M and 0.25 M, respectively. The calculation of the surface-excess concentrations for the 
two systems yielded, however, values significantly smaller than those fotmd in aqueous solutions. 
Based on these observations, the author concluded that micellar aggregates are formed, but 
probably they have small aggregation numbers. Binana-Limbele and Zana (129) measured the 
conductivity of solutions of cetyl trimethyl ammonium chloride (CTAC) in ethylene glycol in the 
concentration range from 0 to 0.6 M. They detected in three different ranges of surfactant 
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concentrations, small changes in slope, thus identifying more than one operational cmc. Since, 
they observed similar change in slope in solutions of tetramethyl ammonium chloride (a non- 
amphiphilic organic ion) in ethylene glycol, they concluded that no micellar aggregates are formed 
by CTAC and that only some progressive association leading to small aggregates occurs with 
increasing surfactant concentration. Backlund et al. (135) investigated the aggregation and phase 
behavior of tetradecyl trimethyl ammonium bromide (C14TAB) in ethylene glycol and concluded, 
on the basis of conductivity and density measurements, that the identification of a cmc is 
impossible. The differential-conductivity plot failed to reveal any feature characteristic 
ofaggregates in the surfactant-concentration range 0.16 M to 0.36 M. Over a narrow concentration 
range, they did observe the aggregation of C14TAB in ethylene glycol as liquid crystals. Gharibi 
et al. (130-132) employed surfactant-selective membrane electrodes to determine from emf 
measurements the cmcs of alkyl pyridinium bromides (CnPBr) and alkyl trimethyl ammonium 
bromides (CnTAB) in ethylene glycol. No determinations of aggregation numbers were made. 
At concentrations below the cmc, they interpreted the non-ideality revealed by the emf 
measurements as reflecting the formation of dimers and trimers. 

The above experimental observations can be explained on the basis of our theoretical 
predictions. The calculated size-dependent quantities in Figure 15.58 show that indeed an 
operational cmc can be estimated, though not uniquely, based on any one of the many 
experimental techniques. Such a cmc is, however, associated with a large uncertainty when 
compared to aqueous solutions. Further, the model predicts the formation of only small 
aggregates. Indeed, for the concentration of 0.36 M C14TAB (the largest concentration in the 
differential conductivity plot of reference 135), the predicted apparent weight-average 
aggregation number is only about 3 (Figure 15.65 ). For the largest concentration of 0.6 M of 
CTAC considered in reference (129), only progressive association involving small aggregates 
was indicated by experiment. For 0.6 M solutions of CI6TAB or C16PBr (which have the same 
tail length as CTAC but a somewhat different head group or counterion), our model predicts an 
apparent weight-average aggregation number of about 10 (Figures 15.63 and 15.65). 

15.8.3 Micellization in Mixed Solvent System of Water-Ethylene Glycol 

The aggregation behavior in binary mixtures of organic solvents and water can be predicted 
using the same Gibbs-energy expressions, with suitable modifications that account for the solvent 
mixture. The transfer Gibbs energy from the mixed solvent system is calculated (142), using 
Equation (137) 

o 
o o (ZI/./g)tr,EG (/I~ g)tr,mix (zJ~,l g)tr,W + (PEG 
kT  = ~°w kT kT 

Vw VEO 
- q~w In - (PEG In + XWEG (,0w (PEG 

V V 

(15.114) 

where Vw is the molar volume of water, VEC is the molar volume of ethylene glycol, V is the 
molar volume of the mixed solvent given by V = XwVw + XEcVEc (with Xw and XEC the mole 
fractions of water and ethylene glycol in the mixed solvent system), q~  and cpE G are the 
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volume fractions of water and ethylene glycol in the binary solvent mixture, and XWE G is the 
Flory interaction parameter between water and ethylene glycol. In writing the above equation, 
the Flory-Huggins Equation is applied to the binary system of water and ethylene glycol 
(137),(142). For any composition of the mixed-solvent system, the transfer Gibbs energy can 
be estimated using Equation (15.114), introducing in it the transfer Gibbs energy for water as 
solvent calculated from Equations (15.47) and (15.48), and the transfer Gibbs energy for 
ethylene glycol as solvent, calculated from equations (15.108) and (15.109). The Flory 
interaction parameter for the water-ethylene glycol system at 25°C is estimated (137) to be 
XwE G =-2.3,  the negative value being due to the strong attractive interactions between water and 
ethylene glycol. 

The interfacial tension Oagg between the mixed solvent and a liquid hydrocarbon is estimated 
on the basis of the Prigogine theory (76,77). The interfacial tension is calculated using a relation 
similar to that presented in Section 15.5.2.3. 

,, S . xl/NEG 
= 2/3 I n  ~(PEG/(PEG) (O'sw O'SEG) V w 

s k T  
(1 - (PEG)/(1 -- (PEG) 

(15.115) 

3 1 s s 
+ --4 ZWEG [(1 - (PEG) -- (PEG] -- "2 XWEG [(1 -- (PEG) - (PEG] 

where the superscript S refers to the surface phase, MEG is the ratio between the molar volumes 
of ethylene glycol (55.8 cm3/mole at 25°C) and water (18 cm/haole at 25 C°), Osw is the 
hydrocarbon-water interfacial tension and osv.G is the hydrocarbon-ethylene-glycol interfacial 
tension. Once the surface composition q~o is determined, the interfacial tension Oagg can be 
calculated using the expression 

/ / ( S/ 1/ 
--  2/3 1 -- (PEG -- S 

O'agg O'SW V w = In ~ + ((PEG -- (PEG) 
k T  1 -- (PEG) N E G  

1 S 2 3 ] 
+ XWEG ((PEG) -- 4 -  ((PEG)2 

(15.116) 

The measured dielectric constant em~ x of mixtures of water and ethylene glyco, in the range 0°C 
to 80°C (141), have been correlated (137) over the entire temperature range using the relation 

In emi x = X w In e w + XEG In eEG- 0.30 X w XEG (15.117) 

Using the above Gibbs energy expressions, the aggregation behavior of surfactants can be 
predicted for any mixed solvent composition. 
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15.8.3.1 Aggregation Behavior of Cetyl Pyridinium Bromide 

The estimated cmcs of cetyl pyridinium bromide are plotted in Figure 15.66 as a function of 
ethylene glycol concentration together with experimental data (133) based on emf measurements. 
The agreement is reasonable if one notes that there is an increasing ambiguity in the 
identification of a unique cmc with increasing ethylene glycol concentration. The calculated 
weight-average aggregation number and the index of polydispersity are plotted in Figure 15.67 
as a function of the ethylene glycol content in the mixed solvent. The calculated results 
correspond to a total surfactant concentration of 0.2 M. The average aggregation number 
decreases significantly as the amount of ethylene glycol is increased and this is accompanied by 
an increase in the polydispersity index. In pure ethylene glycol, the solution contains mainly 
small oligomers and the average aggregation number is about 6. 
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Figure 15.66 Critical micelle concentration of cetyl pyridinium bromide as a function of the composition 
of the water+ethylene glycol mixed solvent system. The experimental data indicated by circles are based 
on conductivity measurements (133), triangles are based on surface tension measurements (133), and 
squares are based on emf measurements (132). 
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Figure 15.67 Calculated dependence of the weight-average aggregation number and aggregate 
polydispersity of cetyl pyridinium bromide as a function of the composition of the water+ethylene glycol 
mixed solvent system. 

15.9 SOLUBILIZATION IN SURFACTANT AGGREGATES 

The solubilization in aqueous media refers to the enhancement in the solubility ofhydrophobic 
solutes because of the presence of surfactant aggregates. Experimental studies of solubilization 
have provided information about the maximum amount of solubilization possible for a given 
surfactant concentration and, in some cases, about the micellar-aggregation numbers as well (7- 
10). It has been found that for a homologous family of solubilizate molecules, the molar 
solubilization ratio in the aggregate (the ratio of the number of solubilizate molecules to the 
number of surfactant molecules) decreases with increasing size of the solubilizate molecule (8). 

Further, the aromatic molecules are solubilized to a larger extent than the aliphatic molecules of 
comparable molecular volume. When binary mixtures of aromatic and aliphatic hydrocarbons are 
solubilized, the aromatic molecules are selectively solubilized compared to aliphatic molecules 
(143,144). We have extended the theory ofmicelle formation to the analysis of solubilization of 
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single hydrocarbons and binary hydrocarbon mixtures in aqueous micellar solutions (32,144). 
Predictive calculations have been carried out for the capacity of the micelles for various 
solubilizates, the distribution of solubilizates in different regions of the micelle, and for the 
dependence of the cmc and the micelle aggregation number on solubilization. The effect of 
solubilizates on the shape of the micelles was also investigated. 

Solubilization in surfactant micelles or vesicles can lead to two types of structures (Figure 
15.68). The aggregates designated Type I are those in which the solubilizate molecules are present 
entirely within the region of surfactant tails. In contrast, in Type II aggregates, the solubilizate 
molecules are present in a domain of pure solubilizate phase inside the aggregate in addition to 
present in the region of the surfactant tails. Micelles exhibiting Type II solubilization behavior are 
also referred to as oil-in-water droplet microemulsions. In Section 15.10, the formation of 
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Figure 15.68 Schematic illustration of so|ubi]ization ofhydrophobic substances in suffactant aggregates. 
In Type I aggregates (a,c,d), the so|ubilizates are incorporated in the surfactant-tai] region which extends 
over the entire volume of the aggregate. In Type II structures (b,e), the so]ubi]izates are present both in 
the surfactant-tai] region and in an interior domain made up of only the so]ubi]izate molecules. The 
aqueous phase containing the structure (b) is also referred to as an off-in-water droplet microemu]sion. 
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such droplet microemulsions is investigated for systems where an alcohol (cosurfactant) is also 
present. The addition of a suitable alcohol to the surfactant system leads to a higher solubilization 
compared to that obtained in the alcohol-free systems discussed in this section. 

The geometrical characteristics ofmicelles containing solubilizates are the same as those listed 
in Table 15.1, except that the aggregate volume includes both the surfactant and the solubilizate 
molecules. For both Type I and Type II aggregates, the mole fraction Xmo and the volume fraction r/ 
of the solubilizate in the surfactant-tail region are related via 

Xmo v 0 
= (15.118) 

r/ Xmo Vo + ( 1 - - X m o )  V s 

where v o denotes the molecular volume of the solubilizate. For Type I aggregates, the surfactant- 
tail region constitutes the entire aggregate and therefore, Xmo and r/ are also equal to the mole 
fraction and the volume fraction of the solubilizate in the entire aggregate. The expressions 
presented in Table 15.1 for the total surface area Ag, the area grevaluated at a distance 6, and 
the packing factor P remain unchanged and Vg = g v s/(1 - 17 ). AFor Type I rodlike aggregates, Xmo 
and r/can assume different values in the cylindrical middle part and in the spherical endcaps 
of the aggregate. The average molar-solubilization ratio in Type I spherical or globular aggregates 
is given by 

( ) (15.1 19) 
aug = 1 -XmO 

wherej refers to the number of solubilizate molecules, while for the Type I rodlike aggregates with 
spherical endcaps 

(:/ ( m°Yl/: mo / = (1 - gcap ) -'SS"-,cY 1 + gcap 
avg gn 1 W 1 -- Xmo,cap) 

where, gn and g=p are the numbers of surfactant molecule in the aggregate and in the endcaps, and 
Xmo,cyl and Xmo,cap are the mole fractions of the solubilizate in the cylindrical middle part and the 
spherical endcaps, respectively. For the Type II micelles (that is the oil-in-water droplet 
microemulsion), the volume of the surfactant tail region Vg is given by 

3 
4 7 t R  s 47t ( R  s - R ) 3  gVs 

V = - = (15.121) 
g 3 3 ( 1 -  r/) 

where R is the thickness of the surfactant tail region while R s denotes the radius of the spherical 
aggregate. The surface area of the aggregate-water interface Ag, and the aggregate surface area 
at a distance 6 from the hydrophobic core-water interface Ag 6 are as given in Table 15.1. The 
packing factor P in the surfactant-tail region is defined as 



p m Vg  _ Ys 

A g R  a R (1 - r / )  
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(15.122) 

The molar solubilization ratio in the Type II aggregate is given by 

/ / + 1 
avg 1 - Xmo g 3 v o 

(15.123) 

where the first term accounts for the solubilizate present in the surfactant-tail region while the 
second term accounts for that in the core region. 

15.9.1 Size  D i s t r i b u t i o n  o f  Mice l l e s  C o n t a i n i n g  So lub i l i za te s  

The concentration of aggregates made up ofg surfactant molecules andj solubilizate molecules 
can be written in analogy with Equation (15.86) for binary surfactant mixtures in the form /o o o) 

--tux'J- exp - / ~  - g ~1 - J  ~1o Xg X~ (15.124) 
kT 

where )(lo is the mole fraction of the singly dispersed solubilizate molecules whose standard 
chemical potential is o o HlO, /~gj is the standard chemical potential of an aggregate containing g 
surfactant andj solubilizate molecules, and obviously, Xg is a function of both g andj. Equating 

H the chemical potential of the solubilizate in the pure solubilizate phase/~o to that of the singly 
dispersed solubilizate molecules in the aqueous phase, one obtains 

H o 
#o : #~o ÷ kT In XSo (15.125) 

where XSo is the saturation solubility of the solubilizate in water. Using this relation, Equation 
(15.124) can be rewritten as 

/ ° ) Xg= X ~  fJ  e x p -  g Zing 
k T  

O 
o &0 o j . Xxo 

A Zt g - ]t I - -  ]t o , f - 
g g XSo 

(15.126) 

wherefis the fractional saturation of the solubilizate in water. The factor A/t~ is the difference 
in the standard chemical potential for a surfactant molecule and (fig) solubilizate molecules present 
in an aggregate with respect to a singly dispersed surfactant molecule in water and (fig) solubilizate 
molecules in the bulk solubilizate phase. Knowing the distribution Xg, the average aggregation 
numbers can be calculated using Equation (15.13), while the average molar solubilization ratio is 
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given by 

avg E g X g  
(15.127) 

In calculating these average values, the summations are carried out from g = 2 to oo andj = 0 to oo. 
The molar solubilization ratio corresponding to the maximum solubilization possible is obtained 
by takingf=l in Equation (15.126). 

15.9.2 Gibbs Energy of Solubilization 

0 The standard-state Gibbs-energy difference All 9 is made up of a number of contributions many 
of which have already been identified in the treatment of micellization. The expressions for 

0 0 0 0 0 
(Ap g)tr' (Ap g)def' (Ap g)steric, (Ap g)dipole and (Zip g)ionic are identical to those presented in 
Section 15.4.1, while the expressions tor (ZiZ~)def, E and (Zip 1)mix, E (for surfactants with 
poly(ethylene oxide) head groups) are identical to those presented in Section 15.5, with the 
difference that the geometrical relations corresponding to solubilization should be employed. A 
new contribution (ZiPS)mix is introduced to account for the entropy and the enthalpy of mixing of 
the solubilizates with the surfactant tails in Type I aggregates as well as in the surfactant tail region 
of Type II aggregates. Further, the expression for the micelle-water interfacial Gibbs energy 

O (ZiP g)int is modified to account for the presence of the solubilizate. Only the modifications in the 
Gibbs energy expressions necessary to account for the presence of solubilizates are examined 
below. 

15.9.2.1 Micelle Core-Water Interfacial Gibbs Energy 

This contribution is calculated using Equation (15.51) but with aagg corresponding to the 
interfacial tension between water and a solution of surfactant tails and solubilizate. Interfacial 
tensions between two solutions can be estimated using the Prigogine theory (76,77) referred to 
already in Section 15.5. Specifically, the surface concentration of the solubilizate r/s is 
determined for a given bulk concentration r /by the implicit equation 

In 
(qs/q)Vs/Vo 

(1 - r/S)/(1 - r/) 

(°'sw - %w)  
kT 

2/3 
V S 

3 1 r/S ~)Cos [ (1 - r / ) - r /  ] - -~ -Xos  [ (1 - r / s ) -  ] 

(15.128) 

where Crsw is the surfactant tail-water interfacial tension, Oow is the interfacial tension between 
the solubilizate and water, and Xos is the Flory interaction parameter between solubilizate and 
surfactant tails. With this estimate of r/s, the interfacial tension Oagg is calculated using the 
explicit equation 
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/ v s = In + 1 - ( r / s -  r/) 
/7 

1 3 
+ XOS [ "2" ( F/s)2 -- "4" (/7)2 ] 

(15.129) 

The estimation of Osw has been discussed in Section 15.4. The interfacial tension Crow between 
the solubilizate and water can be calculated from the surface tension o o of  the solubilizate using 
Equation (15.52): 

aow = a o + a w - 2  gt ( a o a w )1/2 (15.130) 

where ~p is about 0.55 for aliphatic hydrocarbons and 0.71 for aromatic hydrocarbons (49). 
For surfactants possessing poly(ethylene oxide) head groups, the aggregate interface is that 

between a solution of  surfactant tails and solubilizate on the one side and a solution of 
poly(ethylene oxide) head groups and water on the other side. Again, the Prigogine theory (76,77) 
is employed to calculate Oagg which depends now on the four individual interfacial tensions Osw, 
Crow, OsE, OoE, the volume fraction 17 of the solubilizate in the micelle core and the volume 
fraction of the poly(ethylene oxide) in the micellar shell ( cp~. for the uniform-concentration model 

• r - , 1 7  

and cpR for the non-uniform- concentration model, defined In Section 15.5). Here, OoE and OSE 
are the solubilizate - poly(ethylene oxide) and surfactant tail - poly(ethylene oxide) interfacial 
tensions, respectively. The method involves the calculation of  the interfacial tension OsE w 
between the surfactant tails and a solution of poly(ethylene oxide) in water by solving the system 
of two equations: 

In 

S~ xl/NE ] 
(t 9 (/g E g ) 

(1 - (,os)/(1 - (PEg) l 
(asw - aSE) 2/3 3 

VS + ZWE [ (1 - qgEg ) -- (PEg ] k r  -~ (15.131) 

asEw °'sw v s = In + ((ps _ (PEg) 
kv 1 -  N~ 

1 3 + Zw~ [ -~ (cos) 2 - -~ (~%)2 ] 

(15.132) 

and of the interfacial tension OOE w between the solubilizate and a solution ofpoly(ethylene oxide) 
in water by solving the two equations: 
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In 
I r S. xl/NE 

tq~ /q~Eg) 

(1 - (ps)/(1 - (PEg) 

(%w - %E) 
kT 

2/3 
V S 

3 1 (ps 
+ -~ XWE [ (1 - (PEg) -- (PEg ] -- 2 XWE [ (1 - (ps) _ ] 

( 1 213 (-,sl (,-I) 
a°EWkT- a°w Vs = In ~ (PEg + ArE ((ps_ (PEg) 

1 3 
+ Xw~ [ ~- (~os) ~ - T (~%)~ ] 

(15.133) 

(15.134) 

Finally, the interfacial tension Oagg can be obtained using the expressions: 

In 

] 
(FIShT) vs/v° [ = (O'sEW -- O'OEW) 

(1 - r/s)/(1 - r/) ] kT 
2/3 

V S 

3 1 r/s -~Zos [ ( 1 - r / l - r /  ] - - ~ 2 ' o s  [ ( l - r / s ) -  ] 

(VS) 
aaggkTaSEW Vs2/3 = In 11 + 1 - - ~ o  ( r / s - r / )  

1 3 
+ ;Cos [ ~ (~s)2 _ 4 (~)2 ] 

(15.135) 

(15.136) 

Equations (15.131) to (15.134) have been written for the uniform-concentration model of the 
corona region containing the poly(ethylene oxide) head groups. By replacing the volume fraction 
qgEg (defined by Equation (15.70) in these equations with the volume fraction q9 R (defined by 
Equation (15.82)), one can estimate Oagg for the non-uniform-concentration model of the micellar 
shell. 

15.9.2.2 Head-Group Interactions for Poly(ethylene oxide) Surfactants 

The equations developed in Section 15.5 for micellization remain valid for solubilization as 
well, except that the geometrical relations valid for micelles containing solubilizates should be 
employed. The volume of the shell region given in Table 15.4 for different micellar geometries 
remains unaltered for solubilization, except the factor Vg/g for Type I aggregates is now given by 
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Vg _ Vs 

g ( l - r / )  
(15.137) 

while for Type n aggregates (microemulsion droplets), the volume per molecule in the shell region 
is given by 

Vs v s 4 71; ( R  s - R )  3 
+ 

( l - r / )  3 g  ( 1 + m 

Rs 
- 1  (15.138) 

Using the above expressions for V s, the volume fraction PEg of the poly(ethylene oxide) segments 
in the shell region can be obtained from Equation (15.70). 

15.9.2.3 Surfactant Tail-Solubilizate Mixing Gibbs Energy 

In Type I aggregates, all the solubilizate molecules mix with the surfactant tails while in 
microemulsions, only the solubilizate molecules present in the surfactant-tail region mix with the 
surfactant molecules. The Gibbs energy of mixing is calculated using the Flory-Huggins expression 
(70) 

o Xmo VS ] 
( / l ~ g ) m i x  = In ( 1 - r/ ) + In r/ + 2'os ~ 11 (15.139) ] kT ( 1 --Xmo ) V o 

where the first term represents the entropy of mixing and the second term the enthalpy of mixing. 
The Flory interaction parameter )Cos is calculated using the expression 

H H )2 
Vo ( ~o - Os (15.140) 

Zos = kT 

where 6 o and 6 s are the Hildebrand solubility parameters of the solubilizate and surfactant tail, 
respectively. 

15.9.3 Predictions of Solubilization Behavior 

The solubilizafion behavior of benzene, toluene, hexane, decane and cyclohexane in ionic and 
nonionic micelles has been predicted for illustrative purposes. Their molecular size, aromaticity, 
interfacial activity, as well as the surfactant tail-solubilizate interaction parameter cover an 
appreciably large range of values. The molecular constants for the solubilizates at 25°C are listed 
in Table 15.6. The molecular volumes have been calculated from the liquid densities (145,146), 
the solubility data have been obtained from references (46,47), the surface tension data from 
references (49,50,147) and the solubility parameters from reference (148). The solubility 
parameter for the dodecyl hydrocarbon tail of the surfactant is estimated to be 16.8 MPa v2 (148). 
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Table 15.6 Molecular properties of solubilizates at 25°C 

Solubilizate Vo (,~3) Oow (dyne/cm) 6~ (MPa v2) 

Benzene 146 33.93 18.80 
Toluene 176 36.1 18.19 
O-Xylene 200 36.1 18.40 
Ethyl benzene 204 38.4 17.99 
Cyclohexane 179 50.2 16.76 
Hexane 217 50.7 14.92 
Heptane 243 51.2 15.13 
Octane 270 51.5 15.53 
Decane 323 52 15.74 

15.9.3.1 Computational Approach 

The equilibrium characteristics of the aggregates containing solubilizates are calculated from 
the size distribution (Equation (15.126)) employing the computational approach described in 
Section 15.4.2. For the ionic surfactants that generate spherical or globular micelles, the 
aggregation number g and the mole fraction Xmo of the solubilizate in the aggregate are determined 
from the condition of a maximum of Xg with respect to these two independent variables. For 
microemulsions, the maximization of Xg is carried out with respect to the radius R s of the sphere, 
the thickness R of the surfactant-tail region and the mole fraction Xmo of the solubilizate in the 
surfactant-tail region. For Type I rodlike aggregates, the parameters characterizing the size 

o distribution are obtained by minimizing ABcy 1 with respect to the radius R c and the mole fraction 
o Xmo,cy 1 of the solubilizate, and by minimizing A~tca p with respect to the 

aggregation number gcap and the mole fraction XmO,cap of the solubilizate in the endcaps. For 
surfactants with poly(ethylene oxide) head groups, the thickness D of the micellar corona is 
another independent variable involved in the optimization. All the optimizations have been 
performed using the IMSL subroutine ZXMWD referred to earlier. 

15.9.3.2 Solubilization in Ionic Surfactant Solutions 

The solubilization of hydrocarbons in 0.1 M solutions of sodium dodecyl sulfate has been 
calculated at 25°C (32). The results reveal that the Type II microemulsion structure with an inner 
domain of pure solubilizate phase is preferred to the Type I structure. The preference for the 
microemulsion structure can be traced to the shape and size-dependent surfactant-tail-deformation 
Gibbs energy; in Type II aggregates the tails do not have to stretch fully in order to accommodate 
a given amount of solubilizate. The calculated molar-solubilization ratio at saturation (f= 1) and 
the experimental data (143) are correlated against the parameter (OowV~/3/kT~ in Figure 15.69. 
It is interesting to note that this single volume-polarity parameter which is an indicator of the 
polarity (through the variable Crow) and the molecular size of the solubilizate captures effectively 
the solubilization behavior. The smaller the molecular volume and the larger the interfacial 
activity (indicated by a smaller value for Crow), the smaller is the volume-polarity parameter and 
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Figure 15.69 The molar solubilization ratio of hydrocarbons in 0.1 M solutions of sodium dodecyl sulfate 
at 25°C, plotted as a function of the volume-polarity parameter (see text for discussion about its 
significance). The experimental data (143) are shown by circles while predictions of the model for the five 
solubilizates are identified by triangles. 

the larger the molar- solubilization ratio. The predicted cmcs (normalized with respect to the cmc 
in the absence of solubilizate) are plotted in Figure 15.70 for the solubilization of five 
hydrocarbons against the volume-polarity parameter. The aggregation numbers (i.e., the number 
of constituent surfactant molecules) normalized with respect to the aggregation number of the 
solubilizate-free micelle are also included in the figure. The micelles containing the solubilizates 
are larger than the solubilizate-free micelles not only because of the incorporation of the 
solubilizate molecules but also due to the increase in the number of surfactant molecules in an 
aggregate. Both the depression in cmc and the increase in the aggregation number are larger for 
smaller values of the volume-polarity parameter. 

Figure 15.71 shows the calculated molar-solubilization ratio in the surfactant-tail region as a 
function of the surfactant concentration, while Figure 15.72 presents the calculated molar- 
solubilization ratio in the core region, for five solubilizates in SDS micelles. The penetration of 
the surfactant-tail region by the solubilizate is significant when the molecular size of the 
solubilizate is small and the solubilizate possesses some polarity. The fraction of solubilizate in 
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Figure 15.70 Dependence of the cmc and the average aggregation number (at 0.1 M surfactant 
concentration) of sodium dodecyl sulfate aggregates at 25°C, on the volume-polarity parameter of the 
solubilizates. The values of cmc and the aggregation numbers are shown in normalized form with respect 
to the solubilizate-free system. All the points represent calculated values. 

the surfactant-tail region (based on the total solubilizate) is 0.17 for decane, 0.3 for hexane, 0.38 
for cyclohexane, 0.56 for toluene and 0.61 for benzene in 0.1 M sodium dodecyl sulfate micellar 
solutions. The calculations indicate a small increase in the molar-solubilization ratio with an 
increase in the total surfactant concentration. 

15.9.3.3 Solubilization in Micelles of Poly(ethylene oxide) Surfactants 

The solubilization behavior of hydrocarbons in solutions of a nonionic surfactant C12E23, having 
a dodecyl hydrocarbon tail and a head group containing 23 ethylene oxide units has been examined 
using both the uniform-concentration and non-uniform-concentration models for the micellar 
corona. The measured (149) and predicted molar-solubilization ratios in a 20 weight-percent 
solution of C12E23 are listed in Table 15.7. Two values have been assumed for the 
poly(ethylene oxide)-water interaction parameter XwE. In solubilizate-free systems examined in 
Section 15.5, the non-uniform-concentration model provided a somewhat better agreement with 
the experimentally determined cmc, aggregation number and micellar-shell thickness. The 
calculated molar-solubilization ratios based on this model are in reasonable agreement with the 
experimental data for decane, hexane and cyclohexane, but are smaller for benzene and toluene. 
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Table 15.7 Predicted molar solubilization ratios in 20 weight percent aqueous solutions of nonionic 
C~2Ez~ surfactant at 25°C 

Solubilizate Experiment (149) Predicted values 
XWE - 0.1 Xws= 0.2 XWE=0.3 

Uniform Concentration / Non-Uniform Deformation Model 
Benzene 3.47 1.55 1.93 2.84 
Toluene 2.03 1.16 1.47 2.21 
Cyclohexane 1.04 0.52 0.68 1.00 
n-Hexane 0.62 0.32 0.43 0.66 
n-Decane 0.21 0.16 0.18 0.29 

Non-Uniform Concentration / Uniform Deformation Model 
Benzene 3.47 1.49 1.74 2.27 
Toluene 2.03 1.08 1.26 1.69 
Cyclohexane 1.04 0.52 0.67 0.97 
n-Hexane 0.62 0.32 0.36 0.62 
n-Decane 0.21 0.14 0.18 0.28 
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Figure 15.71 The dependence of molar solubilization ratio in the surfactant-tail region of Type- II 
aggregates on the concentration of sodium dodecyl sulfate present in aggregated form. All the five lines 
corresponding to the labeled solubilizates (D-Decane, H-Hexane, C-Cyclohexane, T-Toluene, B-Benzene) 
represent the predictions of the present theory. 
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A possible explanation is that the aromatic solubilizates are compatible with poly(ethylene oxide) 
and therefore, could be solubilized also in the micellar corona (150). The present model does not 
treat such a situation. The uniform-concentration model predicts larger molar-solubilization ratios 
than the non-uniform one, and is in better agreement with experiment. For both models, the 
calculations indicate that if XWE is increased, the molar-solubilization ratio becomes larger. This 
implies that an increase in temperature (which increases XWE ) will cause an increase in the amount 
solubilized, a result which is consistent with the experimental data (150). 

15.9.3.4 Solubilization-Induced Rod-to-Sphere Transition 

Hoffmann et aL (151,152) have noted a transition from rodlike micelles to globular micelles 
when hydrocarbons are solubilized in a solution of the cationic surfactant tetradecyl trimethyl 
ammonium bromide (TTABr) in the presence of sodium salicylate (NaSal) as electrolyte. They 
observed, an initial increase in the size of the rodlike aggregates when toluene was solubilized 
followed by a transition to spherical aggregates at larger solubilizate concentrations. In contrast, 
when decane was solubilized, the transition to spheres occurred at very low amounts of solubilizate 
and the size of the spherical aggregates increased with increasing solubilizate concentration. For 
illustrative purposes, we have carried out calculations for the solubilization of 
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Figure 15.72 The dependence ofmolar-solubilization ratio in the core region of Type-II aggregates on the 
concentration of sodium dodecyl sulfate present in aggregated form. All the five lines corresponding to the 
labeled solubilizates (D-Decane, H-Hexane, C-Cyclohexane, T-Toluene, B-Benzene) represent the 
predictions of the present theory. 
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in solutions of sodium dodecyl sulfate at an added-electrolyte (NaC1) concentration of 0.8 M and 
toluene and decane at 30°C. It was predicted in Section 15.4 that under such conditions rodlike 
micelles form and the sphere-to-rod transition parameter has the value K = 8.6 x 108. We have 
computed the aggregate characteristics as a function of  the amount of  solubilizate present from a 

value of 0 to the maximum possible molar-solubilization ratio by increasing the fractional 
saturation fofthe solubilizate in water, from 0 to 1, in Equation (15.126). For various values of 
the molar-solubilization ratio up to the maximum value, the concentration Xi of the singly 
dispersed surfactant is calculated assuming the formation of Type I rodlike aggregates and Type 
II spherical-droplet microemulsions. The type of aggregate for which X 1 has the smaller value is 
the preferred equilibrium structure because the Gibbs energy of such a system is lower. 

Figure 15.73 provides the equilibrium concentrations of the singly dispersed surfactant when 
different amounts of toluene are incorporated into Type I rodlike aggregates or Type II spherical 
aggregates. The results show that at molar solubilization ratios below 0.3, the monomer 
concentration is smaller for Type I rodlike micelles than for Type II spherical microemulsion 
droplets. Therefore, during the initial addition of toluene to the surfactant solution rodlike 
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Figure 15.73 Calculated concentration (in mole fraction) of the singly dispersed surfactant as a function 
of the ratio of the moles of toluene solubilized to the moles of SDS in micellar state in a solution 
containing 0.1 M sodium dodecyl sulfate and 0.8 M NaC1. Squares correspond to Type I rodlike 
aggregates while circles denote the Type-II spherical aggregates. 
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aggregates are present in solution. For molar solubilization ratios of about 0.3, the monomer 
concentration is comparable for both the spherical microemulsion droplets and the rodlike micelles 
and both structures may coexist. The coacervation region experimentally observed by Hoffmann 
et al. (152) may correspond to such a situation. At higher molar-solubilization ratios of toluene, 
only spherical microemulsion droplets are present. For the rodlike structures, the maximum 
possible molar-solubilization ratio is 0.484, which is not, however, reached because, above the 
molar-solubilization ratio of 0.3, the Type II aggregates are more stable. 

The calculated results for decane as solubilizate are presented in Figure 15.74. Except at very 
low molar-solubilization ratios of decane (below 0.03), the monomer concentration X 1 is 
substantially smaller for Type II spherical microemulsion droplets than for rodlike aggregates, 
implying that the spherical microemulsion droplets are favored over the rods. The radius R s of 
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Figure 15.74 Calculated concentration of the singly dispersed surfactant (in mole fraction) as a function 
of the ratio of the moles of decane solubilized to the moles of SDS in micellar state in a solution containing 
0.1 M sodium dodecyl sulfate and 0.8 M NaC1. Squares correspond to Type I rodlike aggregates while 
circles denote the Type-II spherical aggregates. 
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the hydrophobic domain of the microemulsion droplets is plotted in Figure 15.75 for the 
solubilization of decane in 0.1 M solution of sodium dodecyl sulfate containing 0.8 M NaC1. The 
figure also contains the experimental results obtained using dynamic light scattering (153). The 
hydrodynamic radius R a of the hydrophobic core of the solubilizate-free rodlike micelle indicated 
in the figure is calculated from 

R H = (15.141) 
4 

and is 117 ,~,. From Figure 15.75 one can see that R n sharply decreases from 117 ,~ to 21 ,~ 
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Figure 15.75 Radius of the hydrophobic domain of the Type-II aggregates in a solution containing 0.1 
M sodium dodecyl sulfate and 0.8 M NaC1 as a function of the amount of decane solubilized. Circles are 
predictions while triangles denote light scattering measurements (153). The hydrodynamic radius is 117 
~, when there is no solubilizate (molar-solubilization ratio is zero). The radius of 22 P, calculated at low 
molar-solubilization ratios indicates the transition to spheres from the solubilizate-free rods. 
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at very low concentrations of decane indicating a rod-to-sphere transition. With subsequent 
addition ofdecane, the microemulsion droplet increases in size. In general, the preference for Type 
n microemulsion droplets is a consequence of the smaller inter- facial Gibbs energy and surfactant- 
tail-deformation Gibbs energy in a spherical-droplet structure compared to the rodlike structure. 
In the case of toluene, since the toluene-water interfacial tension is lower than the surfactant-tail- 

water interfacial tension, the Type I rodlike aggregates are preferred thermodynamically up to a 
relatively large value of the molar solubilization ratio. In contrast, the larger decane-water 
interfacial tension leads to the Type II structure, except at extremely small amounts of solubilized 
decane. The distribution of toluene and decane between different regions of the aggregate is 
shown in Figures 15.76 and 15.77, respectively, by plotting the molar-solubilization ratio in the 
surfactant- tail region as a function of the total molar-solubilization ratio. In Type I aggregates, 
both values are identical since all the solubilizates are present in the region of the surfactant tails. 
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Figure 15.76 Calculated mole ratio of toluene-to-surfactant in the surfactant-tail region and in the core 
region of the aggregates in a solution containing 0.1 M sodium dodecyl sulfate and 0.8 M NaC1 as a 
function of the mole ratio of total amount of toluene solubilized per surfactant molecule. Triangles 
correspond to Type-I rodlike aggregates where there is no core region. Squares correspond to the core 
region and the circles refer to the surfactant-tail region in Type-II aggregates. 
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F i g u r e  15 .77  C a l c u l a t e d  m o l e  ra t io  o f  d e c a n e - t o - s u r f a c t a n t  in the  su r f ac t an t - t a i l  r e g i o n  and  in the core  

region of the aggregates in a solution containing 0.1 M sodium dodecyl sulfate and 0.8 M NaC1 as a 
function of the mole ratio of total amount of decane solubilized per surfactant molecule. Triangles 
correspond to Type I rodlike aggregates where there is no core region. Squares correspond to the core 
region and the circles refer to the surfactant tail region in Type II aggregates. 

In the Type II aggregates (microemulsion droplets), the amount of toluene in the region of 
surfactant tails is much larger than the amount of decane in the same region. The fraction of total 
solubilizate present in the surfactant tail region is 0.236 for toluene and 0.038 for n-decane at the 
limit of solubilization. Almost all of the decane is present in the inner domain of pure decane. 
This, again, is a consequence of the interfacial activity of toluene compared to decane. Figure 
15.78 presents the calculated values of the sphere-to-rod-transition parameter K with decane and 
toluene as solubilizates, for conditions which favor the rodlike micelles. The solubilization causes 
an increase in K implying an increase in the number of surfactant molecules in a micelle. Further, 
the increase in size of the rodlike micelles containing toluene is much larger than that of the rodlike 
micelles containing decane. 
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Figure 15.78 Calculated sphere-to-rod transition parameter K in a solution containing 0.1 M sodium 
dodecyl sulfate and 0.8 M NaC1 as a function of the mole ratio of total amount of hydrocarbon solubilized 
per surfactant molecule. The regions of solubilizate/surfactant mole ratio shown are those where the Type-I 
rodlike aggregates are preferred over the Type-l/spherical aggregates. The smallest value of K shown in 
the figure corresponds to solubilizate-free micelles. Squares denote decane as the solubilizate while the 
triangles refer to toluene as the solubilizate. 

15.9.4 Solubilization of Binary Hydrocarbon Mixtures 

We have extended the theory of solubilization to systems involving binary mixtures of 
hydrocarbons A and B (32,144). The expressions for the size distribution is a simple extension 
of Equation (15.124) and has the form 

0 0 0 

"*10~-iA-A "10]k'J-iBB e x p -  p gj - g P l - J A  ~UlOA 
' k T  

- -  ]'/10B (15.142) 
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where Xlo A and X~o B are the concentrations in water of the singly dispersed solubilizate molecules 
A and B and o o B 1 on and PlOB are their standard chemical potentials. The standard chemical 

O 
potential Bgj refers to an aggregate containing g surfactants,jA molecules of A, andjB molecules 
of B (/" =JA +JB)" The limiting solubilization in the micellar solution is determined by the condition 
of equilibrium between the aqueous surfactant phase and the bulk solubilizate phase. Denoting 
by cpA and Cps, the volume fractions of solubilizates A and B in the bulk solubilizate 
phase, the concentrations of the singly dispersed solubilizate molecules in the aqueous phase are 
given by 

o XlSo H fllOA + kT  In A = flOA + kT  In a A 

/Zlo B + kT  In B : BOB + kT In a B 

(15.143) 

H H 
where, BOA and BOB are the standard chemical potentials of A and B defined using the pure 
components (A or B) as the reference states, while aA and a B are the activities of A and B in the 
bulk solubilizate phase. The activities can be written using the Flory-Huggins equation. 

In a A = [ In @A + ( 1 - VOA ) (fiB + ,,~'AB (fiB ] 
VoB 

l n a  B - [ In ~0 B + ( 1 
VOB 2 

) ~A + XBA eA ] 
vOA 

(15.144) 

The Flory interaction parameters XAB and XBA are related to one another via 

VOA VOB kT 
(15.145) 

where 6 a and 6 a are the solubility parameters of A and B. Combining Equations (15.143) and 
(15.142), yields the equation 

{ / o 

Xg - X1 g exp - g A ktg A ~/g _ zJfl g JA 
kT  ' kT  kT  g 

In a A 

O 

_ o J A  n Jn H 
/1] / ;  fig] fll  flOA flOB 

g g g 

(15.146) 

which is similar to Equation (15.126) written for a single solubilizate. 
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15.9.4.1 Gibbs Energy of Solubilization of Binary Mixtures 

o The standard Gibbs-energy difference associated with solubilization Attg is the sum of various 
contributions that have already been identified while considering aggregates containing one 
solubilizate. Only minor modifications are needed to account for the presence of two solubilizates 
and they are discussed below. 

15.9. 4.2 Aggregate-Water Interfacial Energy 

The micelle core-water interfacial tension should account for both solubilizates A and B, 
which are selected for illustrative calculations to be benzene and hexane. The aliphatic hexane has 
an interfacial tension with water that is practically identical to the interfacial tension of the 
surfactant tail with water. Therefore, o _ can be estimated using the Prigogine model (76,77) by 

ae~g 
accounting for the change in interfaclal tension caused by the presence of benzene (whose 
interfacial tension with respect to water is quite different from that between the surfactant tails and 
water). Denoting by qS the volume fraction of benzene in the surfactant tail region of the 

s 
aggregate ( rTA=l -- rTs ), the surface composition /7t3 of benzene is calculated from the implicit 
equation: 

[ S t  xVs/VoB 

In [r /B/r /B)  = (° 'SW -- O'OBW) Y 2 /3  + 

(1  - r / s ) / ( 1  - r/B) kT 
(15.147) 

3 1 s s 
~ ZoBs [ (1 - r /B)-  r/a ] - ~ ZoBs [ (1 - r/a ) - r/B ] 

where XOA s and Xou s are the Flory interaction parameters between the surfactant tail and the 
s 

solubilizates A and B, calculated using Equation (15.140). Once r/u is obtained, the interfacial 
tension Oagg is calculated from the explicit equation ) ( S )  ( ) 

- 1 - r/B YS S aagg asw 2/3 = In + 1 -  (r/B-- 
kT Vs 1 r/B VOB 

1 (r/s)2 3 
+ Zo.s [ ~ - -~ (q~)~ ] 

(15.148) 

15.9.4.3 Surfactant Tail-Solubilizate Mixing Gibbs Energy 

Equation (15.139) based on the Flory-Huggins model extended to two solubilizates acquires 
the form: 



A 0 --_ 
( ff g)mix 

kT 
I n ( l - r / )  + 

XmOA 

( 1 - g ~  o ) 

VS 
+ ZOAS 

VOA 

 mO0 ] 
+ In /~B In JTA ( 1 - X m o )  

V S V S 
FIA + XOBS ~B + ZAB /~A glB 

VOB VOA 
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(15.149) 

where gmo A and XmOB are the mole fractions of the solubilizates A and B in the surfactant tail 
region, with Xmo = Xmo A + Xmo B. 

15.9.4.4 Predictions of the Binary Solubilization Model 

The molar solubilization ratio and other aggregate properties have been computed for binary 
mixtures of benzene and hexane solubilized in solutions of 0.1 M sodium dodecyl sulfate. The 
aggregate geometrical properties are as for a single solubilizate, with the difference that 11 accounts 
for the total-volume fraction of the two solubilizates. The computational approach outlined before 
for a single solubilizate is employed with the only difference that there are two variables, Xmo A and 
XmOB (in place of the single variable XmO ) with respect to which the optimization should be carried 
out. The calculated molar solubilization ratios of benzene and hexane in 0.1 M solutions of 
sodium dodecyl sulfate are plotted in Figure 15.79 as functions of the composition of the bulk 
solubilizate phase that is in equilibrium with the aqueous surfactant solution. The predictions are 
in good agreement with experiment (143). The calculated cmc and average aggregation number 
are not reported since there are no experimental measurements available for comparison. 

15.10 MICROEMULSIONS 

Microemulsions are thermodynamically stable dispersions of oil and water stabilized by a 
surfactant coupled in most cases with an alcohol (11,12,154,155). From a structural viewpoint, 
the microemulsions can be of the droplet type with either spherical oil droplets dispersed in a 
continuous medium of water (oil-in-water microemulsions, O/W) or with spherical water droplets 
dispersed in a continuous medium of oil (water-in-oil microemulsions, W/O). The droplet-type 
microemulsions can be either single-phase systems or they can be two-phase systems with a 
microemulsion phase coexisting with an excess dispersed phase (excess oil in the case of O/W and 
excess water in the case ofW/O microemulsions). There are also non-droplet-type microemulsions 
characterized by randomly distributed oil and water microdomains, referred to as bicontinuous 
microemulsions (12,155-158). In this case, the microemulsion can be part of a three-phase system 
with the microemuIsion phase coexisting with both excess oil and excess water phases. Many 
experimental studies in systems containing oil, water, surfactant, alcohol and electrolytes, have 
shown (12,154) that by increasing the alcohol-to-surfactant ratio, the electrolyte concentration, the 
temperature, or the chain length of the surfactant, one can achieve a transition from a two-phase 
system containing an O/W droplet microemulsion to a two-phase system containing a W/O droplet 
microemulsion by passing through a three-phase system containing a bicontinuous microemulsion 
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Figure 15.79 Dependence of the molar-solubilization ratio of benzene and hexane on the composition of 
the solubilizate phase when binary mixtures of the two hydrocarbons are solubilized in 0.1 M solution of 
sodium dodecyl sulfate at 25°C. Points are experimental data (143) while the continuous lines represent 
the predictions of the present model. 

(Figure 15.80). In this section, a predictive approach is developed to calculate the various 
characteristics of a microemulsion such as the droplet radius, the numbers of molecules of various 
species in a droplet, and the size and composition dispersion of the droplets. The model also 
allows the prediction of the interfacial tension between the microemulsion and the coexisting 
phase. Further, the model allows one to explore the transition from a two-phase system involving 
a droplet microemulsion to a three-phase system involving a bicontinuous microemulsion. The 
treatment is an extension of that employed for micelles, mixed micelles and solubilization 
presented in earlier sections, but takes also into account the self-association of alcohol and the 
volume-exclusion interactions among the droplets. A similar approach had been developed earlier 
by us (159) to treat the transition from solubilization of hydrocarbons in aqueous micellar solutions 
to the formation of oil-in-water droplet microemulsions, but without taking into account the self- 
association of alcohol. 
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15.10.1 Geometrical Characteristics of Microemulsions 

The characteristic dimensions of the O/W and W/O droplet structures are shown in Figure 
15.81. Each droplet contains gk molecules of kind k (subscript k is replaced by S for surfactant, 
A for alcohol, O for oil and W for water), of which gki molecules are present in an interfacial film 
(subscript I denotes the interfacial film) and the rest in a core region made up of the dispersed 
phase. The presence of water molecules in the film region is neglected, i.e., gwa = 0. The radii R o 
and R w provide the boundaries of the interfacial film region. The volume per surfactant molecule 
of the film region VI is given by 

3 3 gsI VS + gAI VA + goI VO 
an [R ° _ Rw ] = (15.150) 

VI - 3 gsI gsi 

where v k is the volume of a molecule of kind k. The surface area of the droplet in contact with 
water, per surfactant molecule, is given by 

2 
4n R w 

a - (15.151) 
gsI 

Combining Equations (15.150) and (15.151), yields 

_ _ _ 1 (15.152) 
R w a I Ro-Rwl 2 

WINSOR I WINSOR 5 WlNSOR 2 

Q OIL Q WATER 

Figure 15.80 Schematic representation of the transition from a two-phase oil-in-water droplet type 
microemulsion to a three-phase system with the middle phase being a bicontinuous microemulsion to a 
two-phase system consisting of a water-in-oil type droplet microemulsion. 
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Figure 15.81 Geoometrical variables Rw and R o characterizing the size of O/W and W/O droplets in 
microemulsions. 

.o / _34/1,: _ _ 1 

R w a IRo-Rwl - ~- (15.152) 

i Ro_ Rw [ ~s + (gAI/gSI) ~A 
= 1 + (gAi/gsi) (15.153) 

For the sake of simplicity, the film thickness [Ro-Rwl has been taken to be the film composition- 
averaged value of the surfactant-tail length #s and alcohol-tail length ¢A • Consequently, an 
isolated O/W or W/O droplet described by the above geometrical relations requires three 
independent variables for its complete specification. A set of variables convenient to use includes: 
(i) the surface area of the droplet in contact with water per surfactant molecule, a, (ii) the ratio of 
alcohol-to-surfactant molecules in the film region, gAI/gSI, and (iii) the ratio of oil-to-surfactant 
molecules in the film region, g o i / g s i  . For a flat film, denoting the film thickness by [ Ro-R w IF and 
the area per surfactant molecule of the fiat interface by aF, one can write on the basis of the 
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molecular-packing considerations 

a F [R o - Rwl F = v~ (15.154) 

Therefore, for flat interfaces, only two independent variables must be specified in contrast to the 
three needed for the spherical droplet structure. 

15.10.2 Size Distribution of Droplet Microemulsions 

For a W/O microemulsion coexisting with an excess water phase, the size distribution of 
aggregates is similar to those employed for micelles, mixed micelles and solubilization. Since, 
hard-sphere interactions between droplets are also taken into account, the size-distribution equation 
is written in terms of the activities of the various components rather than in terms of their mole 
fractions (the activity coefficients, in general, being different from unity because of the inter- 
droplet interactions). The following size- and composition-distribution equation is thus obtained: 

Xgo 7gO - ~ S I ,  

ff~ = ( X s w  7SW) (YAw)YAW )gAI/gSI (Xoo 700 )gOI/gSI exp ( 

o A~tgI ) 
kT (15.155) 

o o o gAI o goI o Al2gI = / 'ZgI-  ~Usw flAW 12OO 
gSI gSI 

where the subscript g refers to a droplet containing a total of g molecules (g=gs+gA+go+gw), Xg o 
is the mole fraction of aggregates of size g in the continuous oil (O) phase, Xsw and XAW are the 
mole fractions of singly dispersed surfactant and alcohol molecules, respectively, in the dispersed 

O O 
water phase, Psw andPAw their standard chemical potentials and Ysw and TAW, their activity 
coefficients. Xoo denotes the mole fraction of oil in the continuous oil phase (taking into 

O 
consideration the presence of aggregates of alcohol in oil), Poo its standard chemical potential, 

O and ~/oo the activity coefficient. The standard Gibbs energy difference (Apgi) in Equation (15.155) 
is associated with the transfer of one surfactant molecule and (gAI/gsI) alcohol molecules from 
water and (goi/gsi) oil molecules from pure oil to the interfacial film region of the microemulsion 
droplet. The activity coefficients 7,. are considered to arise only because of the hard-sphere 
interactions among the droplets. Sinc~ there are no hard-sphere interactions in the water domain, 
the activity coefficients 7sw and TAW are equal to unity. Because the oil phase contains the 
droplets, the activity coefficient Yoo of the oil and 7gO of the droplets differ from unity. 

One can derive expressions for the activity coefficients 7~ of all components k in the oil 
domain starting from an equation for the osmotic pressure of a hard-sphere system 
(12,154,155,160), such as for example that based on the Camahan-Starling equation of state. In 
this manner, the activity coefficient Yoo is calculated from the relation 

2 3 
v k ( 1 + ~0g o + ~0g o -  ~0g o )  

In ~ko - ~°gO (15.156) 
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where k now denotes the oil (O), V~ is the volume of a droplet and cp¢ 9 is the volume fraction of 
the droplets in the microemulsion phase. Combining Equation (15.156) with the Gibbs-Duhem 
equation, the following expression for the activity coefficient ?go of the droplet is obtained: 

( ) (. 2 / 
q~ go/Vg o ( 7 (Og o - 3 (/)go- (/)go) In In rgO 

Go E ( 1 - 
k,g 

(15.157) 

where cpm is the volume fraction of component k ( k = S, A, W, O) in the continuous phase. The 
first term in Equation (15.156) is always negligibly small compared to the second term and in the 
limit of cpg o tending to 0, the activity coefficient ?go reduces to unity. Equations (15.155) to 
(15.157) are used also to calculate the size and composition distribution of the droplets of an O/W 
microemulsion coexisting with an excess oil phase, after replacing X~ and ?go by Xg w and ?gW' 
where Xgw is the mole fraction of aggregates of size g in the continuous water (W) phase and Ygw 
their activity coefficient. Since the water phase contains the droplets, ?sw, YAW and ?gw differ 
from unity, while, due to the absence of droplets in the oil domain, Yoo is equal to unity. 7sw and YAW 
are calculated from Equation (15.156) (with k=-S and A) while Yew is calculated from Equation 
(15.157), with the understanding that the second subscript in both these equations should now be 
W denoting water as the continuous phase. 

To perform predictive calculations for a microemulsion in equilibrium with an excess 
dispersed phase, using the size-distribution relation Equation (15.155), only the two variables Xsw 
and XAW must be specified. Knowing XAw , the true mole fraction (as opposed to the stoichiometric 
mole fraction) of oil in the oil phase, Xoo, appearing in the size-distribution equation is calculated 
as follows. By considering the self-association of alcohol in the oil phase (100), we can write: 

( 1 - KxX1A O - X1A O ) 

X°° : ( 1 - KxX1A o ) (15.158) 

where K x is the association equilibrium constant for alcohol in the oil phase and X1AO is the 
concentration of the singly dispersed alcohol molecules in the oil phase. If the oil phase consists 
of pure alcohol, then Xoo=0 and the concentration of the monomeric alcohol in the pure alcohol 
phase, calculated from Equation (15.158), is XlSAO = 1 / (1 + Kx). To estimateX1AO, for a given 
value of XAw, the chemical potential of alcohol in the oil phase (taking into account its self- 
association inthe oil phase) is equated to the chemical potential of alcohol in the water phase. One 
obtains 

XAW X1AO 

x;  s XsAo 
- ( 1 + K x )ARIA o (15.159) 

where XaSw is the saturation concentration of alcohol in water when the water phase coexists with 
the pure alcohol phase. The second equality in the above equation follows from the value of XSAo 
obtained from Equation (15.158). The experimental solubility data for aliphatic alcohols in water 
(1) at 25°C, yields the relation 
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In XSw = [ 1 .40-  1.38 nCA ] (15.160) 

where nfA is the number of carbon atoms in the alcohol. To facilitate the estimation of XASw at any 
other .temperature, the temperature dependence of alcohol solubility is assumed comparable to that 
of aliphatic hydrocarbons (relations provided in Section 15.4.1 for the methyl and methylene 
groups). To calculate the alcohol self-association constant in oil K x, we have developed the 
following expression by fitting the experimental excess Gibbs energy and excess enthalpy data for 
solutions of alcohol (ranging from propanol to decanol) in oil (100) to a continuous-association 
model of alcohol. 

- 0.47 
K x = 92 nCA exp 3 0 0 0 ( 1  1 )  

T 323 
(15.161) 

Thus, for any specified value of SAW , one can calculate X ooby using Equations (15.158) to 
(15.161). 

The equilibrium characteristics of the droplet microemulsion phase, for the specified values 
of Xsw and XAW, are found from the maximum in the size distribution (equation 15.155), 
employing the maximum-term approach discussed in Section 15.4.2. However, Equation (15.155) 
is an implicit relation since the activity coefficients )'go and )'gW depend on the volume fraction 
of the droplets, and hence on the droplet mole fractions Xgo and Xg w , respectively. The volume 
fraction of the droplets in the microemulsion phase can be related to the volume of the droplets and 
their mole fractions through the mass-balance relations 

XgwVgw 
(PgW - Xg w Vg w + XSWV S + VW + XAWVA 

(15.162) 
YgoVgo X1AO 

~ogo = XgoVgo + ~jX/Aov A + X o o v  o ' ~jX/A° = ( 1 -  KxX1Ao) 2 

The total mole fraction ~ jXjA o of alcohol in the oil phase includes all alcohol aggregates present 
in the oil phase and the expression given for it follows from the continuous-association model for 
alcohol in the oil phase (100). In calculating the volumes V~ and Vg w of the droplets from the 
geometrical relations characterizing the droplets, we note that Vg w also includes the volumes of the 
head groups of surfactant and alcohol molecules present in the film region of the droplet. The 
maximization of the droplet mole fraction in Equation (15.155) is achieved by iterative 
calculations in combination with Equation (15.162). The optimization is carried out, as in the 
earlier sections, using the IMSL subroutine ZXMWD, the independent variables being the area per 
surfactant molecule a, the alcohol-to-surfactant ratio (gA/gSI) and the oil-to-surfactant ratio (goi/gsi) 
in the film region. The total volume fraction Cps of surfactant present in the microemulsion phase 
is given by the expression 

fPs Vgo ~s Vgw 
~gO - ' (flgW = (15.163) 

gsi Vs gsI Vs 
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after neglecting the small amount of the singly dispersed surfactant present in the system. The total 
volume fraction of alcohol in the microemulsion phase, q9 A , is obtained from mass balance since 
the concentrations of alcohol in the water domain, the oil domain and the interfacial film region 
are known. 

15.10.3 Size and Composition Dispersion of Droplets 

The simple approach to obtaining the size and composition dispersion of aggregates presented 
in Section 15.4.2, without having to perform detailed distribution calculations, can be adapted to 
microemulsions. The aggregate corresponding to the maximum of Xg o or Xg w is considered to 
provide the number-average size and composition of the droplets. For each component k present 
in the microemulsion, the mean square deviation o~(k) from the number-average droplet 
characteristic gn(k) is obtained by using Equation (15.66). 

r 
on(k ) _ [ A In gn(k) 

gn(k) [ A In gn(k). Xgrv I 

1/2 

(15.164) 

where k stands for the four components present in a droplet designated by the subscripts S, A, O 
and W, gn(k) and gw(k) are the number-average and weight-average numbers of molecules k in the 
droplets and Xg M stands for the maximum of the aggregate mole fraction (Xg o or Xgw). Therefore, 
by calculating the maximum in the size/composition-distribution function Xg M and the 
corresponding most probable values of gn(k) at two slightly different conditions (for example, 
through marginal variations in the variables Xsw or XAW ), one can estimate On(k ) for each of the 
four components present in the microemulsion droplet, and thus provide detailed information on 
the size and composition distribution of the droplets. The root-mean-square deviation in the 
aggregate radius o n in terms of the calculated values of on(k ) is obtained from purely geometric 
considerations. Equating the volume of the droplet to the volumes contributed by all the 
component molecules, one gets 

4nR 3 4n(R +oR) 3 4nR 3 
- E gn(k)  Vk , - - ~ an(k ) v k (15.165) 

3 3 3 

Hence, the dispersion in the microemulsion droplet radius can be calculated from 

aR 1 ~ t~n(k) vk 1/3 
+ - 1 (15.166) 

gn( ) v, ] 
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15.10 .4  C a l c u l a t i o n  o f  In ter fac ia l  T e n s i o n  

The interfacial tension YF refers to that at the flat interface (denoted by subscript F) which 
separates the microemulsion phase and the coexisting excess dispersed phase. The flat interface 
can be treated as a planar infinite aggregate. The chemical potentials of the molecules in this 
interfacial film region should be equal to the chemical potentials of the molecules in the bulk 
phases and hence, 

_ ~ goI / too  0tgX)F YF aF /ZSW + gAI PAW + 

kT gsI ) kT kT kT kT gsI ] F F 
(15.167) 

In the above equation, the first term on the left hand side is the chemical potential of an infinite 
aggregate per surfactant molecule. The second term on the left hand side involving YF accounts 
for the tension to which the infinite aggregate is subjected. One may note that no entropy-of- 
translation contribution is included due to the infinite size of the aggregate. The terms on the right 
hand side represent the chemical potentials of the surfactant, alcohol and water in the bulk phase 
in equilibrium with the molecules at the interface. These bulk chemical potentials are those in the 
water domains for the surfactant and alcohol and that in the oil domain for the oil. Using Equation 
(15.155), the above equation can be rewritten as 

A o 
~FaF ( flgI)F 

kT kT I ln +/ i gsi F In +/  O/gSI F In 
(15.168) 

- In O F 

O where, (APgi) v is the standard Gibbs-energy difference associated with the transfer of one 
surfactant molecule and (gJgsi)F alcohol molecules from their infinitely dilute states in water and 
(goi/gst)r oil molecules from a pure oil phase to the flat film region. For the surface energy y of 
the curved interface, one can write by analogy a similar expression, 

kT kT 
['n  sw sw + / AI gsI 'n  AW AW + /  OI/gsi J In  oo oo 

(15.169) 

- In £2 

O 
in which the Gibbs-energy difference term (APgi) is for the spherical interfacial film of the 
equilibrium droplet. 

15.10 .5  B i c o n t i n u o u s  M i c r o e m u l s i o n s  

Since no well-defined structural characterization of the bicontinuous microemulsions is 
available, it is not possible to develop a molecular theory along the lines used for the droplet 
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microemulsions. However, some predictions regarding the phase transition from a droplet-type 
microemulsion in equilibrium with an excess phase to a bicontinuous-type microemulsion in 
equilibrium with both excess phases are possible, if the bicontinuous-type microemulsion is 
considered to have locally planar interfaces (12). A characteristic domain size or persistence 
length ~K has been defined by de Gennes (158) such that for length scales smaller than the 
persistence length, the interface is essentially fiat. Using this concept, one can establish conditions 
for the formation of the three-phase system as well as calculate, using the molecular theory, the 
magnitude of the persistence length and the interfacial tension between the microemulsion and the 
excess phases. 

Considering a planar configuration of layers, the size distribution of microemulsion domains 
in the bicontinuous phase when the two excess phases are also present can be written similar to 
Equation (15.155), as: 

1 t2gsi, 

y(g~ /gs i )F  X~oo ~/gsOF (15.170) QF = Xsw ~AW exp ----~-] F' 

/ / o  o 
zJ o = o o gA__~I /tAW -- g s I ]  ~ t ° °  

( /~gI)F ~gI)F -/~sw - gsI) F F 

In these equations, the standard-Gibbs-energy terms are for a flat interface, since the domains are 
considered fiat locally. Also, the activity coefficients present in Equation (15.155) have been taken 
to be unity. K is a normalization constant whose value is determined from a surfactant mass 
balance. While for droplet microemulsions, an optimal value for gsi could be obtained by 
maximizing Xg in Equation (15.155), there is no unique value ofgs~ that maximizes Xg in Equation 
(15.170), since the interface is fiat. All values for gsi are possible and the equilibrium 
characteristics of the microemulsion are found from the condition of the maximum of g~, for 
given values of Xsw and XAW. (Note the analogy between Equation (15.170) and Equation (15.41) 
for the rodlike micelles. In Equation (15.41), Xg does not have a maximum and rodlike micelles 
of all aggregation numbers are present in appreciable concentrations. The equilibrium 
characteristics of the rodlike micelles are obtained from the condition of maximum of Y, or 

o equivalently, minimum of A/~cy 1 . Y in Equation (15.41) is the analog of O F in equation (15.170)). 
The maximum of O F is found with respect to the two independent variables, the area per 
surfactant molecule of the interface, aF, and the alcohol-to-surfactant ratio in the film region 
(gAI/gSI)F. The oil-to-surfactant ratio in the film region, (goi/gsi)~ is not an independent variable (in 
contrast to the droplet-type microemulsions), but is determined by the packing constraint (Equation 
(15.154)) for fiat films. 

The maximum value of g2 v will be close to, but smaller than, unity for physical reasons; 
otherwise, the domain size distribution would diverge. Since the domain size gs~ can assume all 
possible values, the average domain size of the bicontinuous microemulsion can be obtained from 
the expression 
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E gsI Yg _ 1 
(gsI)avg E Xg (1 -OF) (15.171) 

where the second equality comes from the analytical summation, using for Xg Equation (15.170). 
Noting that the equilibrium area per surfactant molecule is aF, the total surface area of the average 
domain, a F (gsI)avg provides the following estimate for the persistence length ~K " 

a F 
6 ~:~ = (gsI)avg aF - (I_OF) (15.172) 

The numerical constant 6 in the above equation corresponds to the cubic domains assumed by de 
Gennes and Taupin (158) and indicates that the total domain surface area aF(gsi)avg is that of a cube 
of characteristic size (K" For other domain geometries such as the polyhedra considered by 
Talmon and Prager (157), this numerical coefficient will be different. The relative proportions of 
the oil and water domains in the bicontinuous microemulsion phase are related to the persistence 
length ~K and the volume fraction Cps of the surfactant present in the phase through the mass 
balance relation (158) 

6 f p ( 1 - ~ 0 ) v  s 
~K - (15.173) 

09S aF 
In this equation, cp stands for the volume fraction of the oil domain which includes the 
hydrophobic tails of the surfactant and alcohol in the film region, while (1 - co) stands for the 
volume fraction of the water domain which also includes the head groups of the surfactant and 
alcohol in the film region. 

For given values of Xsw and XAW , the maximum of O r (Equation (15.170)) and the 
equilibrium characteristics of the fiat film are first obtained by employing the IMSL optimization 
subroutine ZXMWD. The concentration Xsw does not affect the equilibrium characteristics a F 
(g~/gsI)r, (goI/gSI)F of the flat film, but influences the magnitude of O r. The persistence length 
is calculated from Equation (15.172) using the value of O F obtained by optimization. For a 
specified total-volume fraction Cps of surfactant in the microemulsion phase, the proportions of 
the oil and the water domains in the microemulsion are determined from Equation (15.173). 
Finally, the volume fraction of the total alcohol cpA in the microemulsion is calculated from a mass 
balance, since the concentrations of alcohol in the water and the oil domains and in the interfacial 
film are known. 

To determine whether a droplet microemulsion in equilibrium with an excess phase or a 
bicontinuous microemulsion in equilibrium with both excess phases forms, one has to carry out 
the maximizations of Xg (Equation (15.155)) and O r (Equation (15.170)) for given values of XAw 
and Xsw. For low values of XAW as well as for large values of XAW, a maximum in Xe, occurs 
indicating the formation of a two-phase-droplet microemulsion system. For intermediate values 
OfXAw, no maximum in Xg occurs and the equilibrium-droplet radius diverges to infinity. In this 
region, the formation of a three-phase system involving a bicontinuous microemulsion occurs. 

The interfacial tension at the fiat interface is computed by using Equation (15.167), but with 
the activity coefficients equated to unity. Since O r is close to unity on physical grounds, the 
logarithmic function can be expanded in series and taking into account Equation (15.172), the 
above expression reduces to 
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kT kT kT 
YF = ~ ( -  In $2 u)  = ~ (1 -g-2 u )  - 

aF aF 6~:2 (15.175) 

This result has been obtained before by de Gennes and Taupin (158) but in a different way. 
Experimentally, one can measure three different interfacial tensions in the three-phase system, 
namely, at the microemulsion- excess-water phase boundary (YMW), at the microemulsion-excess- 
oil phase boundary (YMO) and between the excess-oil and excess-water phases (Yow). Based on 
intuitive arguments, it has been suggested (12) that YMO = )~F (1- cp) and YMW=)'F (p, the calculated 
interfacial tension YF can be identified with Yow • 

15.10.6 Gibbs Energy of Formation of the Film Region 

The equations developed above can be used to calculate the structural features of 
microemulsions provided explicit expressions for the standard Gibbs energies of transfer of 
surfactant and alcohol molecules from their infinitely dilute states in water, and of oil molecules 
from the pure oil phase to the film region of the microemulsion droplets are available. Such 
expressions are given below for spherical films of O/W droplets and W/O droplets and also for flat 
films. The difference in the standard-state Gibbs energy consists of a number of contributions 

o A o + A o A o (Zlfl:I) = (ZlflgI)tr + ( flgI)def ( /'/gI)int + ( flgI)steric 

A ° A ° A ° + ( 'UgI)dipole + ( ,UgI)ionic + ( flgI)mix 
(15.176) 

which have been examined in previous sections of this chapter. Consequently, only the 
modifications required for the treatment of microemulsions are discussed below. 

15.10.6.1 Transfer Gibbs Energy o f  Surfactant and Alcohol Tails 

For the film region containing gsi surfactant and gAI alcohol molecules, the transfer Gibbs 
energy per surfactant molecule is obtained by combining the contributions from both surfactant 
and alcohol molecules. 

o o 

( ]'lgI)tr _ (ZlflgI)tr,S + gM (ZlflgI)tr,A (15.177) 
kT kT kT 

The expressions for the transfer Gibbs energy of methyl and methylene groups provided in Section 
15.4.1 are used to calculate the transfer Gibbs energies of surfactant and alcohol tails. For the short 
chain alcohols considered here, the methylene group adjacent to the hydroxyl group is considered 
to make no contribution to the transfer Gibbs energy since it is located close to the hydrophilic 
domain of the aggregate. Since high concentrations of electrolytes affect the transfer Gibbs energy, 
we calculate the additional contribution to the transfer Gibbs energy due to the presence of NaC1 
by employing the following expression obtained by Tanford (1) from gas solubility data at 25°C: 
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A o 
( flgI)tr 

kT 
- ( -  0 . 3 2 2 -  0.064 n c ) Cad d (15.178) 

where C, dd is the molarity of added NaC1 in the aqueous domain of the microemulsion and n c is 
the number of methyl and methylene groups in the surfactant or alcohol tails. 

15.10.6.2 Deformation Gibbs Energy of Surfactant and Alcohol Tails 

As in the earlier treatment of mixed micelles, this Gibbs energy contribution is calculated by 
considering the contribution from both surfactant and alcohol tails. Since the film thickness IRo - 
Rw] is larger than the extended length ,e a of the alcohol tail, one can write 

A o 
( flgI)def _ 10~ 

kT 80 

p IRw - Ro[ 2 gAI d + 
N s L2 gsI NA L 2 

(15.179) 

where Ns (--gs/L) and N a (= gA/L) are the number of segments of the surfactant and alcohol tails, 
and P is the packing factor defined as before 

e -  
a IRw-Rol (15.180) 

For flat interfaces, P = 1, because of the packing constraint given by equation (15.154). 

15.10. 6. 3 Interfacial Gibbs Energy of the Film- Water Contact 

This Gibbs energy contribution is calculated as in previous sections using the expression 

( /'/gI)int _ O'agg (a  gA---2 
kT kT - a°s - gsI,) a°A ) (15.181) 

where o a g is the macroscopic interfacial tension between the hydrophobic domain and water, a 
is the surface area per surfactant molecule of the film, and aos and aoA are the areas per molecule 
shielded from contact with water by the head groups of surfactant and alcohol molecules, 
respectively. For surfactants, aos is estimated as described in Section 15.4.3. For alcohols, the 
cross- sectional area of the hydroxyl head group apA is estimated to be 8 A 2 which is smaller than 
L 2 (the cross sectional area of the tail),so that apA = aoA = 8 ]k 2. The interfacial tension o a 
depends on the composition of the hydrophobic domain of the film and thus on the surfactant t a ~  
water, alcohol tail- water and oil-water interfacial tensions. Since the surfactant and alcohol tails 
considered here are aliphatic chains, their interfacial tensions against water are practically equal 
and taken to be Osw. Depending upon the oil-water interfacial tension Oow, the oil molecules 
can be preferentially located in the film region and this will affect Oagg. Therefore, Oagg is 
calculated using Equations (15.128) and (15.129) where the variable 17 is replaced by the volume 
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fraction r/o of the oil in the film region. The interaction parameter x,~ appearing in the 
,n v~.a • 

equations is expressed in terms of the solubility parameters 6~s, 6A and 6~o of the surfactant tall, 
the alcohol tail and the oil, using the expression 

v o " - -  ~ m i x )  H H H H 
Zos = kT ' ~mix = r/S dS + r/A dA + r/o ~o (15.182) 

where r/s, r/A and r/o are the volume fractions of the surfactant tail, alcohol tail and oil, in the 
film region, which can be calculated from the respective molecular volumes and the composition 
of the film region. The solubility parameters are estimated to be 16.76 MPa 1/2 for the surfactant 
tail, 15.91 MPa 1/2 for the alcohol tail and 16.8 MPa 1/2 for cyclohexane (selected as the oil for 
illustrative purposes). 

15.10. 6. 4 Head-Group Steric Interactions 

This contribution is written similar to Equation (15.93) which is used for mixed surfactants. 
Noting that in the present case, the Gibbs energy is expressed per surfactant molecule (not 
surfactant+alcohol molecule), one can write 

_ g A I  aps g A I  (A,ugi)steric _ _ ( 1  + ) I n  1 - 

kT gsI a gsI 
(15.183) 

15.10. 6. 5 Head-Group Dipole Interactions 

For zwitterionic surfactants, the dipole-dipole interactions can be computed using an 
expression analogous to Equation (15.57), 

Z~ o 2 
( ,/ '/gI)dipole _ 2n e d 1 

- - -  (15.184) 
kT e a~ kT H 

where d is the dipole length, 6 is the distance from the oil-water contact surface at which the 
dipole is located, a e is the surface area per surfactant molecule evaluated at the distance ~ and H 
is a curvature correction. For 0 /W droplets, H=I+ d/(Rw + 6), ae=a (1+ 6/Rw )2, for W/0 
droplets, H=l-d/(Rw-6), ar=a (1 - 6/Rw) z, and for flat films, H=I, ar=a. 

15.10. 6. 6 Head-Group Ionic Interactions 

This Gibbs energy contribution is calculated using Equation (15.61) and (15.62). The 
curvature correction factor C in Equation (15.61) is calculated as follows: for O/W droplets, 
C=2/(Rw + 6), for W/O droplets, C =-  2/(Rw -6 ) ,  and for fiat films, C=0. The area a 6 is calculated 
using the expressions given above. We note that 6 now represents the distance from the oil-water 
interface to the center of the counterion. 
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15.10. 6. 7 Gibbs Energy of Mixing inside the Film Region 

This Gibbs energy contribution is estimated from an equation similar to equation (15.102) 
employed for binary surfactant mixtures (based on the Flory-Huggins expression): 

A 0 __ 
( flgI)mix 

kT 
gAI go I  

In q s + .... In Y/A + In r/o 
gsI gsI 

H H 2 H H 2 H H 2 
{t~S ---~mix } gAI [t~A---~mix] go I  [t~O---~mix] 

V S + V A + .... V O 
kT gsi kT gsI kT 

(15.185) 

15.10.7 Predictions for Droplet Microemulsions 

Illustrative calculations have been carried out for the system consisting of the anionic 
surfactant sodium dodecyl sulfate, n-pentanol (cosurfactant), cyclohexane, and water containing 
0.3 M NaC1. The radius R w of the water-oil interface (see Figure 15.81 for the definition of Rw) 
predicted by the model is plotted as a function of the volume ratio of alcohol-to-surfactant in the 
microemulsion phase in Figure 15.82. The alcohol-to-surfactant ratio in the microemulsion phase 
and correspondingly, the alcohol-to-surfactant ratio in the film region of the droplet, are increased 
by increasing XAW. The total surfactant volume fraction COs in the microemulsionphase is kept 
constant at 0.01. The concentration Xsw of the singly dispersed surfactant is negligibly small 
compared to the total amount of surfactant in the microemulsion phase. The calculations show that 
fOrXAw less than 0.00172 (correspondingly, COA/COs less than 2.0 and gAx/gsi less than 1.012), O/W 
droplet microemulsions coexisting with an excess-oil phase are formed. When XAW is larger than 
0.00184 (correspondingly, COA/COS larger than 3.15 and gA~/gsI larger than 1.13), W/O droplet 
microemulsions coexisting with an excess-water phase are generated. For intermediate values of 
XAW (corresponding to which COA/COS is in the range 2.0 to 3,15), no maximum in the aggregate 
size distribution occurs because the equilibrium aggregate radius diverges to unity. For these 
conditions, a three-phase system with a bicontinuous middle phase comes into existence. 

The radius of the droplet increases significantly as the two-phase system (corresponding to 
either O/W or W/O droplet microemulsions) is near to the transition to a three-phase system 
(corresponding to the bicontinuous microemulsion phase). The number of surfactant molecules 
in the film region of a droplet is plotted in Figure 15.83 for the same systems described in Figure 
15.82. Detailed information about the compositions of the microemulsion phases are given in 
Figure 15.84. The volume fraction of oil, water and alcohol plotted in the figures are the total 
amounts in the microemulsion phase (the molecules present in the dispersed phase inside the 
droplets, in the film region of the droplets and in the continuous phase surrounding the droplets). 
The volume fraction of surfactant COs is 0.01 in all cases. As the alcohol-to-surfactant ratio 
increases, the volume fraction of oil increases while that of water decreases, as has been observed 
commonly in many microemulsion systems (11,154). The total volume fraction of the surfactant 
(COs) and alcohol (COA) determine the volume fraction ofoil solubilized or water solubilized in the 
microemulsion phases. Figure 15.85 displays the film thickness of the droplets and the area per 
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Figure 15.82 The predicted radius of the microemulsion droplet as a function of the volume ratio of 
alcohol-to-surfactant in the microemulsion phase. The predictions are for a system consisting of the 
surfactant SDS, n-pentanol, 0.3 M NaC1, water and cyclohexane. The total volume fraction of the 
surfactant in the microemulsion phase is 0.01. The filled circles denote the O/W droplets while the open 
circles correspond to W/O droplets. 

surfactant molecule at the oil-water interface of the droplets as a function of the alcohol-to- 
surfactant ratio in the microemulsion phase. The film thickness was calculated assuming 
composition-averaging (Equation (15.153)), while the area per surfactant molecule was predicted 
by the model from the equilibrium conditions. The calculations show that the area per surfactant 
molecule of the droplet is not a constant but increases with increasing amount of alcohol. Since 
many calculations of microemulsion behavior in the literature have assumed this area to be a 
constant, their conclusions are of limited use from a quantitative point of view. The extent of 
penetration of the oil into the film region is shown on Figure 15.86. The oil-to-surfactant ratio in 
the film shows a monotonic increase as the alcohol-to-surfactant ratio in the film increases. 
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Figure 15.83 The number of surfactant molecules in the film region of a microemulsion droplet as a 
function of the volume ratio of alcohol-to-surfactant in the microemulsion phase. All the system 
characteristics are identical to those described in Figure 15.82. The filled circles denote the O/W droplets 
while the open circles correspond to W/O droplets. 

The volume fraction of the droplets in the microemulsion phase predicted by the model is 
plotted in Figure 15.87 which shows that the total volume fraction of the droplets increases as one 
moves from the two-phase system towards the three-phase system. The interfacial tension at the 
droplet surface calculated using Equation (15.169) is plotted in Figure 15.88, which reveals that 
the interfacial tension decreases as one moves from the two-phase system involving the droplet 
microemulsions (either O/W or W/O) to the three-phase system involving the bicontinuous middle 
phase microemulsion. 

Illustrative estimates of the size and composition distribution of the droplets in the 
microemulsion phases have been obtained for O/W and W/O droplet microemulsions by using the 
approach described in Section 15.10.3. The results are summarized in Table 15.8. The 
calculations for the O/W droplet microemulsions have been carried out for the system with XAW 
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Figure 15.84 The volume fraction of oil (squares), water (triangles) and alcohol (circles) in the 
microemulsion phase containing O/W or W/O droplets as a function of the volume ratio of alcohol-to- 
surfactant in the microemulsion phase. The filled symbols refer to O/W droplet microemulsions and the 
open symbols, the W/O droplet microemulsions. All the system characteristics are identical to those 
described in Figure 15.82. In all cases, the volume fraction of the surfactant in the microemulsion phase 
is 0.01. 

= 0.00162 while the calculations for the W/O droplet microemulsion are for the system with XAW 
= 0.00185. In all the cases, the total volume fraction of the surfactant in the microemulsion phase Cps 
was kept constant, equal to 0.01. The average radius of  the droplets, the average number of 
surfactant, alcohol and oil molecules in the film region of the droplets, the overall composition of  
the microemulsion phase, and their dispersions predicted by the model are listed in the table. The 
values of  on/gn are comparable for all components and are generally not too large implying a 
relatively narrow composition dispersion of the droplets. Consequently, the standard deviation o R 
in the droplet radius is also small. 
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?igure 15.85 The film thickness of the droplets (circles) and the area per surfactant molecule of the 
:lroplets at the oil-water interface (squares) as a function of the volume ratio of alcohol-to-surfactant in the 
rticroemulsion phase for systems containing OAV (filled symbols) and W/O (open symbols) droplets. All 
':he system characteristics are identical to those described in Figure 15.82. 

15.10 .8  Pred ic t i on  o f  a B i c o n t i n u o u s  M i c r o e m u l s i o n  

As mentioned before, for alcohol concentrations S A W  in the water domain in the range 0.00172 
.o 0.00184 (correspondingly, for a ratio cpA / Cps in the microemulsion between 2.0 and 3.25), 
:hree-phase systems involving a bicontinuous microemulsion are preferred thermodynamically. 
The overall composition boundary within which a bicontinuous microemulsion can be observed 
"s presented in Figure 15.89. The two lines correspond to,YAw = 0.00172 and 0.00184. For overall 
9hase compositions between these two lines, and for Cps =0.01, the three-phase system involving 
a bicontinuous microemulsion is thermodynamically 
"nvolving a bicontinuous microemulsion is thermodynamically favored. As XAW increases from 
3.00172 to 0.00184, the area per surfactant molecule aF increases from 59.06 A 2 to 59.88 A 2, while 
:he alcohol-to-surfactant ratio in the film region, (gAI/gS~)F increases from 1.036 to 1.074. All of  
:he bicontinuous microemulsion systems marked by points on a line are characterized by identical 

values OfXAw , aF and (gAI/gSI)F. 
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Figure 15.86 The alcohol-to-surfactant mole ratio and the oil-to-surfactant mole ratio in the film region 
of O/W (filled symbols) and W/O (open symbols) microemulsion droplets as a function of the volume 
ratio of alcohol-to-surfactant in the microemulsion phase. All the system characteristics are identical to 
those described in Figure 15.82. 

One can observe from Figure 15.89, that, for a given rpA / Cps, there is a unique value of Cpo 
in the case of O/W and W/O droplet microemulsions. However, for the same value of cpA / rps, 
a range of values for rpo in the bicontinuous microemulsion is possible. The volume fraction of 
oil rpo in the bicontinuous microemulsion phase, for a given value of cpA / cps, is determined by 
the concentration XAw of alcohol in the coexisting water phase. These compositional dependencies 
are presented in Figure 15.90. The volume fractions ofoil rpo (unfilled symbols), and of alcohol rpA 
(filled symbols) in the mieroemulsion phase are plotted. Since the volume 
fraction of surfactant rps is 0.01, the volume fraction of the fourth component, water ( q9 w) can be 
determined. Each symbol corresponds to a given volume fraction of the oil domain in the 
bicontinuous microemulsion, cp = 0.25 (sphere), 0.45 (square), 0.55 (triangle) and 0.75 (diamond). 
The volume fractions of oil and water in the bicontinuous phase can be found once the volume 
fraction Cps of the surfactant and rpA of the alcohol as well as the concentration XAW of alcohol in 
the water domain are specified. 
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Figure 15.87 The volume fraction of the droplets in the microemulsion phase as a function of the volume 
ratio of alcohol-to-surfactant in the microemulsion phase. All the system characteristics are identical to 
those described in Figure 15.82. Filled symbols are for O/W microemulsions and open symbols refer to 
W/O microemulsions. 

The persistence length of the bicontinuous microemulsion phase predicted by the model is plotted 
in Figure 15.91 as a function of the volume fraction of oil in the microemulsion phase. The plotted 
results are for Xnw = 0.00172 but the calculated persistence lengths when,YAw = 0.00184 practically 
coincide with the former, since the areas per surfactant molecule of the film region aF are close to 
one another for the two values Of XAw. The persistence length has a maximum when the oil and 
water domains have equal volume fractions. The radius of the O/W droplets increases with 
increasing amount of alcohol in the low alcohol-content range while the radius of the W/O droplets 
decreases with increasing amount of alcohol in the high alcohol content range. The interfacial 
tension calculated using Equation (15.175) is plotted in Figure 15.92 as a function of the volume 
fraction of oil in the bicontinuous phase. The calculated interfacial tensions for the two values of 
XAW = 0.00172 and 0.00184 practically coincide (as expected since the persistence lengths 
practically coincide). The interfacial tension has a minimum when the oil and water domains have 
equal volume fractions. 
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Figure 15.88 The oil-water interfacial tension at the surface of microemulsion droplets as a function of 
the volume ratio of alcohol-to-surfactant in the microemulsion phase. All the system characteristics are 
identical to those described in Figure 15.82. Filled symbols are for O/W microemulsions and open symbols 
refer to W/O microemulsions. 

Table 15.8 Predicted size and composition dispersions of droplet-type O/W and W/O microemulsions 

Variable O/W Microemulsion W/O Microemulsion 
<Rw>A 233.9 282 
<gsi > 11940 16460 
<gJgsi > 0.9228 1.152 
<goi/gsi > 0.9965 1.226 
COs 0.01 0.01 
CpA 0.0158 0.0329 
rpO 0.0963 0.8206 
Cpw 0.8779 0.1365 
On(S)/gn(S ) 0.219 0.266 
On(A)/gn(A ) 0.241 0.278 
On(O)/gn(O ) 0.274 0.260 
On(W)/gn(W) - 0.326 
OR/ < Rw > 0.0822 0.096 
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Figure 15.89 The volume fraction of oil in the middle-phase microemulsion as a function of the volume 
ratio of alcohol-to-surfactant in the microemulsion phase. The values of XAW and gAi/gsi are, respectively: 
0.00172 and 1.036 (filled squares), and 0.00184 and 1.074 (open squares). In all cases, the volume fraction 
of surfactant is 0.01 and the volume fraction of the fourth component, water, is found by subtraction from 
unity. The system consists of SDS, n-pentanol, cyclohexane, water and 0.3M NaC1. Also shown are the 
corresponding results for O/W droplet microemulsion phase (filled circles) and for W/O droplet 
microemulsion phase (open circles). 
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squares) as a function of the volume fraction of oil in the microemulsion phase. In all cases, the volume 
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Also shown are the interfacial tensions at the surface of O/W droplets (filled circles) and W/O droplets 
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745 

Acknowledgments 
Many parts of the work described in this paper were completed with the financial support 

provided by the National Science Foundation to both authors. R.N. would like to thank The 
Pennsylvania State University and Centre National de la Recherche Scientifique, France for their 
support during the preparation of this manuscript. The facilities made available to R.N. by 
Professor Armand Lattes and Dr. Isabel Rico-Lattes in their laboratory at Universit6 Paul Sabatier, 
Toulouse are gratefully acknowledged. 

REFERENCES 

1. C. Tanford, The Hydrophobic Effect, Wiley, New York (1973); 2 nd Ed. (1980). 
2. K. Shinoda, ed., Solvent Properties of Surfactants, Marcel Dekker, New York (1970). 
3. K.L. Mittal, ed., Micellization, Solubilization and Microemulsions, Plenum, New York (1977). 
4. K.L. Mittal and B. Lindman, eds., Surfactants in Solution. Theoretical and Applied Aspects, Plenum 

New York (1984). 
5. A.S. Kertes and H. Gutmann, Surface and Colloid Science 8, 194 (1976). 
6. A.J.I. Ward and C. du Reau, Surface and Colloid Science, 15, 153 (1993). 
7. M.E.L. McBain and E. Hutchinson, Solubilization and Related Phenomena, Academic Press, New 

York (1955). 
8. P.H. Elworthy, A.T. Florence, and C.B. McFarlane, Solubilization by Surface Active Agents, Chapman 

and Hall, London (1968). 
9. D. Attwood and A.T. Florence, Surfactant Systems. Their Chemistry, Pharmacy and Biology, 

Chapman and Hall, London (1983). 
10. S.D. Christian and J.F. Scamehorn, eds., Solubilization in Surfactant Aggregates, Marcel Dekker, 

New York (1996). 
11. H.L. Rosano and M. Clausse, eds., Microemulsion Systems, Marcel Dekker, New York (1987). 
12. E. Ruckenstein, in Progress in Microemulsions, S .Martellucci and A.N. Chester, eds., Plenum, New 

York (1989), p. 1. 
13. E.D. Goddard, Colloid Surf 19, 255 (1986). 
14. I.D.Robb, in Anionic Surfactants - Physical Chemistry of Surfactant Action, E.H.Lucassen -Reynders, 

ed., Marcel Dekker, New York (1981), p. 109. 
15. S. Saito, in Nonionic Surfactants, M.J.Schick, ed., Marcel Dekker, New York (1987), p. 881. 
16. Z. Tuzar and P. Kratochvil, Adv. Colloid Interface Sci. 6, 201 (1976); Surface and Colloid Science 

15, 1 (1993). 
17. G. Riess, P. Bahadur, and G. Hurtrez, in Encyclopedia of Polymer Science and Engineering, Wiley, 

New York, (1985), p. 324. 
18. P. Mukerjee, Adv. Colloid lnterface Sci. 1,241 (1967). 
19. P. Mukerjee, J. Phys. Chem. 73, 2054 (1969). 
20. P. Mukerjee, J. Pharm. Sci. 68, 972 (1974). 
21. P. Mukerjee, In Micellization, Solubilization and Microemulsions, K.L. Mittal, ed., Plenum, New 

York, (1977) p.171. 
22. P. Mukerjee, J. Phys. Chem. 76, 565 (1972). 
23. C. Tanford, J. Phys. Chem. 78, 2469 (1974). 
24. C. Tanford, in Micellization, Solubilization and Microemulsions, K.L.Mittal, ed., Plenum, New York 

(1977) p. 119. 
25. H.V. Tartar, J. Phys. Chem. 55, 1195 (1955). 
26. J.N. Israelachvili, J.D. Mitchell, and B.W. Ninham. Jr. Chem. Soc. Faraday Trans, H 72, 1525 

(1976). 



746 

27. D.W.R. Gruen, Biochim. Biophys. Acta 595, 161, (1980); J. Colloid Interface Sci. 84, 281 (1981); 
dr. Phys. Chem. 89, 146 (1985). 

28. K.A. Dill and P.J. Flory, Proc. Natl. Acad. Sci. USA 77, 3115, (1980); Proc. Natl. Acad. Sci. USA 78, 
676, (1980); K.A. Dill and R.S. Cantor, Macromolecules 17, 380 (1984); R.S. Cantor and K.A. Dill, 
Macromolecules 17, 384 (1984); K.A. Dill, D.E. Koppel, R.S. Cantor, J.D. Dill, D. Bendedouch and 
S.H. Chen, Nature 309, 42 (1984). 

29. A. Ben-Shaul, I. Szleifer, and W.M. Gelbart, Proc. NatL Acad. Sci. USA 81,4601 (1984); dr. Chem. 
Phys. 3, 3597 (1985); A. Ben-Shaul and W.M. Gelbart. Rev. Phys. Chem. 36, 179 (1985). 

30. R. Nagarajan and E. Ruckenstein, dr. Colloid and Interface Sci. 60, 221 (1977). 
31. R. Nagarajan and E. Ruckenstein, dr. Colloidlnterface Sci. 71,580 (1979). 
32. R. Nagarajan and E. Ruckenstein, Langmuir 7, 2934 (1991). 
33. G.S. Hartley, Aqueous Solutions of Paraffin Chain Salts, Hermann, Paris (1936). 
34. E. Ruckenstein and R. Nagarajan, dr. Phys. Chem. 79, 2622 (1975). 
35. E. Ruckenstein and R. Nagarajan, in Micellization, Solubilization and Microemulsions, K.L. Mittal, 

ed., Plenum, New York (1977), p. 133. 
36. E. Ruckenstein and R. Nagarajan, Jr. Colloid Interface Sci. 57, 388 (1976). 
37. R. Nagarajan and E. Ruckenstein, dr. Colloidlnterface Sci. 91,500 (1983). 
38. A. Ben-Naim and F.H. Stillinger, J. Phys. Chem. 84, 2872 (1980). 
39. E. Ruckenstein and R. Nagarajan, dr. Phys. Chem. 85, 3010 (1981). 
40. R. Nagarajan, Langmuir 10, 2028 (1994). 
41. D.G. Hall, J. Chem. Soc. Faraday Trans. ! 77, 1121 (1981). 
42. D.G. Hall, dr. Chem. Soc. Faraday Trans. 1 81,885 (1985). 
43. R.Nagarajan, dr. Colloid Interface Sci. 90, 477 (1982). 
44. R.Nagarajan, Colloids Surfaces A: Physicochem. Eng. Aspects 71, 39 (1993). 
45. S. Puvvada and D. Blankschtein, dr. Chem. Phys. 92, 3710 (1990); dr. Phys. Chem. 96, 5567 (1992). 
46. M.H. Abraham, dr. Chem. Soc. Faraday Trans. ! 80, 153 (1984). 
47. M.H. Abraham and E.Matteoli, J. Chem. Soc. Faraday Trans. I 84, 1985 (1988). 
48. A.N. Semenov, Soviet Phys. JETP 61,733 (1985). 
49. L.A. Girifalco and R.J. Good, dr. Phys. Chem. 61,904 (1957). 
50. R.J. Good and E. Elbing, lnd. Eng. Chem. 62, 54 (1970). 
51. CRC Handbook of Chemistry and Physics, 60th Ed., CRC Press, Boca Raton (1980). 
52. J.A. Beunen and E. Ruckenstein, dr. Colloid Interface Sci. 96, 469 (1983); E. Ruckenstein and J.A. 

Beunen, Langmuir 4, 77 (1988). 
53. R. Nagarajan, Adv. Colloid Interface Sci. 26, 205 (1986). 
54. D.F. Evans and B.W. Ninham, dr. Phys. Chem. 87, 5025 (1983). 
55. I.V. Rao and E. Ruckenstein, dr. Colloid Interface Sci. 119, 211, (1987). 
56. K. Shinoda, T. Yamanaka, and K. Kinoshita, dr. Phys. Chem. 63, 648 (1959). 
57. K. Shinoda, T. Yamaguchi, and R. Hori, Bull. Chem. Soc. Japan 34, 237 (1961). 
58. B. Focher, G. Savelli, G. Torri, G. Vecchio, D.C. McKenzie, D.F. Nicoli, and C.A. Bunton, Chem. 

Phys. Lett. 158, 491 (1989). 
59. K.W. Herrman, J. Colloidlnterface Sci. 22, 352 (1966). 
60. P. Molyneux, C.T. Rhodes, and J. Swarbrick, Trans. Faraday Soc. 61, 1043 (1965). 
61. J. Swarbrick and J. Daruwala, Jr. Phys. Chem.74, 1293 (1970). 
62. H.V. Tartar, dr. Colloid Sci. 14, 115 (1959). 
63. J.F. Leibler and J. Jacobus. dr. Phys. Chem. 81, 130 (1977). 
64. R.J. Williams, J.N. Philips, and K.J.Mysels, Trans. Faraday Soc. 51,728 (1955). 
65. K.J. Mysels and L.H. Princen, dr. Phys. Chem. 63, 1696 (1959). 
66. E.A.G. Aniansson, S.N. Wall, M. Almgren, H. Hoffmann, I. Kielmann, W. Ulbricht, R. Zana, J. Lang, 



747 

and C. Tondre, J. Phys. Chem. 80, 905 (1976). 
67. Y. Moroi, N. Nishikido, H. Uehara, and R.Matuura, J. Colloid Interface Sci. 50, 254 (1975). 
68. V.A.Volkov, Colloid J. USSR 38, 610 (1976). 
69. P.J. Missel, N.Mazer, M.C. Carey, and G.B. Benedek, J. Phys. Chem. 93, 8354 (1989). 
70. P.J. Flory, Principles of Polymer Chemistry, Cornell University Press, Ithaca (1962). 
71. G.N. Malcolm and J.S. Rowlinson, Trans. Faraday Soc. 53, 921 (1957). 
72. J. Sheu, Thermodynamics of Phase Separation in Aqueous Polymer-Surfactant-Electrolyte 

Solutions, Ph.D. Dissertation, Pennsylvania State University (1983). 
73. R. Kjellander and E. Florin, J. Chem. Soc. Faraday Trans. I 77, 2053 (1981). 
74. B.A. Mulley, in Nonionic Surfactants, M.J. Schick, ed., Marcel Dekker, New York (1967), Ch. 13. 
75. P.G. de Gennes, Scaling Concepts in Polymer Physics, Comell University Press, Ithaca (1979). 
76. R. Defay, I. Prigogine, A. Belleman, and D.H. Everett, Surface Tension and Adsorption, Wiley, New 

York (1966). 
77. K.S. Siow and D. Patterson, J. Phys. Chem. 77, 356 (1973). 
78. S. Wu, Polymer Interface and Adhesion, Marcel Dekker, New York (1982). 
79. P. Becher, in Non-Ionic Surfactants, M.J. Schick, ed., Marcel Dekker, New York (1967), Ch. 15. 
80. P. Becher, in Chemistry, Physics and Application of Surface Active Substances, J.Th. G. Overbeek, 

ed., Gordon and Breach, New York (1964), p. 621. 
81. P. Becher and H. Arai, J. Colloid Interface Sci. 27, 634 (1968). 
82. K. Meguro, M. Ueno, and K. Esumi, in Nonionic Surfactants - Physical Chemistry, M.J. Schick, 

ed, Marcel Dekker, New York (1987), p. 109. 
83. J.L. Woodhead, J.A. Lewis, J.N. Malcolm, and I.D. Watson, Jr. Colloid Interface Sci. 79, 454 (1981). 
84. M.J. Schick and A.H. Gilber, J. Colloid Sci. 20, 464 (1965). 
85. K.N. Reddy, A. Foster, M.G. Styring, and C. Booth, J. Colloid Interface Sci. 136, 588 (1990). 
86. B.W. Barry and D.I.D. E1-Aini, J. Colloid Interface Sci. 54, 339 (1976). 
87. B.W. Barry, D.I.D. E1-Aini, and C.T. Rhodes, J. Colloid Interface Sci. 54, 348 (1976). 
88. P.H. Elworthy and C.B. Macfarlane, J. Chem. Soc. 537 (1962). 
89. P.H. Elworthy and C.B. Macfarlane, J. Chem. Soc. 907 (1963). 
90. C. Tanford, Y. Nozaki, and M.F. Rhode, J. Phys. Chem. 81, 1555 (1977). 
91. R. Ottewill, C.C. Storer, and T. Walker, Trans. Faraday Soc. 63, 2796 (1967). 
92. R. Zana and C. Weill, J. Physique Lett. 46, L-953 (1985). 
93. R. Nagarajan, Langmuir 1, 331 (1985); in Mixed Surfactant Systems, P.M.Holland and 

D.N.Rubingh, eds., ACS Symposium Series 501, American Chemical Society, Washington, DC 
(1992), p.54 
I.V. Rao and E. Ruckenstein, J. Colloid Interface Sci. 113, 375 (1986). 
P. Mukerjee and T. Handa, J. Phys. Chem. 85, 2298 (1981). 
R.D. Dunlop and R.L. Scott, J. Phys. Chem. 66, 631 (1962). 
J.H. Hildebrand and J. Dymond, J. Chem. Phys. 46, 624 (1967). 
N. Funasaki and S. Hada, J. Phys. Chem. 87, 342 (1983). 
J.H. Hildebrand, J.M. Prausnitz, and R.L. Scott, Regular and Related Solutions, Van Nostrand 
Reinhold, New York (1970). 

100. J.M. Prausnitz, Molecular Thermodynamics of Fluid-Phase Equilibria, Prentice-Hall, 
Englewoodcliffs, NJ (1969). 

101. P.M. Holland and D.N. Rubingh. J. Phys. Chem. 87, 1984 (1983). 
102. G.G. Warr, C.J.Drummond, F.Grieser, B.W.Ninham, and D.F.Evans, J. Phys. Chem. 90, 4581 

(1986). 
103. K.J. Mysels and R.J. Otter, J. Colloid Sci. 16, 462 (1961). 
104. L. Shedlowsky, C.W. Jakob, and M.B. Epstein, J. Phys. Chem. 67, 2075 (1963). 
105. I. Garcia-Mateos, M.M. Velazquez, and L.J. Rodriguez, Langmuir 6, 1078 (1990). 

94. 
95. 
96. 
97. 
98. 
99. 



748 

106. K. Shinoda, J. Phys. Chem. 58, 541 (1954). 
107. S. Bueei, C. Fagotti, V. Degiorgio, and R. Piazza, Langmuir 7, 824 (1991). 
108. A. Malliaris, W. Binana-Limbele and R. Zana, J. Colloid Interface Sci. 110, 114 (1986). 
109. K.L. Stellner, J.C. Amante, J.F. Seamehom, and J.H. Harwell, J. Colloid Interface Sci. 123, 186 

(1988). 
110. E.W. Kaler, A.K. Murthy, B.E. Rodriguez and J.A.N. Zasadzinsky, Science 245, 1371, (1989). 
111. L.L. Brasher, K.L. Herrington, and E.W.Kaler, Langmuir 11, 4267 (1995). 
112. M. Bergstr6m, Langmuir 12, 2454 (1996). 
113. Y. Kondo, H. Uehiyama, N. Yoshino, K. Nishiyama, and M. Abe. Langmuir 11, 2380 (1995). 
114. Y. Wada, Y. lkawa, H. Igimi, T. Makihara, S. Nagadome, and G. Sugihara, Fukuoka University 

Science Reports 19, 173 (1989). 
115. C.R. Singleterry, J. Am. Chem. Soe. 32, 446 (1955). 
116. N. Pilpel, Chem. Rev. 63, 221 (1963). 
117. P. Debye and W. Prins, J. Colloid Sci. 13, 86 (1958); P. Debye and H. Coil, J. Colloid Sci. 17, 220, 

(1962). 
118. F.M. Fowkes, in Solvent Properties ofSurfaetants, K. Shinoda, ed., Marcel Dekker, New York 

(1970). 
119. A. Kitahara, in Cationic Surfaetants, Jungermann, Ed., Marcel Dekker, New York (1970); K.Kon-no 

and A.Kitahara, J. Colloid Interface Sci. 35, 636 (1971). 
120. H. Gutmann and A.S. Kertes, J. Colloidlnterfaee Sci. 51,406 (1975). 
121. A.S. Kertes, H. Gutmann, O. Levy, and G. Markovits, Isr. J. Chem. 6, 421 (1968). 
122. N. Muller, J. Phys. Chem. 79, 287 (1975); J. Colloidlnterfaee Sci. 63, 383 (1978). 
123. E. Ruekenstein and R. Nagarajan, J. Phys. Chem. 84, 1349 (1980). 
124. E. Ruekenstein, in Progress in Microemulsions, S.Martellueei and AM.Chester, eds., Plenum, New 

York, (1989), p.31; Colloids and Surfaces 65, 95 (1992). 
125. R.C. Little and C.R. Singleterry, J. Phys. Chem. 68, 3453 (1964). 
126. A. Ray, J. Am. Chem. Soe. 91, 6511 (1969). 
127. A. Ray and G.Nemethy, J. Phys. Chem.75, 809 (1971). 
128. L.G. Ioneseu and D.S.Fung, J. Chem. Soc. Faraday Trans. I 77, 2907 (1981). 
129. W. Binana-Limbele and R.Zana, Colloid Polym Sci. 267, 440 (1989). 
130. H. Gharibi, R. Palepu, D.M. Bloor, D.G. Hall and E. Wyn-Jones. Langmuir 8, 782 (1992). 
131. H. Gharibi, R. Palepu, D.M. Bloor, D.G. Hall, and E. Wyn-Jones, Langmuir 8, 2107 (1992). 
132. R. Palepu, H. Gharibi, D.M. Bloor, and E. Wyn-Jones, Langmuir 9, 110 (1993). 
133. A. Callaghan, R. Doyle, and E. Alexander, Langmuir 9, 3422 (1993). 
134. T. Warnheim and A. Jonsson, J. Colloidlnterfaee Sci. 125, 627 (1988). 
135. S. Baeklund, B. Bergenstahl, O. Molander, and T. Warnheim, J. Colloid Interface Sci. 131, 393 

(1989). 
136. I. Rico and A. Lattes, J. Phys. Chem. 90, 5870 (1986); A. Belmajdoub, K. E1Bayed, J. Brondeau, 

D. Canet, I. Rico, and A. Lattes, J. Phys. Chem. 92, 3569 (1988); T. Perche, X. Auvray, C. Petipas, 
R. Anthore, I. Rico, A. Lattes, and M.C. Bellissent, J. Phys. 1France 2, 923, (1992); T. Perche, X. 
Auvray, C. Petipas, R. Anthore, E. Perez, I. Rico, and A. Lattes, Langmuir 12, 863 (1996). 

137. R. Nagarajan and Chien-Chung Wang, J. Colloid Interface Sci. 178, 471 (1996); Chien-Chung 
Wang, Thermodynamics of Micellization in Polar Organic Solvents and Their Binary Mixtures in 
Water, M.S. Thesis, Pennsylvania State University (1995). 

138. G.J. Pierotti, C.H. Deal, and E.L. Derr, Ind. Eng. Chem. 51, 95 (1959). 
139. B. Janczuk, W. Wojcik, and A. Zdziennicka, J. Colloidlnterface Sci. 157, 384 (1993). 
140. J. Panzer, J. Colloid Interface Sci. 44, 142 (1973). 
141. F. Corradini, L. Marcheselli, L. Tassi, and G. Tosi, J. Chem. Soc. Faraday Trans. 89, 123 (1993). 
142. T. Nitta, A. Tatasuishi, and T. Katayama, J. Chem. Eng. Japan 6, 475 (1973). 



749 

143. M.A. Chaiko, R. Nagarajan, and E. Ruckenstein, J. Colloid Interface Sci. 99, 168 (1984). 
144. R. Nagarajan and E. Ruekenstein, Sep. Sci. Technol. 16, 1429 (1981); in Surfactants in Solution. 

Theoretical and Applied Aspects, K.L. Mittal and B. Lindman, eds., Plenum, New York (1984), 
p.923; R. Nagarajan, M.A. Chaiko, and E. Ruekenstein, J. Phys. Chem. 88, 2916 (1984). 

145. American Petroleum Institute Technical Data Book, American Petroleum Institute, Washington, DC, 
(1979). 

146. T.E. Daubert and R.P. Danner, Physical and Thermodynamic Properties of Pure Chemicals, Design 
Institute for Physical Property Data, American Institute of Chemical Engineers, Hemisphere 
Publishing Corporation, New York (1988). 

147. R.C. Reid, J.M. Prausnitz, and T.K. Sherwood, The Properties of Gases and Liquids, McGraw-Hill, 
New York, (1977). 

148. A.F.M. Barton, Handbook of Solubility Parameters and Other Cohesion Parameters, CRC Press, 
Boca Raton (1983). 

149. M. Barry, Solubilizate and Surfactant Structural Effects on Single Component and Binary 
Solubilization, M.S. Thesis, Pennsylvania State University (1986). 

150. R.A.Maekay, in Nonionie Surfaetants, M.J. Sehiek, ed., Marcel Dekker, New York (1987). 
151. O. Bayer, H. Hoffman, W. Ulbrieht and H. Thum, Adv. Colloid Interface Sci. 26, 177 (1986). 
152. H. Hoffmann and W. Ulbricht, J. Colloid Interface Sci. 129, 388 (1989). 
153. J.K. Kroon Dynamic Light Scattering Studies of the Influence of Hydrocarbon and Alcohol Additives 

on Rodlike Micelles, B.S. Thesis, Pennsylvania State University (1992). 
154. G.J. Verhoeckx, P.L. De Bruyn, and J.Th. G. Overbeek, J. Colloid Interface Sci. 119, 409 (1987); 

J.Th. G. Overbeek, G.J.Verhoeekx, P.L. De Bruyn, and H.N.W. Lekkerkerker, J. Colloid Interface 
Sci. 119, 422 (1987); P.L. De Bruyn, J.Th. G. Overbeek, and G.J. Verhoeckx. J. Colloid Interface 
Sci. 127, 244 (1989). 

155. E. Ruckenstein and J. Chi, J. Chem. Soc. Faraday Trans. II 71, 1690 (1975); E. Ruckenstein, J. 
Colloid Interface S¢i. 204, 143 (1998); Fluid Phase Equilib. 20, 189 (1985). 

156. L. Striven, in Micellization, Solubilization and Microemulsions, K.L. Mittal, ed., Plenum, New 
York (1977), p. 277. 

157. Y. Talmon and S. Prager, J. Chem. Phys. 69, 2984 (1978). 
158. P.G. de Gennes and C.Taupin, J. Phys. Chem. 86, 2284 (1982). 
159. E. Ruckenstein, in Progress in Microemulsions, S.Martellucci and A.N.Chester, eds, Plenum, New 

York, (1989), p.41 
160. D.G. Peck, R.S. Scheehter, and K.P. Johnston, J. Phys. Chem. 95, 9541 (1991). 


