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Amphiphile Aggregation in Aqueous Solution

1 Introduction

The many remarkable physico-chemical properties of aqueous surfactant systems,

as well as their numerous practical applications, can be referred to the tendency

of the nonpolar groups to avoid contact with water at the same time as the polar
part tends to be strongly hydrated. The adsorption of surfactants at interfaces be-
tween aqueous solutions and air, another liquid phase or a solid is one consequence
of this, the extensive aggregation into various types of large aggregates termed micel-
les — from lat. micella meaning small bit — and liquid crystalline phases is another.
The aggregation into micelles is strongly cooperative and it has similarities to a phase
separation.

Amphiphilic substances, of which surfactants are examples, have with one Aydro-
philic part and one hydrophobic part a marked spatial separation of their solvation
properties. Shown in Fig. 1.1 are formulae and space-filling molecular models of a
variety of typical amphiphilic substances which display extensive aggregation in the
presence of water, It is found that not only the presence of distinct hydrophobic
and hydrophilic parts but also other features, such as steric factors, are decisive for
the aggregation process. Extensive cooperative aggregation is found for amphiphiles
with a single long straight alkyl chain, while compounds with bulky nonpolar groups,
like dipalmitoyl lecithin and Aerosol OT (cf. Fig. 1.1), do not display association
into micelles in aqueous solution. A typical property of such compounds is instead
the ability to take up considerable amounts of water in the formation of liquid crys-
talline phases in which there is a partitioning into extensive hydrophilic and hydro-
phobic regions, On the basis of this behavior, such compounds are often referred to
as swelling amphiphiles in contrast to typical micelle-forming surfactants which are said
said to be nonswelling. There is no sharp distinction between the two types, and con-
ditions may change appreciably with temperature. Another useful classification of the
amphiphiles refers to the polar group, i.e., one distinguishes between ionic, which
may be cationic or anionic, and nonionic, which may be zwitterionic or dipolar,
amphiphiles. :

This treatment concerns amphiphile association in aqueous solution and will
attempt to give an account of our present understanding of several aspects of micelle
formation. In the succeeding section a phenomenological description of aqueous
ampbhiphile solutions will be presented; there is included an enumeration of physico-
chemical properties as well as a discussion of how features of the chemical structure
influence aggregation. The relation to amphiphile aggregates in other phases will also
be briefly considered in Sect. 2. Section 3, accounting for the thermodynamics of
micelle formation, discusses what forces are responsible for the peculiar cooperative
aggregation. The hydrophobic effect, which is of a wide interest in connection with
the formation of many biological structures, is considered in some detail. Section 4
contains a broad outline of the structure of micellar solutions. Topics treated include
micelle size and shape, hydrocarbon chain conformation, counterion binding, hydra-
tion and solubilization. Dynamic and kinetic aspects of micelles are treated in Sect. 5,
for example the rate of monomer exchange, the rate of micelle formation and dissocia-
tion, solubilization kinetics, micelle mobility, and intramicellar motions. It is becom-
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Fig. 1.1 Amphiphilic compounds.
Chemical formulae (lefr) and
molecular models (right) of

the following compounds:

a. sodium n-dodecylsulfate (SDS)

b. potassium n-octanoate

¢. n-hexadecyltrimethylammo-
nium bromide (CTAB)

. n-dodecylpyridinium chloride

. n-dodecyloctaethylene-
glycolmonoether

f. N-n-dodecyl-N,N-dimethyl-
betaine

. dimethyl-n-dodecylamineoxide

. sodium di-2-ethylhexylsulto-
succinate (Aerosol OT)

i. dipalmitoyllecithin

J. sodium cholate

o

)

= 0

A
ey
>
-
e
A
o
Xy
i
E

Of these a to g are typical micelle-forming substances. In general the all-trans conformation of
the alkyl chains is shown but in reality there is an appreciable gauche population. This is indi-
cated for the case of SDS. The molecular models have been built by Thomas Anderson on the
basis of the novel system designed by B. R. Thomas (B. R. Thomas *‘Molecular models for re-
search and teaching in organic and biological chemistry — a model system designed for easy
laboratory production™), Lund (1976) and B. R, Thomas, Biochimie, 55 (1973) 1325).

(From Ref.l))
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Amphiphile Aggregation in Aqueous Solution

ing clear to an increasing extent that for ionic surfactants, electrostatic interactions
to a high degree control micelle formation and stability as well as the stability ranges
of different liquid crystalline phases. An account of the electrostatics of amphiphilic
aggregates is given in Sect. 6 where it is shown that many features can be rationalized
on the basis of an unexpectedly simple model.

We have recently presented a rather comprehensive account) of micelle forma-
tion. The present article is more chemically oriented and contains a complementary
rather than repetitive description of the subject. For example, for information on
physico-chemical methods amenable for the study of micelle formation the reader
is referred to the rather extensive enumeration in Ref.!),

Section 2 is a broad and schematic review of a voluminous literature and it is
evident that a full citation of the original literature is out of question. Several aspects
considered have been well described in books by Shinoda et al.®, by Mukerjee and
Mysels® and by Tanford® as well as in other reviews® '), For reference to pub-
lished work, as well as to convenient tabulatory presentations, the reader is referred
to these presentations; many adequate references are also listed in Ref. D,

The existing view of a micelle has evolved during a long period of time and it is
based on a wide range of experimental approaches. The basic ideas of the roughly
spherical micelle stem from the pioneering work of Hartley ' 29 In recent years,
especially various spectroscopic techniques have considerably enriched our insight
into the inner structure of amphiphile aggregates. An attempt to illustrate the struc-
ture of a typical micelle is made in Fig. 1.2.

Fig. 1.2. Space filling model
of a micelle of SDS. The
model was constructed by
Hans Gustavsson using the
same system as the one in
Fig. 1.1. (From Ref. 1))
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2 Phenomenological Description of Amphiphile Solutions
2.1 Concept of Critical Micelle Concentration CMC

It was observed some fifty years ago that physico-chemical properties of surfactant
solutions may show a peculiar concentration dependence?!: 22, From such obser-
vations, which by now apply to a large number of macroscopic and microscopic
quantities (examples are given in Fig. 2.1) the concept of a critical micelle concen-
tration CMC has evolved. At low concentrations many physico-chemical properties
such as self-diffusion coefficients, activities, turbidity, conductance, surface tension
and NMR spectral features indicate that there is no appreciable aggregation of the
surfactant. Above the CMC, these properties change in a way indicating that an exten-
sive association to large aggregates is commencing. The CMC concept has an exact
meaning within the so-called phase separation model of micelle formation, This model
considers micelle formation as analogous to a phase separation and the CMC is then
the saturation concentration of the amphiphile in the monomeric state and the micel-
les the separated pseudophase. It is now generally recognized that the phase separa-
tion model only provides an approximate description and that the CMC thus has no
strict meaning. However, the CMC concept is so useful in giving a characterization
of the self-association pattern that it will certainly continue to be extensively used?).

The CMC is usually determined experimentally by plotting some property as a
function of concentration and extrapolating the results at low and high concentra-
tions to an intersection point. It is evident that the value obtained will depend on
the type of representation used as well as on the physico-chemical quantity consid-
ered. For surfactants with low CMCs, micelle formation begins abruptly and the un-
certainties involved are rather small while this is not always the case for surfactants
with high CMCs. When the variation of CMC with chemical or physical factors is con-
sidered it is often essential to use CMC values obtained in a consistent way.

A large number of experimental techniques can be utilized to determine CMC
values, the most popular ones being investigations of electrical conductance, surface
tension and the solubilization of a compound having a low solubility in water. The

osmotic pressure

solubilization

magnetic resonance

surface tension

equivalent
conductivity . .
Fig. 2.1. Schematic re-

self —diffusion presentation of the con-
centration dependence of
CMC.i some physical properties
A for solutions of a micelle-
concentration forming amphiphile




Amphiphile Aggregation in Aqueous Solution

surface tension method is valuable in the presence of added electrolyte as well as for
compounds with low CMCs but may be quite sensitive to impurities even in trace
amounts. The solubilization method may be subject to considerable error because
the added compound may participate in the aggregation and thus influence the CMC.
Various NMR techniques have recently been introduced for the study of micelle for-
mation and these are useful in that they may give an unambiguous picture of the
micelle formation on a molecular level.

A most valuable compilation of CMC data has been presented by Mukerjee and
Mysels® who in addition to an extensive tabulation of CMCs for various systems
discuss the CMC concept as well as plot procedures and experimental techniques
for CMC determination. In Table 2.1 we give selected examples of CMC values taken
from Ref.?.

Mukerjee® 23 24 has in detail considered the extraction of CMC values from
experimental data and suggested preferred representations of data. In the case of
conductance it is preferrable to plot the differential conductance against concentra-
tion while in the case of NMR chemical shifts, the product of chemical shift and con-
centration should be plotted versus concentration. Mukerjee also discusses how mi-
celle formation, i.e., the cooperative aggregation into large aggregates, can be dis-
tinguished from other types of step-wise aggregation. As he demonstrates, several

Table 2.1. Selected critical micelle concentrations at 25 °C (mainly
from Ref.3)

Amphiphile CMC?

Sodium tetradecylsulfate 21 .107% M
Sodium dodecylsulfate 83 .1073M
Sodium decylsuifate 3.3 .107°M
Sodium octylsulfate 133.107'M
Dimethyldodecylamincoxide 21 .10 M
Dodecylammonium chloride 1.47.1072 M
Dodecyltrimethylammonium chloride - 2.03-107*M
Sodium octanoate 4 .107'm
Sodium nonanoate 21 -107'm
Sodium decanoate 1.09-107' m
Sodium undecanoate 56 .10 2m
Sodium dodecanoate 2.78-107%m
Sodium p-octylbenzenesulfonate 1.47.10%m
Sodium p-dodecylbenzenesulfonate 1.20.10 3 m
Decyltrimethylammonium bromide 65 1072 m
Dodecyltrimethylammonium bromide 1.56 . 102 m
Hexadecyltrimethylammonijum bromide 9.2 -10%m
CH3(CH,)o(OCH,CH,)gOH 9 107%™
CH3(CH3)o(OCH,CH,)gOH 1.3 1072 M
CH3(CH,); 1 (OCH,CH,)6OH 8.7 -107°M
CH3(CH,)7CgH4(CH,CH,0)OH 205107 M
Dodecylpyridinium chloride 147.107° M
Potassium perfluorooctanoate 2.88.1072 m

a In mo]es/dm3 (M) or moles/kg H,0 (m)
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10
Fig. 2.2, The solubility of naph-

thalene in aqueous solutions of
sodium cholate (¢) and of Orange
OT in solution of sodium decane-
sulfonate (2). The ratio between
the increment in solubility (AS)
and in concentration (AC) is
plotted. The sodium decanesul-
fonate solution displays the be-
1 1 1 havior typical of micelle forma-
0 0.05 0.1 0.15 0.2 tion with a well-defined CMC.
MEAN CONCENTRATION, E moles/liter (From Ref.24))

(AS/AC) X 10°
[4)]
(AS/AC) X 107

examples may be found where CMC values have been assigned to noncooperative
association as well as to dimerization. An example of plots for micelle forming and
nonmicelle forming amphiphiles is shown in Fig. 2.2.

2.2 Variation of CMC with Chemical Structure
Hydrocarbon Chain Length

For single alkyl chain surfactants, which are of principal interest in this treatment, the
factor primarily determining the CMC is the size of the hydrophobic part. The depen-
dence of the CMC on the number of carbon atoms (n¢) in the alkyl chain can for
many classes of amphiphiles be written®)

log CMC = a — bn¢ 2.1

where a and b are constants. Typical plots are given in Fig. 2.3. As exemplified there,
b is about 0.5 (using log base 10) for many nonionic and zwitterionic systems while
it is lower (generally 0.29 — 0.30) for ionic surfactants. In the presence of added
salt, b is increased for the ionic amphiphiles.

2 74
| =4
Z 6 Fig. 2.3. Plots of log CMC (in mole
8 fraction units) versus n¢, the num-
5 d ber of carbon atoms in the alkyl
i =5+ chain. (Temperature in general 25 °C).
° a. Alkyl hexaoxyethylene glycol mo-
£ -4 noethers (Data from Ref. 113)). b. Al-
o | kyl trimethylammonium bromides in
g -3 0.5 M NaBr (Data from Refs. 28 114)),
o ¢. N-alkyl betaines (Data from Ref, 115)),
il’ -24 d. Sodium alkyl sulfates (40 °C) (Data
é é 16 1'2 1'4 16 18 from Ref.!16)). ¢. Sodium alkylcarboxy-
ne lates (Data from Ref.*!))



Amphiphile Aggregation in Aqueous Solution
Hydrocarbon Chain Structure

Chain branching, as well as introduction of double bonds, has been observed to lead
to an increased CMC in comparison with the corresponding n-alkyl compounds. For
sodium alkyl sulfates, the CMC increases as the sulfate group is moved from the ter-
minal position. For alkali alkanoates, for example, the CMC has been found to in-
crease by a factor of 3—4 on introduction of one double bond. Addition of a ben-
zene ring leads to a CMC lowering corresponding to 3.5 methylene groups as inferred
for example from a comparison between sodium alkylsulfonates and sodium alkyl-
benzenesulfonates. Substitution of polar groups in the alkyl chain is accompanied

by an increased CMC. The introduction of a —OH group has been observed to increase
the CMC by a factor of 4 corresponding to the removal ot two methylene groups.

Fluorocarbon Chains

Partial or total fluorination has striking effects on the CMC. Thus while perfluorinated
compounds have much lower CMCs than the corresponding hydrocarbon surfactants
(as an example the CMC is 0.030 M for sodium perfluorooctanoate and 0.38 M for
sodium octanoate), partial fluorination increases the CMC. The strong deviation from
an ideal behavior is illustrated in Fig. 2429 A markedly nonideal behavior is also
found in mixtures of hydrocarbon and fluorocarbon surfactants®®,

Relative CMC

0.1

NN E

Fig. 2.4. CMC of various hydrocarbon,
fluorocarbon and partially fluorinated sur-
T T T T T T T T 1 factants as a function of the fluorine-to-
hydrogen ratio. CMCs are given relative to

F those of the hydrocarbon surfactants. Solid
H+F line is a suggested ideal behavior (From Ref.25))

o
ot
n
—_
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B. Lindman and H. Wennerstrém
Polar Head-Group

In regards to the nature of the polar head-group, the main influence comes from its
charge so that CMCs are, for a given alkyl chain length, much lower for nonionic
than for ionic surfactants. Zwitterionic surfactants generally fall in between of these
groups. For ionic surfactants, there are rather small differences between different
head groups. For n-dodecyl surfactants the CMCs are (counterion in parentheses)

8 mM for —SOj7 (Na*),

15 mM for NH3 (CI7),

20 mM for N* (CH;); (C17),
10 mM for —SO3 (Na*) and
12 mM for —CO3 (K*).

For nonionics, the CMCs may be markedly affected by the size and nature of
the hydrophilic group. For ionic surfactants, the CMC is increased on introduction
of additional ionic groups; for example, the CMC of C,(CH (COOK), is 0.13 M
while it is 0.024 M for C,, COOK.!

Counterion

It is mainly the valency of the counterion which influences the CMC while other
factors have small effect for simple inorganic ions. The CMCs of several dodecylsul-
fates with divalent counterions (Ca?*, Mg?*, Pb?*, Zn?* etc.) are around 2 mM while
the alkali dodecylsulfates have CMCs of ca. 8 mM. Among the alkali ions, differences
in CMC are small and it has shown to be no easy matter to establish them experimen-
tally. Mukerjee et al.2”) noted that the CMC of alkali dodecylsulfates increases slightly
with decreasing counterion atomic number while with tetraalkylammonium ions as
counterions, the CMC decreases with increasing ion size. For cationics, the counter-
ion effects are more pronounced. For n-dodecyltrimethylammonium salts the CMC
follows the sequence®® NO3 < Br~ < CI~ and correspondingly for hexadecyltri-
methylammonium salts the CMC is lower® with Br~ than with CI~. For decylam-
monium salts, the CMC sequence is NO3 <Br~ <CI™ and for alkylpyridinium halides
the CMC decreases appreciably with increasing counterion size®. Organic anions

have in a number of cases been found to decrease the CMC markedly. For hexadecyl-
trimethylammonium salts, the CMC is lowered by a factor of 5—10 on substitution

of salicylate or certain other substituted benzoates for bromide?®) and low CMCs

have also been found for tetradecylpyridinium salts with organic counterions (e.g.,
alkylbenzenesulfonates and alkylsulfonates)>®.

1 C, denotes an n-alkyl chain with n carbon atoms.

10



Amphiphile Aggregation in Aqueous Solution

9.8 {a)

9.4+
9.0+

8.6

\\
A}

Critical micelle concentration {mx 103)

1.4
1.0+ (b)
Fig. 2.5. Variation of CMC with tempera-
0.6 T T T T T ture for (@) CH3(CH3)115S04Na and
0 10 20 30 40 50 60  (b) CH3(CHp)g(OCH2CH2)sOH. (From
Temperature (°C) Ref.13?)

2.3 Variation of CMC with Intensive Parameters
Temperature

A general feature of the CMC is the weak temperature variation compared to most
other chemical association phenomena3'). As regards the details, several types of
behavior have been observed: The CMC may increase or decrease with increasing
temperature or it may show a pronounced minimum. Examples of temperature de-
pendences are shown in Fig. 2.5.

Pressure

The pressure dependence of the CMC is weak even up to quite high pressures as ex-
emplified in Fig. 2.6 for sodium dodecanoate?).

0.0320
0.0310
0.0300

0.0290~

CMC (molality)

0.0280—

0.0270— T T T T T 1 T T T Fig. 2.6. Variation of CMC
0 400 800 1200 1600 with pressure for sodium
Pressure {bar) dodecanoate (From Ref. 32))

11
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CMC (moles/ 1)

CMC { motes/ 1)

CMC (motles /1]

12

0.030

0.020

0.010

C,OH

T
1

Concentration of alcohol {moles/ 1)

0.030

0.020
C70H IS0 - CcOH
0.010 CEOH -
0 ¥ T T T T T
0 0.04 0.08 0.12
Concentration of alcohol (moles /)
T T
0.030
0.020~ C,,OH CqOH
10 9 OH
0.010
0 T Y T
0 0.001 0.002 0.003

Concentration of alcohol {moles /1)

Fig. 2.7. The effect of alco-
hols on the CMC of potas-
sium dodecanoate at 10 °C.
(From Ref.z))



Amphiphile Aggregation in Aqueous Solution
Added Simple Electrolyte

While for nonionic systems, the effect of inorganic salt on CMC is small, it is large

for ionic surfactants and this difference is expected since the micelle — small ion inter-
action must be completely different in the two cases. The decrease in CMC for ionic
systems corresponds usually to a linear relation between the logarithm of the CMC
and the total counterion concentration, if a salt of the counterion is added. For di-
valent ions, the slope of the plot of log CMC versus counterion concentration is half
of that of monovalent ions.

Added Nonelectrolytes and Amphiphiles

As expected, the influence of added nonelectrolytes can be quite different depending
on whether the added compound is likely to be located in the micelles or in the in-
termicellar solution. The effect of normal alcohols has been studied in detail for
potassium dodecanoate; the CMC is lowered for all alcohols studied but the effect
increases considerably in going from ethanol to decanol (cf. Fig. 2.7). Hydrocarbons,
like cyclohexane, n-heptane, toluene, and benzene, have been found to lower the
CMC for many surfactants, Strongly hydrophilic substances, like dioxane and urea,
have small and complex effects. At higher concentrations they markedly increase

the CMC or even inhibit micelle formation. Addition of another similar surface-
active agent generally gives a CMC in between the CMCs of the two surfactants.

2.4 Solubility of Amphiphiles. The Krafft Phenomenon

It is an everyday experience that calcium soaps have a low aqueous solubility while
many surfactants with monovalent counterions have an extremely high solubility.
As for other compounds, the solubility is to a great extent given by conditions in
the solid phase, but for surfactants the strongly cooperative association produces
the peculiar temperature dependence of solubility schematized in Fig. 2.8. The so-

pos- '
°
E

0.06
[ =4
e
g Solubility curve _/’/CMC curve
c e
8 004 = i
s
o Krafft point

Fig. 2.8. Temperature depen-

) 1 T T dence of surfactant solubility
10 20 30 40 in the region of the Krafft
Temperature {°C} point, (From Ref.2))
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B. Lindman and H. Wennerstrém

lubility is low at low temperatures but increases dramatically around a certain tem-
perature referred to as the Krafft point. The explanation is that at low temperatures
the low monomer solubility determines the total solubility, while at higher tempera-
tures when the monomer solubility has reached the CMC it is determined by the
micelle solubility which is much higher. The Krafft phenomenon is often character-
ized by a critical micelle temperature, CMT?®. The Krafft point shows a consider-
able variation with both alky! chain length and counterion and may be strongly in-
fluenced by even small amounts of impurities. Examples of Krafft points are 20 °C
for sodium dodecylsulfate, 27 °C for hexadecyltrimethylammonium bromide, 36 °C
for sodium dodecanoate, 53 °C for sodium tetradecanoate and 8 °C for potassium
tetradecanoate. The variations with the alkyl chain length may be qualitatively under-
stood from differences in monomer solubility while the large variations between
alkali counterions must involve ionic interactions in the solid state. That the condi-
tions in the solid state are decisive is also shown by the close correlation between
the Krafft temperature and the melting of the hydrocarbon chain as evidenced by
the appearance of liquid crystalline phases. From phase diagrams of two-component
systems of surfactant and water it can be inferred that the saturated isotropic solu-
tions slightly above the Krafft point often are in equilibrium with a hexagonal meso-
phase instead of the solid hydrated surfactant.

2.5 Physico-Chemical Properties of Surfactant Solutions. Thermodynamic and
Transport Properties

The formation of aggregates of colloidal dimensions in amphiphile solutions was
clearly established in early light scattering studies. Due to the micelles, there are large
fluctuations in the refractive index in the solution resulting in a high turbidity. By
measuring the turbidity of a series of solutions at different concentrations, light scat-
tering has been used extensively to obtain information on micelle sizes”. A most
valuable complement to classic light scattering techniques has in recent years been
quasi-elastic light scattering spectroscopy (QLS)?¥. In this technique, the temporal
fluctuations in the intensity of the scattered light are used to obtain the translational
diffusion coefficients of the micelles. The fluctuations arise from the brownian move-
ment of the micelles and can be monitored by measuring the autocorrelation func-
tion of the intensity of the scattered light. Measurements of the dissymmetry of the
scattered light can be very useful for detecting and identifying changes in micelle
shape34

The vzscosity starts to increase above the CMC and it is well established that the
viscosity of a colloidal solution can give information on size and shape of the par-
ticles. From studies of the viscosity as a function of micellar concentration, the in-
trinsic viscosity may be obtained by extrapolation, The intrinsic viscosity depends
on a shape factor, and the micelle specific volume and viscosity studies are there-
fore used to determine micelle shape and hydration. In many cases, these factors
appear to be quite constant over a wide concentration range above the CMC. In other
cases, such as hexadecyltrimethylammonium bromide (Fig. 2.9), dramatic increases
in viscosity are observed at higher concentrations®). Studies of surfactants with low

14



Amphiphile Aggregation in Aqueous Solution

ﬁ 25°C
25°C
6...
& 5]
2z
@
3 tLq35°C
2 | |4qs5°C
T
g 34 35°C
3 -
2
2- 45°C
11123
! Fig. 2.9. Relative viscosity asa
;;: function of CTAB concentra-
T T ! tion (in weight percent) at
0 5 10 15 25 °C, 35 °C and 45 °C.
CTAB, % (From Ref.35))

CMCs in the absence of added electrolyte may be greatly influenced by electrovis-
cous effects; marked decreases in intrinsic viscosity on electroly te addition have been
observed in many cases>®, Peculiar and highly interesting rheological properties of
surfactant solutions include observations of strongly non-Newtonian behavior as well
as of viscoelasticity; these are yet incompletely understood.

The electrical conductance shows a weaker concentration dependence above than
below the CMC corresponding to a decrease in the equivalent conductance (Fig. 2.10).
The transport number of the surfactant ion rises sharply at the CMC while that of
the counterion may become negative, This as well as electrophoretic mobilities may
yield information on micellar charge. At high concentrations, conductance aniso-
tropies have been observed for flowing systems. This, as well as flow birefringence,
is useful for the demonstration of nonspherical micelle shape.

A T T-
1504 1.5
Te

1004 1.0 1.0

50~ 0.5+

Fig. 2.10. Equivalent conductance (A)
and transport number of anjon (T-) and
cation (T+) for CTAB solutions at 35 °C
plotted versus the square root of surfac-
tant molarity. (From Ref.!3))
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The self-diffusion of the individual components is strongly affected by the for-
mation of micelles in the solution, This applies to the surfactant, the counterion, the
water, and to solubilized molecules. As illustrated in Fig. 2.11 for sodium dodecyl
sulfate, surfactant and counterion diffusion are very weakly dependent on concen-
tration below the CMC while a marked decrease in the micellar region is observed
for the surfactant and a less marked one for the counterion3”), Water diffusion shows
a stronger concentration dependence below the CMC than above it. Self-diffusion
studies using radioactive tracers have been performed to obtain information on CMC,
on counterion binding, on hydration and on intermicellar interactions and shape
changes.

For the testing of theoretical models, it is most important to have access to rele-
vant thermodynamic data. AGY values are obtained from data on micellization equi-
‘libria; for long-chain surfactants, the CMC gives AG® with good precision. Direct
determinations of AH? using calorimetric methods have given micellization enthal-
pies; these are quite small and may be positive or negative. They lie in the range —5
to+5kJ - mol~! in most cases. Combination of AG® and AH® data has shown that
micellization is accompanied by a distinct entropy gain, Heat capacity data pertaining
to micelle formation are not abundant but in the cases investigated AC% has been
found to be markedly negative. Partial molal excess quantities of the binary system
sodium octanoate-water have been determined by Danielsson et al.>® and as shown
in Fig. 2.12 both the partial excess enthalpy and the partial excess entropy change
considerably in a wide concentration range below the CMC.

From studies of the concentration dependence of density and isentropic com-
pressibility coefficients, the apparent molar volume and the isentropic apparent
molar compressibility may be obtained above and below the CMC. Such studies have
recently been performed for several systems by Brun, Hgiland and
Vikingstad3? 3°~*!) who deduced the change in partial molar volume and compres-
sibility on micelle formation. This gives information on the counterion hydration
and the packing of the hydrocarbon chains in the micelles.
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The counterion activity of surfactant solutions rises linearly with concentration
up to the region of the CMC while it takes on a slower increase above the CMC*%),
As an example we show in Fig. 2.13 measurements by Brun et al.*® using a cation
exchange electrode. Larsen et al.** 45 used bromide and chloride specific electrodes
for solubilization studies; in 0.1 M hexadecyltrimethylammonium chloride or bro-
mide solutions, 76—77% of the counterions are bound, a figure changing only slightly

0.04 -

0.03+ 7

m(M™) / mol kg'1

0.024 -

I I T
0.02 0.03 0.04 0.05
m (total}/ maol kg"

Fig. 2.13. Concentration of free counterious for sodium (e), potassium (&) and tetramethyl-
ammonium (4) dodecanoates as a function of dodecanoate concentration. (From Ref.43))
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Fig. 2.14. Results from measurements of the activity of sodium dodecylsulfate, of sodium ions
and of dodecylsulfate ions in solutions of sodium dodecylsulfate. (From Ref.46))

on solubilization. Of great significance is the development of surfactant specific elec-
trodes which has been achieved recently by Cutler et al.*. As can be seen in Fig. 2.14
for the case of dodecylsulfate, amphiphile activity changes from an increase with con-
centration to a decrease at the CMC. The water vapour pressure of sodium octanoate
solutions is reduced at a lower rate above than below the CMC3® and for nonionics

it has been observed that a micelle forming amphiphile gives a smaller reduction of
water activity than a compound not forming micelles*”). The activity of a solubilizate
(pentanol in sodium octanoate solutions, for example) is considerably decreased on
micelle formation®®. The osmotic pressure of surfactant solutions is approximately
proportional to concentration below the CMC, but changes very slightly above this
concentration®).

2.6 Physico-Chemical Properties of Surfactant Solutions.
Spectroscopy

The formation of micelles will influence the local molecular interactions for the com-
ponents. This in turn shows up as a change in a number of spectroscopic parameters.
Thus it is today possible to probe several different aspects of the molecular organiza-
tion in micellar systems by spectroscopic methods.

The most generally applicable tool for the study of amphiphile systems is nuclear
magnetic resonance (NMR). With the advent of Fourier transform techniques as well
as high field superconducting magnets, NMR studies are feasible at submillimolar
concentrations for many nuclei and thus highly appropriate for investigations of
micelle formation. Studies of the hydrophobic part of the amphiphile may be made
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by means of 'H, 2H, !3C and 'F NMR. The chemical shifts of '3C and '°F NMR
are sizeable and it is straightforward to resolve and assign a large number of different
signals. This is exemplified by the 13C spectrum of octanoate in Fig. 2.15. As in most
NMR studies the spectral parameters are population weighted averages of the different
environments the ion or molecule samples. The '3C chemical shift is relatively in-
dependent of surfactant concentration below the CMC, but begins to change in the
region of the CMC*°~3Y) (Fig, 2.16). The magnitude of the '3C chemical shift changes
in an alkyl chain are larger in the middle of the chain than at either end. '°F chem-
ical shifts®? follow the same type of concentration dependence as depicted for 13C.
The relaxation of '°F is often appreciably different in H,0 and D, O for the
monomeric surfactant while this difference is almost completely eliminated in the
micelles’ 5, 'H NMR has a very good sensitivity but a low resolution due to small
chemical shifts, which reduce its applicability. For surfactants with aromatic groups
appreciable shift effects are observed®® and on solubilization of aromatic compounds
in surfactant micelles one observes much larger shifts for groups close to the polar
group than for remote groups®®). Several simple counterions are well suited for study
by NMR and it has been observed in several cases that counterion quadrupole rela-
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xation rates and chemical shifts are rather insensitive to surfactant concentration
when this is low but strongly concentration dependent above the CMC57), As can

be inferred from Fig, 2.17 the changeover is very distinct for long-chain surfactants
but much less so for short-chain ones. At a change in micellar shape from spherical
to cylindrical the counterion quadrupole relaxation rate has been observed to in-
crease®®. Solubilization in certain cases leaves the counterion quadrupole relaxation
rate unaffected while in others it is decreased considerably. For certain ions like
133C* there is a rather large chemical shift difference between H, O and D, O solu-
tions. For cesium octanoate solutions, the shift difference has the same value as for
infinite dilution up to very high surfactant concentrations® 9.

Studies of the water 'H relaxation as a function of surfactant concentration
have given a slower rate of change above than below the CMC%% %1, For solutions
containing paramagnetic counterions large changes in 'H water relaxation occur on
counterion binding®?.

Micellar solutions are in most cases isotropic from an NMR point of view, i.e.,
due to rapid molecular motion the various NMR effects are averaged to their iso-
tropic mean values. This motional averaging eliminates from the spectrum a lot of
useful information which one should have for the corresponding anisotropic system.
NMR spectra of anisotropic surfactant-water mesophases therefore contain extensive
complementary information which in view of great structural similarities can be
applied, although with due caution, also to micellar solutions. Quadrupole splittings
of both counterions®® and water®® %) and alkyl chain®® deuterons, therefore, are
prominent features of NMR spectra of mesophases. In special cases it has been pos-
sible to obtain quadrupole-split spectra even for optically isotropic micellar solu-
tions, e.g. 2H spectra of deuterated benzene and cyclohexane in concentrated solu-
tions of hexadecyltrimethylammonium bromide®”).

Electron spin resonance (ESR) spectroscopy is much more sensitive than NMR
but one is, of course, strongly hampered by the requirement of unpaired electrons.
The study of nitroxide-labelled compounds, both surfactants and solubilizates, has
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become a standard method in surfactant science®®. The magnitude of the hyperfine
splitting of a compound in a micelle can vary between values typical of nonpolar
environments to values found for aqueous solutions depending on the location of the
nitroxide group in relation to polar and nonpolar groups. Studies of paramagnetic
counterions are also often informative. The correlation time of the VO?* ion was
found to change only slightly on the ion’s binding to dodecylsulfate micelles®®.

In Raman spectra, the C—C stretching frequency is sensitive to the conforma-
tion of the alkyl chain. With increasing surfactant concentration an increase of the
trans bands was observed at the expense of that of the gauche bands, but somewhat
unexpectedly the change occurs well below the CMC while micelle formation seems
not to be associated with appreciable spectral effects’®~7?), Changes in C—H stretch-
ing vibrations, which for simple systems correlate with solution polarity, are observed
to occur over a wide concentration region up to concentrations considerably above
the CMC7% 72,

For many simple surfactant systems, the methods of electron and fluorescence
spectroscopy are not directly applicable, but in quite a few cases either the surfac-
tant or a solubilized molecule displays useful light absorbing and/or fluorescing pro-
perties. However, it is more frequently so that measurements are made on a spec-
troscopic probe added in small amounts to the system of interest.

For alkylpyridinium iodide micellar solutions, there is a strong charge transfer
band with the bound iodide counterion as donor and the pyridine ring as acceptor.
By comparing with corresponding spectra of ion pairs in different solvents one ob-
tains information on the local environment at the micellar surface’®. (The polarity
was expressed in terms of a so-called effective dielectric constant). Amphiphiles
with a benzene ring also show an UV absorption’4~7%), UV spectra of solubilized
species like benzene, naphthalene and pyrene have been extensively studied and com-
pared with spectra of the compound in reference solvents to provide an estimate of
the polarity in the vicinity of the solubilizate.

The fluorescence of probe molecules often shows distinct changes on solubili-
zation in micelles. A characteristic intensity ratio in the vibronic fine structure of
pyrene monomer fluorescence is, for a large number of surfactant micelles, closer
to that for aqueous than for hydrocarbon solutions’”; it is also markedly dependent
on surfactant end-group. The pyrene monomer fluorescence lifetime is observed to
increase sharply from 180 ns in aqueous solution to 350 ns on solubilization in SDS
micelles’”; the fluorescence lifetime is considerably shorter for pyrene in CTAB
micelles than in micelles of SDS or C,4,C(NHj3);Cl and it is also strongly affected
by added ions’®~3Y), The transition from spherical to rod-like micelles is accompanied
by an increase in the excimer yield®?,

2.7 Surfactant Aggregation at High Concentrations. Phase Diagrams of
Two-Component Systems

The onset of formation of approximately spherical micelles from the monomers
occurring within a narrow concentration region is a common phenomenon for a large
number of amphiphiles, but as one goes to higher concentrations the physico-chem-
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ical properties change rather differently for different systems. As will be discussed in
detail in Sect. 4, structural effects which have to be considered include changes in
micelle shape and size, changes in hydration, counterion binding and hydrocarbon
chain conformation, and intermicellar interactions; it is natural to think that these
effects are not independent of each other, but that in most cases two or more of
them are coupled to each other.

Although a wide range of variability exists, it is possible to make a rough divi-
sion of the behavior into two groups

a) Physico-chemical properties remain approximately constant or vary at a con-
stant ratio (depending on the property considered) up to very high surfactant con-
centrations. Both molecular and macroscopic properties show a simple continua-
tion of the properties once above the CMC.,

b) A number of physico-chemical properties (but not all; see below) undergo
rather dramatic changes in a concentration range well below the saturation limit.

Most surfactants seem to belong to the first group although the behavior may
in certain cases change rather drastically with moderate changes in temperature.
(Solubilizate and electrolyte may also have dramatic effects). For group (a) amphi-
philes, it is, for example, observed that the viscosity changes only slightly with con-
centration as do the micellar self-diffusion or mutual diffusion coefficients. Also the
light scattering intensity shows only moderate changes and 'H and '3C NMR signals
remain very narrow even for extremely concentrated solutions. For a large number
of spectroscopic and other properties, a regular concentration dependence is shown
which corresponds to approximately constant spectral properties of amphiphile and
counterion in the micelles and to a constant ratio of counterions and amphiphile
ions in the micelles (Fig. 2,16 and 2.17). Properties displaying such a simple behav-
jor include inter alia 13C and 1°F NMR chemical shifts and relaxation times, coun-
terion (e.g., 23Na*, 35CI~, 133Cs*) NMR chemical shifts and relaxation times, coun-
terion mobility (VO?*) from ESR studies, counterion and amphiphile self-diffusion
coefficients and counterion activity, Examples of amphiphiles belonging to group
(a) are hexadecyltrimethylammonium chloride, SDS and sodium octylbenzenesul-
fonate.

For group (b) compounds, which are exemplified by CTAB and sodium oleate,
certain molecular and macroscopic parameters change dramatically as one goes from
the CMC up to high concentrations. There are distinct changes in the small-angle
X-ray scattering®® and in the light scattering®®), the viscosity changes often immen-
sely3%) (Fig. 2.9), there is an appearance of effects pointing to a strong orientation
for flowing systems like flow birefringence, electrical conductance anisotropy and
linear dichroism, the !3C and 'H NMR signals become broad and the micelle self-
diffusion is considerably slowed down. Several spectroscopic properties point to
changes in the behavior of the micellized amphiphile ions or counterions or in the
micelle composition. For example, there are changes in counterion quadrupole relax-
ation, '3C chemical shifts, pyrene excimer yield and fluorescence depolarization.
The rheological properties show particularly large changes and in many cases the
solutions show a non-Newtonian behavior and for a number of cases pronounced
viscoelasticity has been demonstrated. That the classification of a certain surfactant
depends very much on temperature is probably best illustrated by the viscosity of
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solutions of the hexadecyltrimethylammonium halides. Thus at the lowest tempera-
tures accessible both the chloride, the bromide and the iodide belong to group (b)
while at high temperatures all three belong to group (a) (cf. Fig. 2.9). The tendency
to give an increasing viscosity is highest with I™ as counterion and lowest with C1™,
The appearance of group (b) compounds clearly shows that amphiphile associa-
tion is not limited to the formation of relatively small spherical micelles but that
association may progress considerably to the formation of very large aggregates.
However, aggregation does not stop at the saturation limit of a surfactant in water.
Thus in the composition range between the optically isotropic micellar solutions
and the solid crystalline (or liquid crystalline) pure amphiphile there are typically
regions with various lyotropic liquid crystalline phases. As an example we show in
Fig. 2.18 the phase diagram for the system dodecyltrimethylammonium chloride-
water®®. The structures of the phases have been determined using low-angle X-ray
diffraction techniques®®. The sequence of the appearance of the different phases
for a two-component system of water and a typical micelle-forming amphiphile is
generally isotropic solution — cubic phase, type I = hexagonal phase — cubic phase,
type II - lamellar phase but for most systems all phases do not occur. Also, the
occurrence of a certain phase may depend critically on temperature as well as on
minor chemical features® . For example, at room temperature, there is a separation
out of a cubic phase for dodecyltrimethylammonium chloride while hexadecyltri-
methylammonium chloride gives a hexagonal phase. In both cases, the micelles seem
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to retain a closely spherical shape up to high concentrations. CTAB, for which rod-
like micelles exist over a wide concentration range, gives a hexagonal phase. Accord-
ing to the phase rule, there should be distinct two-phase areas between the homo-
geneous phase regions and this is a general observation.

2.8 Solubilization. Phase Diagrams of Three-Component Systems

The solubilization phenomenon, which refers to the dissolution of normally insoluble
or only slightly soluble compounds in water caused by the addition of surfactants,

is one of the most striking effects encountered for surfactant systems. Solubiliza-
tion is of considerable physico-chemical interst, such as in discussion of the struc-
ture and dynamics of micelles and of the mechanism of enzyme catalysis, and has
numerous practical applications, such as in detergency, in pharmaceutical prepara-
tions and in micellar catalysis. In biology, solubilization phenomena are most sig-
nificant, e.g., cholesterol solubilization in phospholipid bilayers and fat solubiliza-
tion in fat digestion and transport.

The extent of solubilization depends to a large extent both on the solubilizate
and surfactant. CTAB micelles may solubilize more than equivalent amounts of
several classes of compounds such as benzene, isopropylbenzene, nitrobenzene
N,N-dimethylaniline, cyclohexane as well as long-chain alcohols*®. For sodium
octanoate, there is an extensive solubilization of long-chain alcohols while the solu-
bilization of for example p-xylene is moderate and that of octane rather low®® . The
ability to solubilize in general increases strongly with increasing hydrocarbon chain
length of the surfactant®> 87~°D_ For a given length of the surfactant, solubilization
increases with increasing micelle size®% 92 ®3_ Another interesting observation is
that dye (Orange OT) solubilization is considerably reduced on partial fluorination
of the surfactant®®. We have already indicated that solubilization starts at the CMC
and in an ideal case the amount of solubilized substance is expected to increase in
proportion to the micelle concentration. This applies for many cases but a more
complex behavior is frequently encountered as examplified in Fig. 2.19 for decanol
solubilization in sodium alkanoate solution®®, For nonpolar compounds it is prob-
ably often appropriate to consider solubilization as a simple partitioning between
the micellar nonpolar interior and the aqueous environment in the intermicellar solu-
tion. For partly polar solubilizates, this is certainly not a good description since the
solubilizate will participate in and influence the surfactant aggregation process. For
the case exemplified by decanol solubilization in alkanoate solutions, one might
therefore consider solubilization as a formation of mixed micelles. This is evident
from the large effect of solubilizates on the CMC mentioned above and is exempli-
fied by the well-known effect of partial hydrolysis of SDS on the concentration
dependence of the surface tension.

The influence of solubilization on solution properties may vary from no appreci-
able effects to very marked ones. We may take solutions of CTAB as an illustrative
example of the manifold of possibilities. Here solubilization of cyclohexane has a
very small influence on a variety of rheological and spectroscopic properties while
addition of aromatic compounds and long-chain alcohols may cause extensive changes.
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Fig. 2.19 A—D. Solubility of decanol in solutions of (A) sodium octanoate (20 °C), (B) sodium deca-
noate (40 °C), (C) sodium dodecanoate (40 °C) and (D) sodium tetradecanoate (40 °C). Curves a refer
to right hand ordinate axes and curves b to left hand ordinate axes. (From Ref.86))

Rheological properties are particularly sensitive and for some solubilizates, such as
a-methylnaphthalene, the solutions may become viscoelastic; the appearence of vis-
coelasticity often depends on subtle effects in chemical structure®®), Certain spec-

troscopic features are strongly influenced. Thus the 'H and !>C NMR line widths
show large increases, the 8 Br~ quadrupole relaxation may be strongly affected and
there may be the appearance of linear dichroism, birefringence and conductance
anisotropy for flowing systems.

The very complex variation of the amount solubilized, as well as physico-chem-
ical properties, with chemical structure of solubilizate and surfactant as well as with
surfactant concentration cannot be adequately discussed solely in terms of the ener-
getical conditions of the solubilizate in the micelles. Thus one should also consider
the conditions in the phase which separates out at the solubilization limit; this is in
most cases a liquid crystalline phase. A fundamental basis for a proper understanding
of solubilization in surfactant systems is, therefore, a detailed information on phase
equilibria in three-component systems surfactant-solubilizate-water. Due in particular
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Fig. 2.20, Phase diagram (at 25 °C) from the work by Ekwall and co-workers (cf. Refs.8, 86))
for the three-component system hexadecyltrimethylammonium bromide (CTAB) — hexanol —
water. Ly denotes a region with water-rich solutions; L, a region with hexanol-rich solutions;
D and E are lamellar and hexagonal liquid crystalline phases, respectively. In the figure are also
schematically indicated the structures of normal (L region) and reversed (L,) micelles as well
as of the liquid crystalline phases. (From Ref.?5))

to the systematic studies of Ekwall, Fontell and Mandell®: 8¢ detailed phase dia-
grams are available for a large number of systems and as an example we give in

Fig. 2.20 the phase diagram for the system CTAB-hexanol-water, which well illus-
trates the qualitative behaviour of a large number of systems. It is thus a rather gen-
eral observation both for cationic, anionic and nonionic systems, that a lamellar
phase is formed as the solubilizate saturation limit is exceeded and also that this
phase extends over a very large composition range. There is often a close correlation
between the conditions in the liquid crystalline phase and the solubilization in the
micellar solutions. It is suitable to describe solubilization in the three-component
system as progressively varying but with changes with aggregation geometry. An
inspection of a collection of phase diagrams shows that for a given surfactant the
phase equilibria may be markedly different depending on the chemical structure of
the solubilizate® 8¢, This is well illustrated with sodium octanoate as surfactant.
With long-chain alcohols, this surfactant gives extensive lamellar mesophase regions
while for nonpolar solubilizates like p-xylene and octane, no lamellar phase is formed
and with compounds such as octylnitrile, methyloctanoate, and octylaldehyde the
lamellar phase region is small. The nonpolar solubilizates instead give rise to cubic
mesophases. The phase denoted L, in Fig. 2.20 contains micelles of the reversed
type; the formation of reversed micelles in particular depends on the organic com-
pound and is absent for p-xylene and octane, for example. With long-chain alcohols
there is an extensive formation of reversed micelles, on the other hand.
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2.9 Some Special Aspects of Nonionic Systems

For nonionic systems, the intra- and intermicellar head group repulsions are much
smaller than for ionic systems and this is expected to lead to important differences
between the two classes of surfactants. One difference lies in the CMC values being
almost 100 times smaller for nonionics than for ionics for the same alkyl chain length.
We have, for example, 1.9 - 10~* M for dodecylglucoside and 0.87 - 10~* M for
C,,0(CH,CH,0)4H. For ionic surfactants, the CMC is strongly decreased in the
presence of electrolyte while the effect is small for nonionic systems. The solubili-
zation capacity is generally much bigger for nonionic systems than for ionic ones;
this is exemplified by benzene solubilization'® in Fig. 2.21.

A striking feature of nonionic systems is the clouding phenomenon. When the
temperature of a micellar solution is raised the turbidity suddenly (at the cloud
point) increases and at still higher temperatures a phase separation occurs. Concomi-
tantly, the intrinsic viscosity shows a dramatic increase®®. Most interesting is the
observation that while the growth in size of 1nicelles of ionic surfactants is accom-
panied by large rises in the 'H NMR line width, no line width increases are observed
in the region of the cloud point for nonionic surfactants®”.

The phase diagrams of two-component surfactant-water systems are typically
quite different for nonionic and ionic compounds. As exemplified in Fig. 2.22 there
are at low temperatures different liquid crystalline phases while at intermediate
temperatures there may be a total mutual solubility of surfactant and water®®, At
higher temperatures, there is, as already noted, a separation into two phases with
a very large two-phase region. One of the phases contains very little surfactant, while
the other contains appreciable amounts of both components. The cloud-point curve
can be described as a liquid-liquid solubility curve with a lower consolute tempera-

Amount of solubilized benzene,g/ kg soln.

Fig. 2.21. Solubilization of ben-
zene in surfactant solutions at
25 °C. (From Ref.16))

Concentration of surfactants (moles/kg soln.) x 102
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Fig. 2.22. Phase diagram of the system
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H,0 Weight fraction Rj,0(CH,CH,0}gH  phases. (From Ref.1))

ture. The surfactant saturation concentration above the cloud point corresponds
approximately to the CMC. As for ionic surfactants, the phase diagrams of three-
component systems nonionic surfactant-solubilizate-water may contain several meso-
phase regions with different structures. However, as is evident from the above, the
appearance of the phase diagram may change extensively with temperature. Shino-
da® has in particular determined partial phase diagrams for three-component sys-
tems where for example the surfactant content is kept constant. For similar weight
percentages of water and solubilizate there is often a transition from a water-in-oil
emulsion at low temperatures to an oil-in-water emulsion at high temperatures; this
occurs in a narrow temperature range and is characterized by the so-called phase
inversion temperature (PIT). In a narrow temperature range, there is formation of
an additional isotropic phase, called the surfactant phase. The variation of the ex-
tension of the various one-phase regions with temperature is clearly demonstrated
in phase equilibria studies, which also show that the surfactant phase has an indepen-
dent phase region in a phase diagram for a fixed temperature! 99,

2.10 Short-Chain Analogues of Surfactants and Other Nonmicelle-Forming
Amphiphiles

The term micelle, as normally understood and as used in this work, refers to a large
aggregate formed in a strongly cooperative association of amphiphilic compounds.

A consequence of the cooperativity is that, as schematized in Fig. 2.23, the size
distribution curve has a deep minimum; the appearance of a pronounced minimum

in the size distribution curve is a good criterion for the formation of proper micelles.
However, aggregation of amphiphilic compounds is of course not restricted to micelle
formation and as indicated in Fig. 2.23 different types of size distribution curves
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Xn

Fig. 2.23, Schematic picture of the aggregate size
distribution well above the CMC for (a) a strongly
cooperative association into micelles, (b) a weakly
cooperative process, and (c) a noncooperative asso-
ciation

are then possible. Different amphiphiles behave rather differently and it may be use-
ful to distinguish between the following three cases:

a) Aggregation to small aggregates.

b) Progressive noncooperative or weakly cooperative aggregation into large
aggregates.

c) Aggregation effectively nonexistent in aqueous solutions but surfactant-type
aggregation occurs in other phases.

An important approach for obtaining a good understanding of micelle formation
is to study the effect of successively reducing the alkyl chain length. While surfac-
tants with an n-alkyl chain with 8 or more carbon atoms are normally found to dis-
play typical micelle formation this is not the case for the lower homologues. A sur-
factant like sodium octanoate with 7 carbons in the alkyl chain is a borderline case
with formation of appreciable amounts of both small aggregates and larger aggregates
of 10~20 monomers®!> 1°Y. For sodium hexanoate, there appears to be no appreci-
able formation of larger aggregates. Studies of sodium salts of lower fatty acids have
in particular been performed by Danielsson and co-workers! % 193) ysing several
different experimental techniques. Equilibria analyses in particular on the basis of
potentiometric measurements have clearly demonstrated a formation of small aggre-
gates for sodium alkanoates which do not form micelles. The formation of small
aggregates prior to micelle formation is often referred to as pre-micellar aggregation.
Although they can be postulated on theoretical grounds, it is very difficult to get
experimental evidence for aggregates much smaller than micelles for surfactants with
small CMCs. However, analyses of kinetic data have recently given evidence for the
presence of small concentrations of oligomers!?®.

The aggregation of bile salts is biologically interesting but has given rise to much
confusion. While many authors have considered that micelle formation occurs and
have presented CMC values, recent evidence shows that there is a progressive associa-
tion extending over a wide concentration range with no critital concentration05~108),
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Bile salt association differs also in several other ways from micelle formation. For
example, the counterion binding to the aggregates shows a marked increase over a
narrow concentration range and the hydration varies in an irregular way'°®, It has
been suggested % that there is a primary association into small aggregates due to
hydrophobic interactions and a secondary aggregation of the primary aggregates by
hydrogen-bonding.

The distinction between micellar and nonmicellar association may not always
be immediately clear from experimental variable concentration data, but Muker-
jee® 2% 2% has in instructive papers presented methods to distinguish between proper
micelle fromation and other types of stepwise association. As he demonstrates, erro-
neous conclusions may easily be drawn and are abundant in the literature.

Swelling amphiphiles like lecithin and Aerosol OT do not form micelles in aque-
ous solution and therefore have a very low aqueous solubility. The reason is that due
to nonpolar groups with large cross-sectional area, the spherical amphiphile aggregate
is energeticaliy disfavored in comparison with other geometries. That this is the case
can be inferred from the extensive stability ranges of other aggregates, i.e., lamellar
and reversed hexagonal mesophases, Furthermore, in the presence of a solubilizate
and water, swelling amphiphiles have a marked tendency to form reversed micelles
with a water core. An important feature of lecithin aggregation, which has important
biological implications, is that bile acid salts very substantially increase the aqueous
solubility of lecithin under the formation of very large mixed aggregates. Another
conspicuous feature of lecithin is that a dispersion of its lamellar phase in water under
ultrasonication gives clear solutions. These solutions contain so-called vesicles, often
roughly spherical aggregates of a few hundred Angsirém in diameter which consist of
a single bilayer of lecithin separating an inner water core from the intervesicular aque-
ous solution. A quite similar structure is found in most cell membranes although here
there is a large amount of protein as well as of cholesterol embedded in the phos-
pholipid bilayer. Vesicles have attracted an enormous interest as convenient models
of biological membranes and studies of molecular interactions, molecular dynamics
and permeabilities of vesicles have been most important in enlarging our understand-
ing of membranes.

3 Thermodynamics of Micelle Formation

3.1 Thermodynamic Models

The aggregation of amphiphilic molecules into micelles is, from a physico-chemical
point of view, an example of the formation of a molecular complex. The total ther-
modynamic description of the aggregation would involve a series of stability con-
stants, including their variation with salt concentration. In most applications, it is
neither feasible to obtain such detailed information nor necessary from a practical
point of view. The characteristic cooperative nature of the micellization makes it
often possible to describe the aggregation process using only a few parameters. It has,
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for example, proven to be most useful to associate a critical micelle concentration,
CMC, with each micelle forming amphiphile.

The CMC has its most clear-cut interpretation within the (pseudo) phase separa-
tion model of micelle formation. Although the micelles and the surrounding solution
form a single phase, the amphiphile association shows a cooperativity that makes an
analogy with a phase transition useful. Within this model, the CMC is the concentra-
tion at which the system enters a two phase region; the two pseudophases formed
being the aqueous system and the micelles.

The phase separation model is particularly useful for describing the amount of
micellized amphiphile and how molecular properties vary with amphiphile concentra-
tion, The average of a quantity Q (which can be a diffusion coefficient, a NMR chem-
ical shift, a NMR relaxation time etc.) is determined by the fractions micellized,
pic, and free, pa?, amphiphile, so that for a total concentration C,,, larger than
the CMC

<Q>=pF Q™ + piIQ"I= (1 — CMC/C ) Q™ + CMC QY/Cyq (3.1)

where Q™ and Q9 are the values of Q in a micellar and an aqueous environment,
respectively. Below the CMC <Q> = Q®. Thus by plotting <Q> = Qs versus Cik
one should obtain two straight lines which intersect at the CMC. Fig. 2.17 shows a
typical application of this method. One can see that the intersection of the lines is
well-defined but it is also evident that Eq. (3.1) only provides an approximate descrip-
tion of the experimental data. The model has two main deficiencies. As seen in Figs.
2.16 and 2.17 there is a smooth transition around the CMC instead of the predicted
sharp kink. This is due to the fact that one does not have a proper phase transition.
There is also sometimes a deviation from linearity at higher amphiphile concentra-
tions.

An alternative to the phase separation model which has nearly the same simplic-
ity is the mass action law model. In this model it is assumed that a single micellar
species, of aggregation number n, is in equilibrium with the monomers:

nA, ZA,; [An]/[A]"=K (3.2)
and
CMC ~KY( -1 (3.3)

In reality several aggregation numbers of the micelles occur, but from the simple
equilibrium in (3.2) one can make a number of relevant conclusions. The larger the
value of n, the more cooperative is the association and the more one approaches phase
separation behavior. This is illustrated in Fig. 3.1 which shows plots, for two values
of n, of the fraction of the amphiphile that enters the micelle as a function of the
total amphiphile concentrations. A comparison with the experimental data in Figs.
2.16 and 2.17 reveals that one can determine n from the smooth variation of Qy,
around the CMC. One can, however, note that the variation of Q,,, in the transition
region is a measure of the cooperativity of the micellization, which can also be in-
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Fig. 3.1. The relative amount of amphiphile fy, that is incorporated into the micellar aggregate
at an infinitesimal increase in the total concentration S as a function of total amphiphile con-
dfA;]
ds
and n = 100. The dotted line represents the behavior at a true phase separation (n = «)

centration, f, =1 — , calculated from the mass action law model (Eq. 3.2) withn=10

fluenced by other factors than the aggregation number, such as the occurrence of
premicellar aggregates.

To describe the micellar size distribution and how it is affected by the total
amphiphile concentration more elaborate models are required. The phase separation
model can be extended into the formally rigorous theory of small system thermo-
dynamics''" 118 developed by Hill. In this theory, the small system, in the present
context the micelle, is regarded as immersed in a thermodynamic bath defining the
value of the intensive variables. The consequence of having a finite system, relative
to the infinite systems of classical thermodynamics, is that the number of independent
intensive variables is increased by one. For a micellar system, the natural choice of
independent variables is the temperature, the pressure and the chemical potential
Maq of the monomeric amphiphile. The micelle size distribution function, F(n), is
then a dependent variable that is determined by an equation of state, which at con-
stant T and p gives a strict relation between F(n) and u,q. Naturally the form of this
relation depends on the particular system, but the general formalism provides a num-
ber of relations between partial derivatives in much the same way as in classical ther-
modynamics. For a thorough description of the use of small system thermodynamics
in describing micellar systems, the reader is referred to the last chapter of Hill’s
book " and to a review article by Hall and Pethica''®.

In most cases when the micelle size distribution has been analyzed quantitatively
the multiple equilibrium model has been used. This model can be formulated either,
in analogy with Eq. (3.2), as a number of equilibria

nA; 2A, n=23... (34)
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with equilibrium constants
K, =[AL)/[A]" (3.5)
or as a stepwise aggregation
A +A,_| A, n=23... (3.6)
where the equilibrium constants are
Ko = [An) {[An -1 1[AT (3.7)

The schemes (3.4) and (3.6) are thermodynamically equivalent while they have dif-
ferent implications for the kinetic behavior (cf. Sect. 5). The equilibrium constants
are related by

K= 11 K, (3.8)

It is sometimes useful to express the equilibria in terms of chemical potentials
~RTIn Kq = 0 — o) (3.9)

where u is the standard chemical potential per monomer in a micelle of aggregation
number n. Both K, and ¢ depend on the units used for expressing concentrations.
When these are chosen as mole fractions of amphiphilic molecules in the aqueous
region, X |, and in aggregate n, X,, Egs. (3.5) and (3.9) imply

X = n{X, exp[(udq — u)/RT]}" (3.10)
The total mole fraction of amphiphile, S is

§=ZX; (3.11)

and the value of (ugq — 42) for all n defines the micelle distribution for a given S. In
practice one cannot extract information on all 4%, but even the qualitative features
of u8 can be of interest. For example, as discussed in Sect. 3.4, the asymptotic be-
havior of % determines how the system behaves at high amphiphile concentrations.
In the previous discussion, activity coefficients have been totally neglected, for
simplicity, but they should be included in a proper treatment. However, for ionic
amphiphiles, where activity corrections are expected to be most important, additional
complications arise. If the counterions are explicitly incorporated in the equilibria
the number of possible chemical species is greatly enhanced making a detailed anal-
ysis even. more complex. Furthermore a description of a process in terms of an equi-
librium constant is only really suitable when the forces involved are of a short range
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nature. The electrostatic interactions in an ionic micellar system are of a long-range
nature and seem to be better discussed on the basis of electrostatic equations as dis-
cussed in Sect. 6.

3.2 The Hydrophobic Interaction

The formation of amphiphilic aggregates can be seen as a compromise between the
tendency of alkyl chains to avoid contact with water and the strong affinity of the
polar groups to water. A thermodynamic description of micellar systems should thus
include both these aspects. The electrostatic effects are discussed in Sect. 6 so we
will concentrate here on the interactions involving the nonpolar part of the amphi-
phile.

The low solubility of hydrocarbons and other mainly apolar substances in water
has been ascribed phenomenologically to the hydrophobic interaction. The hydro-
phobic free energy can be defined® as the difference between the standard chemical
potentials of an apolar solute at infinite dilution in a hydrocarbon solvent uf;c and
in water ugq

e = pic — ilg. (3.12)

This represents a thermodynamical approach and one does not assume anything
about the molecular origin of the difference in free energy. A circumstance that
makes the introduction of u% useful is that in a majority of cases there is a constant
increment of uf;y in a homologous series. The increment is furthermore roughly in-
dependent of the functional group so that similar values apply to alcohols, carboxylic
acids and pure hydrocarbons® 129~122)_ Thus for an homologous series of compounds

#E = (a — bng) RT (3.13)

where a and b are constants and n¢ is the number of carbon atoms. Table 3.1 shows
values for a and b for a number of series of compounds and one can see that the con-
stant b is around 1.4-1.5.

Table 3.1. Values of the constants a and b in the relation yglF/(RT) =
a—b nc for the hydrophobic free energy of an homologous series of
compounds. (T = 298 K)

Compounds a b

CH3(CH,),_» CHg2 —4.11 1.49
CH; = CH—(CH;) o 3CH3® ~254 1.49
CH, = CH—(CHa)_4—CH = CH,2 ~1.52 1.49
CH; (CH,) 5 1 OHP 1.40 1.39
CH3 (CHy) . COOHE 7.18 1.39
2 From Ref. 121), b From Ref, 122), € From Ref. 120),
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There are several additional ways of empirically correlating the hydrophobic free
energy with structural parameters. There is a good linear relation between the surface
area of the apolar solute and u?.;pm’ 12%) In this scheme one directly accounts for the
fact that the magnitude of ;g is smaller for branched than for normal alkanes. An-
other suggestion is '** that it is the number of hydrogens in the apolar part that de-
termines u{y . The virtue of this approach is that one correctly describes the differ-
ence in ufyp between saturated and unsaturated hydrocarbon chains.

A further insight into the nature of the hydrophobic interaction is obtained by
separating the free energy into enthalpic and entropic parts

thr = hlip — Tshr (3.14)

A characteristic feature of the hydrophobic interaction is that it is dominated by
entropy effects. Both the temperature dependence of alkane solubilities in water
and direct calorimetric measurements'?®) show that iz is close to zero at room
temperature. Some calorimetric data for heats of solution of hydrocarbons in water
are shown in Table 3.2. A further noticeable feature is that h{; is temperature de-
pendent due to the rather large heat capacity, cf,“:, associated with the hydrophobic
interaction. From a systematic calorimetric study of a series of compounds with
rather short alkyl chains'?® it was found that

126, 127)

chF ~ 90y mol™ K™ (3.15)

per CH,-group. It was also concluded that c;[F seems independent of temperature.

On the basis of the regular behavior of the heat capacity, Gill and Wadss %5 were
able to summarize the thermodynamic data for the hydrophobic interaction of hydro-
carbons as

Wp(T) = ¢ F(T-T%) (3.16)
i}
S%F(T)=_H£T(*T.*_)+c*;1‘”1n T/T* 3.17)

Table 3.2. Calorimetric parameters for the dissolution of hydrocarbons in water (T = 298 K)
(From Ref.125))

Compound AHO(kJ mol—1) Acg JK!mol™1) T (X)?
Benzene 2.08 225 289
Toluene 1.73 263 292
Ethyl benzene 2.02 318 292
Propyl benzene 2.3 391 292
Pentane -20 400 303
Cyclohexane -0.1 360 298
Hexane 0.0 440 298

& T* js the temperature where AH% = 0
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where T* is the temperature at which hi{F is zero. A mean value for seven hydro-
carbons gave T* = 295 K and the hydrophobic free energy for a number of com-
pounds could be summarized as

hyp(T) = T(6.3 + 11.6 ny)/295
—0.033 T ny (In T/295 + 295 T) kJ mol ™! (3.18)

where ny is the number of hydrogens in the hydrocarbon chain.

The equations describing the thermodynamical parameters do not directly give
information on the molecular nature of the hydrophobic interaction. The general nature
of the effect has, however, nontrivial implications. Thus the solubilities of methane and
noble gases behave according to the hydrophobic effect and there is no qualitative
difference between the behavior of benzene and hexane. This indicates that the
hydrophobic interaction is not primarily due to the chemical properties of the solute
but rather a property of the solvent water. This conclusion is corroborated by a num-
ber of studies of the physical properties of aqueous solutions of apolar solutes. The
partial molar volumes of hydrocarbons in water is anomalously small!3% 131, the
average rotational correlation time of the water molecules is long, 2 etc. These
effects can be interpreted in terms of a hydrophobic hydration of the apolar solute.
The water molecules close to the solute form a stronger hydrogen bonded network
than in bulk water, and the solute occupies interstitial positions in the open structure.
The solution structure is thus analogous to the one found for crystalline clathrates
of, for example, noble gases and alkyl ammonium salts'?3), However, for concentrat-
ed solutions of tetrabutylammonium fluoride no indications of a clathrate-like struc-
ture were found from the X-ray diffraction pattern'3%), For a thorough discussion of
hydrophobic hydration the reader should consult articles in the monograph on water
edited by Franks!3%),

The outlined model of hydrophobic hydration gives also a rationalization of the
observation that ud;  is dominated by entropy effects. The enthalpy increase asso-
ciated with the creation of a cavity to be occupied by the solute is compensated by
an increased hydrogen bonding to the remaining water molecules, while the increased
solvent structure gives a decrease in entropy. Recent theoretical studies using analyt-
ical statistical mechanical techniques3® 7 as well as Monte Carlo simulations*3®: 139
have confirmed these conclusions. The Monte Carlo calculations show explicitly that
the enthalpy gain in an increased water-water interaction can more than compensate
for the creation of a small cavity.

In aqueous solutions of amphiphiles, the hydrophobic interaction will provide a
thermodynamic driving force for an aggregation process. If the forces involving the
polar groups, which oppose the aggregation, are independent of the carbon chain
length one expects a regular dependence of the CMC on alkyl chain length. Accord-
ing to Eqs. (3.3), (3.9) and (3.13)

In CMC =~ % In K, = const + udip/(RT) ~a, — b, nc¢ (3.19)

where a| and b are constants. Experimentally one finds indeed a linear relation be-
tween In CMC and the number of carbons n¢ in the alkyl chain (cf. Fig. 2.3). For
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nonionic amphiphiles4’ 113) b, = 1.2 (T = 298 K) which is significantly less than the
value 1.5 found from the solubility data for hydrocarbons. The origin of this dis-
crepancy is not well understood. One possibility is that the anchoring of the polar
head at the micellar surface restricts the alkyl chain motions sufficiently to give a
sizable decrease in entropy. For ionic amphiphiles the value of b is even smaller?,
This is mainly caused by ion binding effects and by measuring the CMC in solutions
with an excess of salt the coefficient b is increased to the value found for nonionic
amphiphiles. These regularities seem to establish that the main driving force for the
formation of micelles is the hydrophobic interaction.

3.3 The Enthalpy of Micelle Formation

The enthalpy changes involved in a micelle formation process can be obtained exper-
imentally using several different techniques. From the temperature dependence of the
CMC, the enthalpy is obtained through a van’t Hoff type relation

RT? % In CMC = — AH? (3.20)

Enthalpy changes can also be measured directly in a calorimeter. The temperature
dependence of kinetic parameters can be interpreted in terms of AH values. In ana-
lyzing the enthalpies it is essential to recognize the chemical processes that actually
contribute to the particular AH-value.

In the same way as in the discussion of equilibria one can regard the total process

nA, —~A,; nAH, 3.21)
or one can distinguish between the different steps

Aj+A,_~ A, AHy (3.22)
where the enthalpies are related through

n
nAH,= £ AH/ (3.23)
i=2
Within the phase separation and mass action law models, an application of
Eq. (3.20) would yield AH,,, while the individual AH;'-values have no meaning in
these models. However, these two models are too simplified in the present context
and one has to recognize that there is a distribution of micellar sizes and that this
distribution is temperature dependent. Thus when measuring the CMC at different
temperatures, the aggregation is a somewhat varying process and Eq. (3.20) is not
strictly applicable!*®) The analysis of AH values obtained from Eq. (3.20) has recent-
ly been thoroughly discussed by Muller®”. He concludes that one obtains reasonably
accurate values for AH,, but that AH; for i close to the optimal aggregation number
can be substantially different.
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Experimentally the CMC is usually weakly temperature dependent'® (cf. Fig. 2.5)
indicating that AH,, is close to zero. For the cases'*~147) where calorimetric deter-
minations have been performed this conclusion has been confirmed.

An interesting aspect of the enthalpies of micellization is obtained from kinetic
measurements. As described in Sect. 5, one observes two kinetic relaxation times
and from the temperature dependence of the fast process one can deduce values for
AHj for i around the optimal micelle size. The slow process, on the other hand, in-
volves the formation of rare pre-micellar aggregates and from the temperature de-
pendence of this process one obtains AH; for these intermediate aggregates'®®. That
AH, is close to zero would then be explained by the fact that AH; changes sign as i
varies so that there is a cancellation effect in the sum in Eq. (3.23). It is not straight-
forward to find the molecular origin of the i-dependence of AHj. As discussed in
Sect. 3.2 the hydrophobic free energies are mainly of entropic origin. Thus it seems
reasonable to ascribe the variation in AH;' to a variation in interactions involving the
polar head-groups. One appealing possibility is that an aggregate size dependence of
the counterion binding accounts for the observed effect. This could be in accordance
with an ion condensation behavior which is further discussed in Sect. 6.

In calorimetric studies of micelle formation it is often difficult to relate the
measured enthalpy changes to specified steps in the aggregation process. Instead one
perferably determines the partial molar enthalpy h, of the amphiphile as a function
of concentration'®, The ideal case of the phase separation model predicts that h, is
constant up to the CMC where it discontinuously jumps to another constant value.
The behavior of h, in real micellar systems is more complex as seen in Fig. 2.12.
Similar data have been obtained for several other amphiphiles'#®: *), The deviations
in h from the standard value at infinite dilution appear clearly below the CMC, but
at these concentrations one has a compensating change in the partial molar entropy.
This effect might be due to a repulsive interaction between the hydrophobically
hydrated alkyl chains leading to a breakdown of the water structure with a con-
comitant increase in entropy.

3.4 Model Calculations of the Free Energy of Micelle Formation.
Micelle Size and Shape

The first attempt to theoretically describe the formation of micelles in terms of
molecular interactions was made by Debye'3%!5!), He considered a hydrophobic
and an electrostatic energy contribution and saw the formation of micelles as due
to the competition of these two forces. Although the expressions for the free ener-
gies were qualitatively incorrect, in the sense that the amphiphile aggregation was
predicted to be anticooperative instead of cooperative'?), Debye correctly identi-
fied the important interactions. Hoeve and Benson'3® attempted a detailed statist-
ical mechanical description of the micelles and the monomers, but too little was
known at that stage about the molecular interactions to allow any quantitative pre-
dictions. The formal statistical mechanical approach was extended by Poland and
Scheraga !54~156) put although progress had been made with regard to the hydro-
phobic interaction'S” the quantitative results were of limited value.
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In more recent attempts'*®~167 to quantitatively describe the micellar aggrega-
tion, empirical expressions for the hydrophobic energy like the one in Eq. (3.13)
have been used. It is furthermore recognized that even when the micelles have formed
there is a nonnegligible contact between apolar groups at the miceilar surface and the
water giving a positive contribution to the free energy of micelle formation. The most
problematic part in estimating the total free energy has been the contributions from
the polar groups.-Tanford uses an empirical expression obtained from surface pres-
sure data while others use values obtained from the Debye-Hiickel '®2~19% or the
Gouy-Chapman'®”) theories. The electrostatic energy has also been approximated
by that of a capacitor'®® or simply of a charged sphere '¢%),

The calculated dependence of u® on the aggregation number n gives the possibil-
ity of following the aggregation process in detail. These studies indeed show that the
formation of micelles is a cooperative process'®3 194)_ It appears that the source of
the cooperativity is analogous to the one which leads to the formation of a separate
liquid phase for ordinary hydrocarbons. In the micellar system the cooperativity is
partly broken when a spherical aggregate is formed so that the polar groups cover the
micellar surface and a further increase in size must lead to change in the aggregate
shape. From the calculated values of % one derives values of the CMC which are in
good agreement with experiments. However, it is not clear if the variation of u for
n-values larger than those of a spherical aggregate is described correctly. An indica-
tion of the difficulties is obtained if one compares what the different formulations
predict about the preferred aggregate shape. Tanford '*® concludes that an oblate
micelle is the most favored shape. This is in conflict with experimental studies in
which one almost exclusively®# 3%:83,97.167-170) finds that the micelles attain a
rodshaped structure if they grow in size. Ruckenstein and Nagarajan find similar-
ily 6% that for a soap with a single alkyl chain a vesicle aggregate is of similar stabil-
ity as a micelle. Isrealachvili et al.'®® find that a toroidal structure is the most favor-
able one. In our opinion, one source of these shortcomings of the model calculations
is that the electrostatic term has not been considered properly. It is, for example,
more unfavorable to assemble charged amphiphiles in large compact aggregates than
in small ones.

As is clear from the discussion of micellar shape this property is closely related
to the micelle size. Israelachvili et al.!*>) made the important observation that the
growth of micelles at high amphiphile concentrations is determined by the asymp-
totic behavior of u? as n increases. The growth of an aggregate in one dimension
only, like a rod, is non-cooperative. This leads to a continuous increase in aggregate
size and a transition to a liquid crystalline structure, with infinite aggregates, occurs
first when the inter-aggregate interactions become important. A lamellar-like aggre-
gate grows in two dimensions and this is a cooperative process, which makes it
possible for a phase change to occur even in the absence of inter-aggregate inter-
actions !¢ 171,

3.5 Temperature Dependence of the Micelle Size

For ionic amphiphiles it seems to be a general trend that, although the CMC is rather
insensitive to temperature changes, the tendency to form micelles larger than spher-
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ical ones increases with decreasing temperature33: 172)_ This conclusion is consistent
with the finding that AH,, of Eq. (3.22) is negative for aggregation numbers n typical
of the spherical micelle. Thus the addition of a monomer to an already formed micelle
is exothermic and the enthalpic contribution becomes more important the lower the
temperature. The forces that determine the growth of the micelles are not so much as-
sociated with the hydrophobic interaction, since in the spherical micelle water-hydro-
carbon contact has already been substantially reduced. Instead it is the interplay be-
tween the repulsion of the polar groups and the possible packing of the alkyl chains
within the aggregates® 17*) that determine the preferred aggregate shape.

For nonionic amphiphiles it is usually stated? '> 113 that the micelle size in-
creases with increasing temperature. The conclusion is mainly based on light scatter-
ing data. However, recent studies®” '7% indicate that secondary aggregation of spher-
ical micelles occurs when the temperature is increased and it seems to be a serious
possibility that the light scattering data has been misinterpreted. The intense light
scattering at the cloud-point is probably not due to large aggregates but rather due
to the large fluctuations in the local micelle concentration that occur when the phase
boundary is approached. This mechanism is analogous to the strong light scattering
due to density fluctuations observed for simple fluids close to the critical point 7%,

The occurrence of two phases at the higher temperature shows that there is a
net attraction between the micelles. Since the clouding is a general phenomenon it
appears that the attraction is not due to specific effects but could be caused by
van der Waals’ forces. This interaction is temperature independent and one has also
to invoke a temperature dependent repulsive force which might be due to the repul-
sion between water molecules in the solvation shells of the micelles'>”>179),

3.6 Thermodynamic Aspects of Mixed Micelles and Solubilization

The preceding discussion has been confined to two-component systems, amphiphile-
water, In a large number of cases of practical importance one adds one (or more)
additional component(s). Depending on the nature of the additive one can recognize
different effects. If it is an amphiphile it is usually found that the micelles which
form in the solution are of mixed composition. Under the assumption that the
amphiphiles mix ideally in the micellar aggregate, Shinoda'”” has derived expres-
sions for the effective CMC of the amphiphile mixture. For nonionics

CMC = Z X;(CMC)?/ Z X(CMC); (3.24)

where X; is the relative amount of amphiphile i and (CMC); its critical micelle con-
centration. For ionic amphiphiles the electrostatic effects make the equation equi-
valent to Eq. (3.24) somewhat more complex. The assumption of ideal mixing seems
to apply reasonably well for amphiphiles of similar structure. An interesting excep-
tion is mixtures of hydrocarbon and fluorocarbon amphiphiles where the deviations
from ideality are so large that one might suspect that separate hydrocarbon and
fluorocarbon micelles form in the solution?®>2®), Mixtures of nonionic and jonic
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ampbhiphiles are also nonideal but it seems clear that mixed micelles are actually
formed!”®). This observation supports the view that the basic driving force for the
formation of micelles is the same for ionic and nonionic amphiphiles. A special type
of mixed micelle is found in the physiologically important system water-sodium
cholate-lecithin'®® 7%, Both cholate and lecithin are amphiphilic but they do not
form micelles in pure form, but when mixed typical micellar aggregates appear, on
the other hand. The mixed system is thus clearly nonideal and one has probably a
rather specific arrangement between the two components in the micelles. A further
type of nonideal mixed micelle is obtained in mixtures of anionic and cationic
ampbhiphiles. At equimolar concentrations neutral micelles can form and the CMC
is drastically decreased. There is also an increased tendency to form rod-shaped
micelles'3?)

When a semipolar, e.g., an alcohol, or a nonpolar, e.g., an alkane, substance is
added to a micellar system the additives are solubilized in the micelles. The presence
of a solubilized molecule in the micelle reduces the activity of the amphiphile in the
aggregate. It is thus a natural consequence that the CMC (with respect to amphiphile
concentration) is lowered. A strict thermodynamic analysis® '#'-182) gives, in analogy
with Henry’s law: .

CMC(X ) = CMC (X, = 0) — KX, (3.25)

where X4 is the mole fraction of the additive. This relation has, for example, been
experimentally verified with alkyl alcohols as the additive® (cf. Fig. 2.7).

Measurements of thermodynamic parameters can provide important informa-
tion on the chemical nature of the solubilization process. The partial molar volumes
of a hydrocarbon in a micellar solution is very similar to the value obtained for a
hydrocarbon phase, and differs significantly from that obtained in water3? 183),
This gives strong support to the notion that the interior of the micelles is hydro-
carbon-like. Calorimetric measurements on the solubilization process have been
largely confined to semipolar additives. The general picture is that these are solu-
bilized with their polar group at the micellar surface and with the apolar part to-
wards the micellar interior. From such a picture one expects that the heat of solu-
tion in the micellar system is different from that found with pure water or pure
hydrocarbon as solvent. This is indeed generally found 184,185) showing the specific
nature of the solubilization process.

4 Micelle Structure
4.1 The Association Process

The strong cooperativity of amphiphile association into micelles is well established
and for long-chain surfactants it is often a good approximation to consider micelle
formation as analogous to a phase separation. Even if the concentration dependence
of many physico-chemical properties, within experimental accuracy, is in concor-
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dance with a phase separation model, certain properties, as well as data for short-
chain micelle-forming surfactants, do show that there is a consecutive association.
A full equilibrium analysis (including the determination of all the equilibrium con-
stants) without simplifying assumptions is evidently out of the question for typical
aggregation numbers around 50 or above, especially since the various aggregates
have very similar intrinsic spectroscopic properties. Even so a large number of im-
portant questions regarding the association process can now be answered: e.g., what
is the general shape of the size distribution curve, how large are the deviations from
the phase separation model for different cases, what are the concentrations of the
rare aggregates of intermediate size, and how does the surfactant monomer con-
centration change with the total surfactant concentration?

Because of the strong cooperativity, it is clearly very difficult to monitor the
formation of aggregates considerably smaller than the abundant micelles. Thus the
aggregation into small aggregates is dominating only in an extremely narrow con-
centration region. One approach to study the initial aggregation is to lower the co-
operativity by reducing the hydrophobic character and working with short-chain
analogues of surfactants. Such studies have clearly demonstrated the formation of
small aggregates for the lower sodium alkanoates from butyrate and upwards38’ 7
101-103) "R example, for sodium n-pentanoate and n-hexanoate there is a formation

of appreciable amounts of tetramers as well as of somewhat larger aggregates, and for
octanoate there is a formation of small aggregates with 5 monomers and larger ones
with between 9 and 17 monomers. A limitation of these studies is that they require
the addition of high electrolyte concentrations to swamp variations in activity co-
efficients. By using spectroscopic methods, such as >C and !°F NMR spectroscopy,
this can be avoided. A '*C NMR chemical shift studysl) of aqueous solutions of
sodium n-hexanoate and sodium n-octanoate shows that there is in both cases an
appreciable formation of small aggregates (trimers, tetramers). For hexanoate, there
seems to be no appreciable formation of large aggregates, while for octanoate the

data can be reconciled with the formation of larger aggregates (ca. 10—11 monomers).
In neither case, can the aggregation be said to lead to proper micelles although sodium
octanoate appears to be a borderline case.

On the basis of the phase separation model, it is straightforward to predict the
concentration dependence of a given measured property. For example, a plot of the
NMR chemical shift of the amphiphile, or the amphiphile self-diffusion coefficient,
versus the inverse surfactant concentration should in the ideal case consist of two
straight-line segments intersecting at the CMC [Eq. (3.1)]. In practice a considerable
curvature is observed for not too long alkyl chains as exemplified by the 13C chem-
ical shifts of solutions of nonylammonium bromide in Fig. 2.16. Lengthening of the
alkyl chain leads to a considerable reduction of the curvature as can be seen for
example in the 2>Na NMR chemical shift studies®® of solutions of several sodium
alkylsulfates (Fig. 2.17). The variation of the amount of micellized dodecyl-sulfate
with concentration according to conductivity and solubilization studies is depicted
in Fig. 4.1.

From the strong cooperativity and from the approximate invariance of the mean
aggregation number to concentration it can be inferred that intermediate size aggre-
gates are present in very low concentrations and this is well documented in kinetic
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studies'®* 187 188) (see Sect. 5). It has been possible from studies at variable con-
centration of added electrolyte to obtain an average aggregation number of ca. 7 at
the minimum of the size distribution curve for the case of sodium tetradecylsulfate
and dodecylsulfate %%, It has also been demonstrated that the intermediate aggregates
may have concentrations which are several orders of magnitude below those of abun-
dant micelles.

If one considers solely the consecutive equilibria, the concentration of monomer
can only increase with increasing total amphiphile concentration even above the CMC.
{Apart from the trivial decrease in the monomer concentration calculated on the
total volume which may arise when the micelles occupy a substantial volume fraction).
However, if one realizes that micelles are not only composed of amphiphile, the result
may be different. Thus counterion binding helps to stabilize the micelles and for
ionic surfactants it can be predicted that the monomer activity may decrease with
increasing surfactant concentration above the CMC. Good evidence for a decreasing
monomer concentration above the CMC has been provided in the kinetic investiga-
tions of Aniansson et al.'®, and recently Cutler et al.**> demonstrated, from amphi-
phile specific electrode studies, that the activity of dodecylsulfate ions decreases
quite appreciably above the CMC for sodium dodecylsulfate solutions (Fig. 2.14).

4.2 Micelle Size and Shape. Polydispersity

Classic light scattering has been the main source of information on micelle size but
also viscosity, tracer diffusion and quasi-elastic light scattering are frequently applied
methods®* % 33), However, it seems that in one respect or another some criticism
may be raised of these methods. Light scattering is strongly affected by electrostatic
intermicellar interactions requiring extrapolation to low concentrations or addition
of electrolytes. (Except for spherical micelles, the micelle size depends strongly on
concentration ant then the extrapolation procedure seems to have no sound basis).
Even so, the method may be subject to error as can be inferred from the probable
misinterpretation of light scattering data of dilute nonionic systems (see Sect. 3).
Tracer diffusion studies are much less affected by intermicellar interactions but
require either the additjon of a solubilizate!'") which, although present in low con-
centration, may affect aggregation or, if surfactant diffusion is monitored®”, informa-
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tion on the association process. In quasi-elastic light scattering (QLS)'7%) one has the
somewhat similar problems as in tracer diffusion studies with intermicellar interac-
tions but additionally it has been argued'®¥~°Y that a mutual diffusion coefficient
is measured. The conversion of this into a self-diffusion coefficient may become cum-
bersome at high surfactant concentrations. Berne and Pecora!”® give most appro-
priate aspects of this problem. Thus because of concentration fluctuations, the nor-
mal spherically symmetric configuration of counterions ions around a spherical micelle
can become asymmetric, so that the micelle experiences a nonzero electrical force.
This instantaneous force due to the counterion distribution accelerates the micelle
motion so that it becomes larger than would be expected on the basis of Stokes’ law.
This effect is expected to be larger for dilute solutions because of large relative
fluctuations. The problems encountered with the quasielastic light scattering method
can, however, be largely overcome by using high concentrations of added salt as shown
by Mazer et al.3¥,

In the present authors’ opinion, some of the difficulties have often not been
adequately considered and, therefore, the vast material on micellar aggregation num-
bers given in the literature may be subject to error; results are probably in most cases
qualitatively correct but as suggested by the interpretations for nonionic systems
even this is not certain. If one considers the mass of ionic surfactant micelles, one
finds for many cases that the aggregation numbers are close to those expected for
spherical aggregates with a radius corresponding to the length of the surfactant with
an extended hydrocarbon chain. The general picture seems to apply in most cases for
conditions of low amphiphile concentrations and in the absence of added electrolyte.

The methods mentioned above do not measure the micellar aggregation number
itself but rather some micellar size. A direct determination of aggregation numbers
can be performed by analysing some physico-chemical parameter in terms of the
equilibria involved; equilibrium analyses on the basis of potentiometric data have
been pioneered by Danielsson and co-workers who studied short-chain, not typically
micelle-forming, amphiphiles in the presence of added electrolyte (see above).

BC NMR chemical shift studies have recently been performed with the same purpose.
For nonylammonium bromide, data (Fig. 2.16) for the different carbons were in
excellent agreement with a simple model considering aggregation into a single micelle
size (aggregation number 35 + 2), One interesting observation was that the error square
sum increases much faster when the aggregation number is decreased from the opti-
mum value than when it is increased from that value. This study indicates that the
distribution of micelle size is narrow and somewhat unsymmetrical around the average
value.

As expected, micelle size increases with increasing alkyl chain length of the
amphiphile; in several cases, the growth in size is small and corresponds to a reten-
tion of the same micellar shape, in others, shape changes must be invoked to explain
the data. A significant observation is that although the CMC depends little on head-
group structure and counterion, micelle size can vary by orders of magnitude. Elec-
trolyte addition to ionic systems in general gives an increased micelle size; in most
cases the effect is rather small while in others dramatic changes occur. There seems
for all systems to be a decrease in micellar size with increasing temperature; the
change is rather small for most cases, but for certain cases enormous variations may
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occur over a narrow range. In some instances, very pronounced increases in micellar
size with increasing surfactant concentration are observed while in most cases the
effect is very small; while some increase is expected in all cases it is often difficult
to get conclusive evidence since intermicellar interactions in most methods give
apparent increases that are difficult to correct for. From the above, it can be seen
that, in contrast to the CMC, micellar size varies with various factors in a manner
which is complex and presently difficult to predict. We shall, therefore, not attempt
to give a unified picture of the matter but rather present a few examples.

For hexadecyltrimethylammonium bromide (CTAB) there is evidence of several
types (X-ray diffraction®®, conductance anisotropy '°?, flow birefringence' %%,
1H!9%) 2467 14N195) and 3'Br5®) NMR, linear dichroism'*® and viscosity>>
(Fig. 2.9) that there is a transition from closely spherical to very long rod-like aggre-
gates at a concentration of 0.2--0.3 M. Significant is the observation of 2H quadrupole
splittings similar to those of the hexagonal mesophase®”). This system well exempli-
fies the great sensitivity of micellar size to a number of parameters. Increasing the
temperature from 30 to 50 °C, as well as substituting C1~ for Br~ as counterion,
eliminates the transition®> 58, Addition of small amounts of simple solubilizates
such as benzene or a long-chain alcohol (hexanol, octanol etc.) may markedly facilitate
the transition to rod-like micelles while alkanes have no effect>¢: 58 1°7), Decreasing
the alkyl chain length considerably increases the transition concentration or eliminates
the transition completelyss). Viscoelasticity is produced with certain organic counter-
ions like salicylate or by certain solubilizates like a-methylnaphtalene?® '°®), The
micellar shape and interactions giving viscoelasticity, which depends on subtle effects
in counterion or solubilizate structure, are not yet completely unterstood but it
seems that long-range electrostatic intermicellar interactions are important'”% 199,

Mukerjee2°% 209 has discussed the relation between micellar size, polydispersity,
the sphere-to-rod transition and the equilibrium constants of the step-wise association.
For many systems, the degree of polydispersity is low as shown by the close equality
of the number average and the weight average degrees of association. Such a behavior
is predicted if after the increase in association constant up to a certain aggregation
number there is a region of marked anti-cooperativity with the equilibrium constant
decreasing with aggregation number. For micellar systems showing the sphere-to-rod
transition, this anti-cooperativity, which lies in head-group repulsions, is partly
eliminated. A step-wise association model was derived for the case of large micelles
which predicts that the weight average aggregation number should be twice the num-
ber average value and also that the former should increase in proportion to the square
root of the concentration of micellized surfactant?®?; this is in agreement with some
experimental data. As shown by the case of CTAB, the elimination of head-group
repulsions can be brought about by counterions which may approach the charged
groups closely or intercalate between them or by certain solubilizates which are
located in the head-group region. For the cases of growth to very long rod-like mi-
celles, the polydispersity becomes large. While the formation of rod-like micelles is
well demonstrated for several cases, other geometries of the large nonspherical mi-
celles have not been found which is in agreement with theoretical predictions'®S- '),

Detailed studies of micellar size and shape using quasi-elastic light scattering
have recently been presented for sodium dodecylsulfate3®. To reduce the influence
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of intermiceliar interactions, the solutions contained rather high concentrations of
NaCl (0.15—0.6 M). The measured diffusion coefficients were assumed to approx-
imate the self-diffusion coefficients which were converted into micellar radii and
aggregation numbers using the simple Stokes-Einstein relation which neglects inter-
micellar interactions which may be reasonable at these high electrolyte concentra-
tions. The aggregation number was found to be ca. 60 under conditions of high tem-
perature or low salt concentration. Decreasing temperature, increasing NaCl and SDS
concentration were all found to give increases in the micelle size, the aggregation num-
ber attaining vatues above 1500. Considerable efforts were devoted to the elucidation
of the shape of the large micelles. The intensity of the scattered light varies with the
hydrodynamic radius close to expectations for rod-like micelles. Recently, the angular
dissymmetry of the scattered light wasused to obtain the radius of gyration of the micel-
les®®. Ascan be seen in Fig. 4.2, this quantity varies with the hydrodynamic radius as
expected for rod-like micelles while other relations are expected for other geometries.
A further quantity which could be obtained from the QLS results was the degree of
micellar polydispersity. For the SDS micelles, a significant degree of polydispersity
was noted; the degree of polydispersity is consistent with Mukerjee’s work?%%, Rohde
and Sackmann?°?) used the QLS technique to study SDS solutions in the absence of
added salt. The diffusion coefficient was found to increase with increasing SDS concen-
trations with a dip between 20 and 25 mM. The size of the micelles as deduced from
the Stokes-Einstein relation was unreasonably small. These observations seem to
correlate well with what can be predicted from the work of Berne and Pecora!”>
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(cf. above) and suggest that the QLS method has considerable disadvantages in the
absence of added salt.

Another interesting method for determining micelle aggregation numbers, in
which luminescence quenching provides a “count’ of the number of micelles, was
recently applied to SDS2%3), While for the small micelles, there is agreement between
different methods, the luminescence (Fig. 4.3) gives very much lower values than
QLS for the large micelles formed at low temperature and high NaCl concentration.
Sedimentation velocity 2% and classical light scattering®®®) studies agree with the
luminescence results on the other hand. One difficulty with the luminescence quench-
ing method is that for larger micelles the excited state life-time becomes comparable
to the time for diffusion over the micelle, which may lead to too low values of the
micellar size.

4.3 Internal Structure of Micelles

The unterstanding of amphiphile association clearly must include detailed knowledge
of the internal structure and dynamics, e.g., what is the conformation of the alkyl
chains and what are their flexibility and packing conditions; is the interior of micelles
exclusively of hydrocarbon nature or is there any water penetration? We will here
consider the state of the hydrocarbon chains and defer a discussion of water penetra-
tion to the section on hydration.

Much of the early discussion of micelle structure centered around the problem
of whether the hydrocarbon part should be considered as solid-like or liquid-like,
the latter referring to conditions similar to those in liquid alkanes. Up to high alkyl
chain lengths, the melting points of the alkanes lie below ambient temperature thus
providing an indication that there is a liquid-like interior. However, the constraint
offered by the micelle surface may, of course, substantially change the conditions.
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Most useful and reliable information on these matters is obtained by considering the
liquid crystalline state which is well established for higher surfactant concentrations.
These liquid crystals are characterized by disorder over small distances and from
calorimetric 2%, X-ray®® and NMR207~29% measurements it is clear that there is a
high degree of alkyl chain mobility; a direct evidence is that the sharp reflection at
4.3 A characteristic of crystalline hydrocarbon chains is not detected in the X-ray
studies of the liquid crystalline phasess4). Recently, it was directly shown that the
molecular motion in the rod-shaped micelles of CTAB at high concentrations is
approximately the same as in the hexagonal liquid crystalline phase both for the
amphiphile 1°* and for solubilized benzene®”. The same similarity between the
molecular motion in micelles and in a hexagonal liquid crystalline phase has been
observed for SDS using the ESR spin-label technique?®'?. Concluding this discussion
it may be said that for the surfactant liquid crystalline phases, a liquid-like state of
the hydrocarbon chains has been well demonstrated and, furthermore, there is very
strong evidence for a close similarity in this respect between the micellar solutions
and the mesophases formed at higher surfactant concentrations. Since micelles and
liquid crystals start to form at approximately the same temperature it is thus safe to
conclude that the micelle interior has a liquid-like character. This idea was originally
put forward in the pioneering work of Hartley from solubilization studies®® °2). He
argued that the ability of micelles to solubilize large amounts of nonpolar substances
can only be understood if the micelle interior has properties similar to those of liquid
hydrocarbons; hydrocarbon chains packed as in a crystal do not have this ability.
After Hartley’s work other thermodynamic measurements 4% 215212 have also
demonstrated a close similarity between the micelle core and liquid hydrocarbons.

Even if there is good agreement about the view that the micellar interior is
‘liquid-like’ rather than solid-like, there is confusion and conflicting ideas as regards
the quantitative aspects. (To some extent, this is due to the use of unsuitable exper-
imental approaches). Mukerjee 7> 2! inferred a partial solid-like character from odd-
even alkyl chain length effects on the free energy of micelle formation; odd-even
effects are important in the solid state. Most significant are the studies of partial
molar volumes and compressibilities of amphiphile alkyl chains and of solubilized
alkanes which demonstrate conditions very close to those in liquid alkanes®? %), For
example, the partial molar quantities of solubilized alkanes are virtually identical to
those of the pure liquid alkanes. Direct measurements of the mobility of the micelle
interior have been attempted by various spectroscopic methods; often one uses the
ill-defined and unsuitable concept ‘microviscosity’. Due to the strong solubilizing
power of the micelles, it is a simple matter to introduce a spectroscopic probe. The
fluorescence depolarization studies?!® of solubilizates like perylene and 2-methyl-
anthracene have given high mobilities of these probes in micelles, although they are
somewhat lower than those of the corresponding hydrocarbon solutions. Measure-
ments of the ESR line widths of nitroxide spin labels solubilized in SDS micelles
have given reorientational correlation times which are much shorter than for micelle
rotation®'>, The spin label, therefore, appears to be free to reorient in the micelle
but this reorientation is, according to the interpretation made, much slower than
that of the free aqueous nitroxide spin label. In the present authors’ opinion, signif-
icant criticism can be raised against ESR, fluorescence depolarization and similar
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methods. Firstly, the mobility of a foreign probe, that may appreciably perturb the
system, is monitored and not that of the surfactant. In contrast to what has often
been assumed, the probes used are probably located close to the micellar surface
rather than in the micellar core; the molecular mobility in the head-group region
certainly differs markedly from that in the center. Another aspect is that the interpre-
tation is made in terms of a single rotational correlation time, whereas the process
considered includes a partial averaging of the physical interaction by rapid local
motions while the residual interaction is influenced by a slow motion over the di-
mensions of the micelle (see below). The distinction between the two correlation
times has not been made.

An objection-free approach to these problems is to study the surfactant itself
without using foreign probes. This can be achieved by using different NMR methods
of which *C NMR so far has been most informative. '>C chemical shifts of alkyl
chains are dominated by conformation effects, i.e., they are mainly given by the
trans-gauche ratio. For dilute aqueous solutions, the alkyl chain conformation is
expected to correspond to a partly coiled state to reduce the hydrocarbon-water
contact and for pure hydrocarbons, entropic effects, similarly, should favor coiled
conformations. For a micelle, for geometrical reasons some chains have to be in the
extended all trans conformation but the *3C chemical shift studies indicate that the
change in gauche-trans ratio on micelle formation is rather small. It is only of the
order of 20% or less of the change from all gauche to all trans with the effects being
largest in the center of the chains®®. (An increasing trans-to-gauche ratio on micelle
formation is also given by Raman studies’®, but there are also some conflicting
results from the two techniques which remain to be resolved). ?C NMR shifts of
alkyl chains monitor very sensitively conformational effects as can be seen from
recent studies!® of mixed micelles of CH3(CH, );3N(CH;)5 and CH3(CH, ) sN(CH,);
salts. The «w-methyl signals of the two surfactants are shifted by a small amount rela-
tive to each other in the mixed micelle while they have the same shifts for the pure
micelles. In the mixed micelle, the C 4 chains can have a more extended conforma-
tion while the C ;4 chains are slightly compressed. Similar packing disturbances were
found when decanol is solubilized in octanoate micelles®' 7.

13C relaxation should be a most direct approach to the study of alkyl chain mo-
bility in micelles and indeed a large number of studies have been presented. For hy-
drogen-binding carbons, the relaxation is dominated by intramolecular dipole-dipole
interactions and on the basis of a standard expression, the correlation time has been
deduced. The correlation time is a few times longer in the micelles than for the mono-
mer in aqueous solution and there should thus be a marked slowing down of the alkyl
chain motion on micelle formation. However, it was recently pointed out?'® that
one cannot view the micellar interior as a simple isotropic medium. This is perhaps
best illustrated by recalling that the micellar aggregate is structurally closely related
to the liquid crystalline aggregates that are formed by amphiphilic substances at lower
water contents. In these liquid crystalline phases, the molecular motion has been
shown to be rapid as for example measured by diffusion®'®). However, the systems
are usually anisotropic so that the average value of any tensorial quantity is nonzero,
as illustrated, for example, by splittings in the deuterium NMR signal®”. The local
molecular packing is expected to be similar in a micelle so that the motion of the
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amphiphile or of a solubilizate is locally anisotropic. This introduces a complication
in the analysis of experiments that are sensitive to the reorientational motion. In the
simplest approximation, one has to consider both a fast local motion and a slower
reorientation of the whole micelle. Such an analysis was performed for °C T, data
in the sodium octanoate-water system?'®). It was found that substantial contributions
to the T, values originate from the aggregate motion, particularly for the carbons
closest to the polar headgroup. A direct demonstration that a slow motion, which
can be micelle rotation or amphiphile lateral diffusion, is important has been provided
by the observation of a dependence of T, of **C on the magnetic field strength. For
the local motion, corresponding to chain flexibility and trans-gauche isomerization,
there was no detectable change when going from an aqueous environment to a micel-
lar one. It thus seems that the motion within a micelle is even more liquid-like than
has been inferred previously from spectroscopic data.

In conclusion, it is evident then that the state of the alkyl chains in micelles is
certainly quite close to that of liquid alkanes. The average conformation is only
slightly more extended than for the monomer in aqueous solution and as regards
the dynamics there seems to be no unambiguous demonstration of any change on
micelle formation. As regards the lateral mobility, it is significant to note that the
amphiphile translational diffusion in amphiphilic aggregates has been found to be of
the same order of magnitude as in a corresponding liquid solution®!'?,

4.4 Counterion Binding

Aggregation of ionic amphiphiles is opposed by headgroup electrostatic repulsions
which, however, are balanced to a large extent by adsorption of counterions at the
micellar surface. While a unified view of electrostatic effects is given in Sect. 6, we
here discuss counterion binding as revealed by different experimental techniques and
in particular we discuss ion specificity. It is commonly stated that ca. 60—70% of the
counterions are ‘bound’ to the micelles. Binding in this context should, however, not
be taken to imply that there is a certain number of specific sites for the counterions;
rather counterion binding is described in terms of a continuous radial distribution
function corresponding to a high counterion concentration close to the micelle and
continuously decaying with increasing distance from the micelle. There is thus cer-
tainly no unambiguous distinction between bound and free counterions. With such

a state of affairs it is not surprising that the degree of counterion binding (8), defined
as the ratio of counterions and amphiphile ions in a micelle, is no experimentally
well-defined quantity; rather it is expected to vary with the experimental method
used. There are quite a large number of techniques which can be used to study coun-
terion binding; schematically, they may be subdivided into thermodynamic, transport
and spectroscopic methods. Thermodynamic methods are exemplified by ion activity
measurements which monitor the counterion concentration far away from the micelle.
Transport methods monitor the amount of counterions moving with the micelle as

a kinetic entity and are exemplified by tracer self-diffusion measurements. Spectro-
scopic methods monitor the amount of ions which have their spectroscopic properties
affected by the micelles; examples are NMR chemical shift or relaxation studies. Ex-
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amining the available information on counterion binding to micelles, some general
conclusions can be made for simple hydrophilic counterions:

a) For a large number of systems, § lies in the range 0.5-0.8.

b) The three types of experimental approaches are in qualitative but not in
quantitative agreement.

¢) Variations in § with counterion are small for a given amphiphile.

d) Ion competition has been observed but is generally small.

¢) lon specificity may be marked as regards certain properties such as micelle
size and shape but is small for the CMC.

f) B is only little dependent on factors such as surfactant concentration, temper-
ature and alkyl chain length as long as the micelle shape remains the same.

g) At the transition from spherical to rod-like micelles, there is a small but signif-
icant increase in § and the same applies at transitions to liquid crystalline phases.

h) Solubilization in certain cases gives a small reduction in , in other cases no
effect is noticeable.

i) Ion association to micelles is badly accounted for in terms of conventional
views of chemical equilibria but has many features in common with that of cylin-
drical polyelectrolytes. For example, the ion condensation concept has its counter-
parts for amphiphilic systems (see Sect. 6).

The somewhat unexpected fact that the different types of methods give approx-
imately the same values of f is discussed in Sect. 6. Quantitatively, there are signif-
icant differences though, so in comparisons between different amphiphile ions, coun-
terions etc., the adherence to a single method is necessary. Having outlined the
generalities of counterion binding, we will with selected examples discuss some of
its features on a molecular level as revealed mainly by spectroscopic studies.

Tracer diffusion studies have given f values close to 0.6 for sodium ion binding
to a number of anionic amphiphile micelles, i.e., octanoate22?, dodecylsulfate?2V,
and octylbenzenesulfonate222). For CTAB, s ca. 0.71°7) and both in this case, and
in the case of sodium octanoate, a very slight increase in § with increasing concentra-
tion was noted. Membrane electrode studies by Vikingstad et al.*" have, for sodium
alkanoates, demonstrated a small increase in § with increasing alkyl chain length;

g is found to be 0.57, 0.60, 0.64, 0.68, 0.72 and 0.74 for sodium heptanoate and
upwards.

Mukerjee et al.2” inferred a slightly lower 8 of Li* than of Na* for dodecylsulfate
micelles and from this as well as from the variation of CMC with alkali ounterion
it was suggested that counterion binding follows the effective radius of the hydrated
ion, For tetraalkylammonium ions, binding was found to increase with increasing
ion size. For octylbenzenesulfonate micelles, competition experiments monitoring
the Na™ self-diffusion showed alkali ion binding to follow the sequence
Li* <Na* <K* <Rb* < Cs* 222, For alkanoates, the reverse sequence seems to
apply as can be inferred from a slightly increasing CMC?%3) along the series
Na* < K" < Rb*< Cs", An increasing binding affinity with decreasing alkali ion
atomic number for —CO3 is consistent with a higher 8 for Na* than for K* for do-
decanoate micelles*® as well as with results from competition experiments using
23Na* quadrupole splittings of lamellar liquid crystals composed of alkali octanoate,
decanol and water?%),
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In NMR studies of alkali ion binding, a conspicious feature is the opposite 2°Na*
chemical shifts observed 225 226 on micelle formation of sodium octanoate and
sodium alkylsulfates (and sulfonates) (Fig. 2.17). Hydrocarbon chain length, on the
other hand, does not appreciably affect either 8 or the intrinsic chemical shift of the
bound ion for sodium alkylsulfates. Also several other NMR observations point to a
marked headgroup specificity in alkali ion binding. Thus, both the >*Na* quadrupole
relaxation in micellar solutions?2®) and the quadrupole splittings in mesophases®>
show a markedly different behavior for —CO3; and —SO7 end-groups. The peculiar
temperature and concentration dependences of the quadrupole splittings for the
case of octanoate have been referred to an appreciable location of Na* ions between
surfactant headgroups. For the case of —0SO3 and SO73, a location of Na* symmet-
rically with respect to the three oxygens pointing out into the aqueous layer fits the
observations. The different locations in the two cases were found to be in confor-
mity with the areas per polar group deduced from X-ray diffraction data. These ob-
servations suggest a model of counterion binding in these systems which applies also
for other amphiphile aggregates since the interaction pattern is certainly independent
of aggregate geometry®”). Alkali ions appear in general to retain their primary hydra-
tion sheath on binding (see below) and it is proposed that hydrogen-bonding to the
waters of alkali ion hydration is significant for the more basic —CQ7 group but not
for the —0SO3 or —SO3 groups?2®), The simple picture, giving an enhanced counter-
ion binding for a smaller radius of the hydrated ion, should thus be applicable for
—S80% and —SO3, while it should be modified for —CO3. The suggested model is
consistent with both the various NMR observations, with the location of counterions
between —CO3 end-groups and with the possibility of having opposite counterion
binding sequences.

Counterion specificity has been observed to be markedly more pronounced for
cationic surfactants than for anionic ones. This can certainly be mainly referred to a
weaker hydration of typical counter-anions. From the variation of CMC with counter-
ion and from ion activity measurements it can be inferred that the binding to
—N(CH3)3 and —NH3 headgroups follows the sequence I™>NO3 >Br™ > Cl™. (As
an example a recent study 2*3) of decylammonium salts shows the CMC to decrease
from 0.064 M for the chloride t0 0.038 M for the iodide). The counterion specific
effects on micellar shape for —N(CH3)3 surfactants were discussed above. For cat-
ionic (as well as some anionic) amphiphiles, a marked counterion specificity is also
indicated in the phase diagrams® but systematic studies of the counterion depen-
dence have not yet been reported.

Because of the possibility of charge-transfer interactions between polar head
and halide jon, ion specific interactions can be expected to be particularly marked
for alkylpyridinium halides. From the CMCs counterion dependence®, as well as
from counterion dissociation studies, binding is found to follow the sequence
[7> Br™ > Cl™. The size of hexadecylpyridinium micelles is very sensitive to the
anion of added salt, aggregation being promoted according to the sequence?*”
F7<ClI” <Br” <NOj3 <1I".

The behavior of hydrophobic counterions is, not unexpectedly, different from
that of small hydrophilic counterions. Increasing counterion binding with increasing
counterion size can be deduced both for anionic?” and cationic*® surfactants. Fur-
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thermore, the surfactant ion residence time in the micelle is markedly increased with
hydrophobic counterions®?, These and other observations point to a micelle-stabil-
izing effect due to hydrophobic interactions between surfactant and counterion.

4.5 Hydration

Micelle formation, being associated with eliminating the unfavorable contact be-
tween hydrophobic groups and water, is an event specific to aqueous solutions and
an important matter refers to exactly how much of the amphiphile-water contact is
retained on micelle formation. That the major part of the hydrocarbon chain-water
contact is eliminated on micelle formation is an inherent aspect of our view of the
driving forces of micelle formation but is also directly demonstrated by a large num-
ber of experimental techniques. Thus the water 'H chemical shifts??®), the water
'H relaxation rates®® and the water self-diffusion coefficients?2® change at a rela-
tively high rate below the CMC but more slowly above this concentration. Such
variable concentration studies allow under certain assumptions the deduction of a
global or effective hydration number of the micellized amphiphile but besides this
we should also like to know, inter alia, the state of hydration of the counterions,
the type of amphiphile headgroup-water interaction, as well as the dynamics of
hydration water (binding life-time, rotational freedeom etc.).

The life-time of a monomer in a micelle may be of the order of a microsecond
and in view of the accepted dynamic state of a micelle this implies that less extensive
motions occur on a shorter time-scale. Aniansson?2® has recently examined the
dynamic protrusion of methylene groups from the hydrocarbon core of a micelle

Fig. 4.4. A schematic picture of the dynamic protrusion of surfactant monomers from spherical
and rod-shaped micelles. (By the courtesy of J. Ulmius)
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on the basis of the kinetic information and the hydrophobic bonding energy. His
results indicate a considerable protrusion. Thus every third monomer would protrude
more than one methylene group and the average protrusion would be one —CH,-
group. Even if it is open to some quantitative refinement, the work of Aniansson
gives a good qualitative account of the extent of partial exits of monomers from
micelles; in discussion of water penetration into micelles these results are most appro-
priate. An attempt to visualize the dynamic roughness of the micelle surface is given
in Fig. 4.4.

The micelle-water interaction is highly dynamic and stoichiometrically undefined
and, therefore, the concept of a single hydration number is a simplification; the
meaning of the hydration number is dependent on the experimental approach con-
sidered. An initial suitable definition for our present purpose is to take the micelle
hydration number as the number of water molecules moving with the micelle as a
kinetic entity; this hydration number can be deduced from transport properties, e.g.,
viscosity and diffusion. A very useful description of the evaluation of hydration num-
bers from viscosity data has been given by Mukerjee23%. The procedure involves the
determination of the intrinsic viscosity and comparing it with the partial specific
volume of the amphiphile; precision is reduced by certain corrections, mainly for
electroviscous effects, which have to be applied. The micelle hydration numbers per
ampbhiphile deduced by Mukerjee were 9 for SDS and 5 for both C,,N(CH3)3Cl and
C14N(CH3)3ClL. A similar procedure was utilized to obtain a hydration number of
8.5—-8.9 for C,COONa micelles?>!) and 10 for C ,,NO(CH;), micelles?3?). Another
study 23 obtained ca. 8 for SDS and for the series C;,;NO(CH3;), micelles**?. An-
other study?3%) obtained ca. 8 for SDS and for the series C;,(OCH,CH,),050;Na
with n = 1—-10 the hydration number was found to increase strongly with the num-
ber of ethylene oxide groups (Fig. 4.5). The study of the water self-diffusion co-
efficient as a function of micellar concentration is another efficient way of ob-
taining global hydration numbers and has given the hydration numbers 8.7 for
C,COONa?2? and 9 for C4(CH,)SO;Na?34),

The hydration numbers given are somewhat approximative and are subject to
error due to e.g., electroviscous effects and micelle shape effects. However, it seems
that possible corrections should lower these numbers which can therefore serve as
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rather reliable upper limits. The hydration numbers are smaller than those estimated
for a uniform monolayer of water at the micellar surface and can be understood to
a good approximation in terms of hydration of the bound counterions and the polar
heads alone® 239 Water contact of the alkyl chains is not indicated by these data.
Very good evidence for the absence of any appreciable water penetration into
micelles is provided by recent studies®?' *® of partial molar volumes and partial
molar compressibilities. For example, the partial molar quantities of alkanes in
C11COONa solutions are close to the values of liquid alkanes but considerably
higher than those in water. There exist suggestions in the literature of a considerable
water penetration into micelles but these have been shown to be due to deficiencies
in the procedures used as shown for example by Stigter?35) and by Mukerjee and
Mysels®®). Muller®3®) has recently demonstrated that F NMR chemical shifts,
which have given the most important arguments in favor of a water penetration, are
unreliable in this connection. Use of polar groups as spectroscopic probes (such as
carbonyl in a recent 13C NMR study?37) are, of course, not likely to report faith-
fully on the unperturbed state of the micellar core. Furthermore, in many spectro-
scopic probe studies, the probe has often been erroneously assumed to lie in the
micelle interior while in fact it resides close to the surface (see below).

Apart from the global hydration number, it is also of great interest to define
the loci of hydration water and to study its mobility. Various spectroscopic methods,
and in particular NMR, should be helpful in this respect but hitherto few adequate
studies have been presented. A 'H NMR study?3®) of some nonionic polyoxy-
ethylene-containing compounds showed that the alkyl chains are not in contact
with water while the polyethoxy chains are strongly hydrated. A preceding 'H relax-
ation study? 39) of n-decylpentaoxyethylene-glycol monoether led to the same con-
clusion while 'H chemical shifts were interpreted differently®*®), Recently, '°F NMR
relaxation studies®® on —CF,- and —CF 5 groups in a number of both partially fluor-
inated and perfluorinated surfactants have been performed for D,0 and H,0 solu-
tions. The difference in relaxation between the two solvents may be appreciable for
the surfactant monomer, due to the much larger magnetic moment of 'H, but dis-
appears on micelle formation; this shows that the aikyl chain-water contact must
be very small. Deuteron quadrupole splitting studies may provide information on the
number of water molecules having their orientation affected by the amphiphile
aggregates in liquid crystals. For the lamellar phase of the systems alkali octanoate-
decanol-water, for example, at most about 5 water molecules per octanoate are
appreciably oriented®®). The low order parameter of the hydration water (ca. 0.01)
indicates a high mobility, and, similarly, the water molecules at the surface of a
micelle are certainly quite mobile. Tiddy et al.2%!) have recently observed an ultra-
sonic relaxation for concentrated surfactant solutions and mesophases which they
attribute to water exchange; these results are highly interesting and indicate water
life-times at the surface of several different surfactant micelles to lie in the range
1078-10%s.

Fundamental to our picture of counterion binding to micelles is a knowledge of
whether counterions retain their hydration spheres or not. Mukerjee?? concluded
from partial molar volume data that (for simple jons) it is the interaction of the hy-
drated ion with the micelle that is important and the same conclusion is drawn in a
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recent volumetric study?2%). An early 2>Na NMR relaxation study indicated that the
Na* ion retains its inner hydration layer down to quite low water contents in sur-
factant systems®%, A recent study>? of the water isotope effect in Cs* shielding
provides more direct evidence for an extensive hydration of alkali ions bound to
micelles (Fig. 4.6); the observations of alkali ion dependent water deuteron quadru-
pole splittings for lamellar mesophases®® as well as of alkali ion dependent phase
diagrams®** point in the same direction. As regards the halide ions, the observation
of charge-transfer interactions for I~ 2#57247) and of large changes in CI~ and Br~
quadrupole relaxation rates>*®) on binding to micelles are indicative of direct counter-
ion-head-group approaches. The marked counterion specificity observed in certain
cases (for CMC, micellar size and shape etc.) is, furthermore, difficult to unterstand
if the counteranions completely retain their hydration layers. It is thus possible that
at least Br~ and I~ ions (but perhaps also C17) become partially dehydrated but there
exists certainly no conclusive evidence. Thus Mukerjee et al.”® and Stigter®>*®con-
sider that C1™ ions retain their hydration water on binding to micelles and Kale and
Zana®?¥ in their study of decylammonium micelles come to the same conclusion

for both CI™, Br~, I~ and NO3.

Concluding our discussion on micelle hydration, we may state that the polar
head-groups are certainly hydrated although to a varying extent and that alkali
counterions retain their primary hydration sheath; small hydrophilic counteranions
may at least in certain cases become partially dehydrated. There is no appreciable
water penetration into the interior of micelles although the dynamic state of the
micelle with frequent partial exits demands a limited water contact for the alkyl
chains. This water contact certainly varies from system to system but may typically
be around 50% or less for the a-CH, group and below 20% for the §-CH,; it dimin-
ishes then rapidly as one moves away from the polar head. Evidence for a very low
water content at some distance from the polar head was presented above and is,
furthermore, provided by the slow passage of water through lipid bilayers?>® or
between reversed micelles?% D),
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4.6 Solubilization

Solubilization is one of the most striking aspects of surfactant soluticns. Here we
will schematically consider the site of solubilization in a micelle although it may be
more appropriate to consider the problem in terms of a mixed solubilizate-surfactant
aggregate. If polar groups are present in the solubilizate a location close to the micel-
lar surface is expected and for an amphiphilic solubilizate, such as a long-chain
alcohol, surface location of the polar group and an orientation of the alkyl chain
towards the micelle interior may be anticipated; for an alkane one may assume that
location close to the micelle center is most favorable. These predictions are in accor-
dance with, for example, the observation of a decreased 3'Br™ relaxation®® on addi-
tion of hexanol, but not of cyclohexane, to concentrated CTAB solutions. Further-
more, n-alkanes solubilized in sodium dodecanoate solutions have partial molar
volumes and compressibilities close to those of liquid alkanes*®,

For aromatic compounds it is much more difficult to predict the solubilization
site. A large number of experimental investigations have related to this problem and
there has been a considerable controversy about the dynamic solubilization site.
However, there is now fairly general agreement that aromatic compounds such as
benzene, naphthalene and pyrene are solubilized close to the amphiphile polar heads;
alkyl substitution of the solubilizate moves the phenyl group somewhat away from
the surface”>. Aromatic compounds give sizeable ‘ring current’ shifts in NMR which
were used by Eriksson and Gillberg®® to study solubilization in CTAB solutions by
"H NMR. Benzene, N,N-dimethylaniline and nitrobenzene were found at low solu-
bilizate contents to lie close to the micelle surface while isopropylbenzene is drawn
more inwards. Recently, 1-methylnaphthalene was found to lie close to the micelle
surface for CTAB solutions; as can be seen in Fig. 4.7, the groups in the polar head-
group region are shifted much more than the others on solubilization?'®. The
81Br— NMR relaxation rate of CTAB solutions may be considerably reduced on
solubilization of benzene and N,N-dimethylaniline. Data from other spectroscopic
methods have been more difficult to interpret and various views have been advanced.
However, recent studies by Mukerjee et al.”3 252 253) resolve the problems and show
that benzene and some of its alkyl derivatives as well as naphthalene are located pre-
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dominantly in the interfacial region at low solubilizate contents. Solubilization in
many cases induces very marked changes in micellar shape; it seems that such effects
correlate well with solubilization in the head-group region®®’ 5®. Solubilization of
1-methylnaphthalene in CTAB micelles, which occurs in this way216), induces visco-
elasticity and the same mode of solubilization is certainly operative for other cases
of viscoelasticity®®’ 198) Solubilization of alcohols in CTAB solutions very drastically
influences the rheological properties of the solutions; the effect varies in an irregular
way with alcohol alkyl chain length**7).

We have already briefly touched on the relation between solubilization on one
hand and counterion binding and hydration on the other. 8'Br NMR has shown a
decreased counterion relaxation on solubilization in certain cases®® but as shown
by Br™ self-diffusion data this may be referred mainly to an altered relaxation rate
of bound Br™ ions rather than a release of counterions'®”). For concentrated solutions
of sodium octanoate, there is a gradual increase in § on solubilization of decanol'®”
which correlates well with an increased 2>Na NMR relaxation?5?; specific complex
formation between hydrated Na*, —OH and —COQ™ at the micellar surface is a pos-
sible explanation. For SDS, there is no change in § on solubilization of cyclohexane,
n-heptane and n-hexane while § is decreased on addition of benzene, p-xylene and
octanol'®”; the effects are small, however. For sodium octylbenzenesulfonate solu-
tions, solubilization of benzene and octanol leads first to a decrease in § and then
an increase?>%). All the studies cited concern rather high solubilizate contents and
it can be seen that the general pattern is that of a rather small influence of solubil-
ization on counterion binding. The effect of solubilization on micelle hydration is
much more sparsely documented. For approximately spherical CTAB micelles there
is according to self-diffusion studies, a release of hydration water on solubilization
of octanol and hexanol but not on solubilization of cyclohexane?5®;at 0.3 M CTAB,
the water self-diffusion coefficient decreases on solubilization but in view of the
concomitant shape change it is a little difficult to interpret these data. Solubilization
studies using ?H NMR have been performed for hexagonal mesophases of water and
sodium octanoate or sodium octylsulfate®®); a more polar solubilizate decreases
water binding while a nonpolar one gives a small effect or an increase in water bind-
ing. One would in fact expect that a compound solubilized close to the micelle
surface may displace some water while a compound solubilized in the micellar core
may increase the surface per polar group and thus enhance hydration slightly.

5 Dynamic Processes in Micellar Systems

Intuitively it might be tempting to look upon a micelle as a rigid structure since one
has a rather well-defined partitioning between the apolar interior and the aqueous
environment. However, it was realized by Hartley'®> °2 at an early stage that the
physico-chemical properties of micellar solutions are only compatible with a liquid-
like micellar interior. Later investigations, using both thermodynamic and spectro-
scopic techniques, have fully confirmed this conclusion. Today we can look upon
the micellar aggregates as closely related to the liquid crystalline structures formed
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at higher amphiphile concentrations®. A consequence of the liquid-like structure of
the micelle is that the equilibrium with monomers in the solution is a highly dynam-
ical one. The amphiphiles constantly protrude from and leave the micelle'%% 229,
while monomers in the solution recombine with the micelle. The same type of
dynamic equilibrium also applies for solubilized molecules. For ionic amphiphiles,
the counterions exchange rapidly between the micellar surface and the bulk solution.
If there is a potentially chemically reactive species in the solution it can diffuse to
the micelle where the reaction may be catalyzed. There is thus a number of dynam-
ical processes going on in a micellar solution and studies of all these processes will
add to our total picture of micellar systems.

5.1 Kinetics of Micelle Formation

During recent years the understanding of the kinetics of micelle formation has im-
proved considerably. A thorough theoretical analysis of the problem was performed
by Aniansson, Wall and co-workers'?% 187: 257-262) The experimental methods were
also developed to include not only ultrasonic relaxation?63~25%) pyt also stopped
flow?66:267) 1 iump?98-271) Tjump??2~27%) and shock-tube'®* 276) methods. It
was found that the theory of Aniansson and Wall was consistent with the exper-
imental findings'®®. The crucial assumption in the theoretical model is that the
elementary kinetic process that determines the dynamic behavior of the system is
the equilibrium between a monomer and a micellar aggregate

ke
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where k3 and kg~ are the ‘on’ and ‘off” rate constants, respectively. A basic observa-
tion in the analysis is that micellization is a cooperative process. As a consequence
the distribution curve for aggregate sizes has a strong minimum for aggregation num-
bers lower than the optimal micelle size. (See Fig. 2.23). The low equilibrium con-
centration of these aggregates of intermediate size provides one reason why one can
neglect kinetic processes where aggregates A, and A; combine to the micelle Ay + 21,

Consider a micellar solution at equilibrium that is subject to a sudden temper-
ature change (Tump). At the new temperature the equilibrium aggregate size dis-
tribution will be somewhat different and a redistribution of micellar sizes will occur.
Aniansson and Wall now made the important observation that when scheme (5.1)
represents the kinetic elementary step, and when there is a strong minimum in the
micelle size distribution as in Fig. 2.23(a) the redistribution of micelle sizes is a two-
step process. In the first and faster step relaxation occurs to a quasi-equilibrium state
which is formed under the constraint that the total number of micelles remains con-
stant. Thus the fast process involves reactions in scheme (5.1) for aggregates of sizes
close to the maximum in the distribution. This process is characterized by an expo-
nential relaxation with a time constant 1, equal to

Tl—l - k_/02 +a k-/n (52)
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Here k™ is the ‘off” rate constant for the micelle at the mean aggregation number
n262) and o is the standard deviation of the assumed gaussian micelle size distribu-
tion. a is the relative amount of micellized monomer

a=(Awt—~ K1)/1__§1 (5.3)

where A, is the equilibrium concentration of A,. By measuring 7, as a function ofz,
i.e., of Ao, one can determine k™ /0% and k™ /n. If n is determined by a separate
method, both k™ and o can be calculated. Experimentally the value of 7| depends
strongly on both surfactant concentration and the length of the alkyl chain but it is
usually in the range 10™>—1072 5. This means that depending on the particular
system different experimental methods must be used to determine 7,. For the region
1077—-1078 5 the ultrasonic absorption method is useful while in the range
1073~10"% 5 p-jump techniques are applicable.

When the system has reached its quasi-equilibrium state a slower process, involv-
ing the relaxation to the true equilibrium, becomes measureable. This process in-
volves a change in the number of micelles. The formation or dissolution of a micelle
involves according to scheme (5.1) the appearence of aggregates of size at the mini-
mum of the size distribution curve, and since these aggregates occur with low prob-
ability the process can be a very slow one. Aniansson and Wall showed that this
process is also characterized by an exponential decay with a relaxation time 7,,
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Here R is a “resistance” for aggregate flow through the region of intermediate aggre-
gate sizes

52
R=3Y (5.5)
s1+l kS—As

where A, is the mean concentration of aggregate A, and s; and s, are aggregation
numbers between the monomer and the proper micelles. In Eq. (5.4) it is R that is
most sensitive to changes in external parameters such as temperature and salt con-
centration. Measurements of 7, thus give a unique insight into the properties of the
aggregates close to the minimum in the distribution curve. Typically t, decreases
with increasing temperature and increases on the addition of salt'%®. This shows
that the formation of the least probable aggregates is endothermic and that these
aggregates are less stabilized by salt than the proper micelles. Typical values of 7,
are in the range 10731 5. There are thus several techniques that are applicable for
determining the kinetics of the slow process.

The type of molecular information that can be obtained from measurements of
the fast relaxation time is illustrated in Table 5.1 where data for a series of sodium
alkylsulfates are presented. One can see that for micelles of short-chain surfactants,
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Table 5.1. Rate constants and micelle size distribution for a series of sodium alkyl sulfates at 25 °C.
(Adapted from Ref.104))

Surfactant CMC, M nd ab kst k* M1
NaCg50,4 0.42 17 6 1.32.10° 3.2.10°
NaC,S0, 0.22 22 10 7.3 .108 3.3.10°
NaCgSO,4 0.13 27 1.0 .108 7.7. 108
NaCsS04 6.1072 33 14 .108 2.3.10°
NaCj S0,4¢ 3.3 .107? 41 9 .10’ 2.7.10°
NaC SO, 16 -1072 52 4 .107 2.6-10°
NaC;,50, 82 .1073 64 13 1.0 -107 1.2-10°
NaC1450, 2.05.1072 80 16.5 96 -10° 47108
NaCy 5049 45 .10 100 11 6 -10° 1.3.108

a Mean aggregation number; b Standard deviation for the micelle size distribution; €40 °C;
d430°C.

the size distribution is rather broad (n =~ 2 ¢), while for long-chain amphiphiles one
has a relatively narrower distribution (o/n < 1). As a consequence of the broad dis-
tribution for the short chain amphiphiles, the long relaxation time is difficult to ob-
serve.

The rate constants k~ and k* in Table 5.1 are related through the CMC value
and are thus not independent, In obtaining a molecular interpretation of the rate
constants it seems most convenient to focus attention on the rate of the combination
reaction, i.e., on k™. In the absence of long-range forces, the maximum diffusion-con-
trolled rate of a bimolecular reaction is

ky=47N,Dr (5.6)

where k, is of dimension M~!s!. N, is Avogadro’s number, D(m?s™!) the sum of
the diffusion coefficients of the reactants and r(m) the distance from the micellar
center at which the reaction occurs. From experimental values of the diffusion con-
stant of the surfactant and estimates of micellar radii, the values obtained for k*
using Eq. (5.6) are larger than the experimental ones by a factor of the order of ten;
the discrepancy being largest for the amphiphiles with the longest chains. Since the
micelle has a very dynamic structure it seems less likely that the micellar surface
creates a barrier for the penetration of the monomer alkyl chain. A more plausible
alternative, as suggested by Aniansson et al.'®% is that the monomers are repelled
by the micelle through long-range electrostatic interactions.

It appears that, through a combination of theoretical and experimental efforts,
the kinetic methods have developed into one of the most fruitful approaches to the
study of physico-chemical properties of micellar systems. One of the main problems
that remains to be solved is the kinetics for systems containing rod-shaped micelles
where the size distribution is very broad. There is also a problem in the interpreta-
tion of the amplitudes measured in the different kinetic experiments.
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5.2 Kinetics of Solubilizates and Counterions

One of the most important features of micellar solutions from a chemical point of
view is their ability to solubilize otherwise water insoluble molecules. The liquid-like
apolar micellar interior acts as a solvent for apolar substances. The solubilized mole-
cules are of course also in dynamic equilibrium with the aqueous environment and
other micelles. The kinetics of the solubilizate exchange has been studied by ESR
methods using nitroxide radicals with a significant water solubility?”®). These studies
indicated that the exchange process is rapid, but a detailed picture did not emerge.
By the introduction of photochemical techniques, Thomas and co-workers’® 78279
seem to have found an experimental method that makes it possible to study the
various kinetic processes of solubilizates in detail. In micellar systems one has a
spontaneous molecular organization that can be used advantageously to probe spec-
ifically different molecular processes. Take as an example the studies of the phos-
phorescence of solubilized 1-bromonaphthalene. After an excitation of the bromo-
naphthalene by a laser pulse, the resulting triplet state can relax to the ground state
either through a radiative process or through an interaction with a triplet quencher.
By having an ionic quencher with the same charge as the amphiphile forming the
micelles one can ensure that the quenching process only occurs in the aqueous
environment. By measuring the phosphorescence yield at varying concentrations of
quencher and micelles it was possible?”® to determine the rate constant for exit and
reentry of the 1-bromonaphthalene in sodium dodecylsulfate micelles.

The rate constant for the reentry is of the magnitude expected for a diffusion-
controlled reaction as in Eq. (5.6). This means that the exit rate is determined by the
partition coefficient of the solubilizate in its triplet state between the micelle and the
aqueous solution. Table 5.2 shows the exit rate constants k; for several systems. The
water solubilities of the probes are also given to show the correlation between k; and
the solubility in water. These studies give further support to the view that the micelle
has a very dynamic structure, which makes it easy for the solubilizate to enter and
leave the aggregate.

The exchange between bound and free counterions is usually very rapid which
probably explains why there exist so few experimental determinations of this rate
constant. For example, in NMR studies of counterions one invariably observes a
rapid exchange between free and bound ions. However, in solutions containing cetyl-

Table 5.2. Exit rate constants k; for solubilizates in micellar systems. (From Ref.77))

Compound Surfactant ki (s7H Solubility in
water (M)
Anthracene CTAB 2 .10° 4.6.107¢
1-Bromonaphthalene SDS 25 .10*
Naphthalene SDS >5 .10% 26.107%
Biphenyl SDS 1.2.10° 49.10°%
Benzene SDS >10° 2.1.1072
CH,I, SDS 107 47.1073
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pyridinium iodide micelles Griinhagen®8® observed a relaxation process with a rate
constant of 1.5 - 107 s=1 (40 °C), which was interpreted as due to a counterion dis-
sociation process. In this case there is, in addition to the electrostatic ion-ion attrac-
tion, a charge transfer interaction between the iodide ion and the pyridinium ring
giving a stronger counterion binding. In the absence of such specific effects the rate
constant is expected to be substantially larger. The motion of the counterions can
then probably be described by a diffusion equation where the effect of the long range
electrostatic interaction has been added. In the presence of an electrostatic potential
& the diffusion equation for an ion k with charge z is

aCy = Ze > 2

—=— —C v} — v-Cyl. 5.7

- Dk{v(kaV ) v2 i) (5.7)
For counterions, Eq. (5.7) predicts a larger rate constant for the association process
than Eq. (5.6) since the ions are attracted by the micelle. An estimate using Eq. (5.7)
and a solution of the Poisson-Boltzmann equation (cf. Sect. 6) gives k, = 10'°M~s~!
for the counterion association.

5.3 Micellar Catalysis

It often happens that the rate of a chemical reaction is substantially enhanced in a
micellar solution relative to that of a corresponding pure aqueous system. This
phenomenon is called micellar catalysis and has received a considerable interest in
recent years’* 281, There are basically three different mechanisms that can explain
the enhanced rates?®?), A trivial effect is that in the micellar system one can increase
the concentration of a semipolar reactant giving an increased rate without affecting
the rate constant: an effect that can be of practical significance. The second possibil-
ity is that, by performing the reaction near the interface between the aqueous en-
vironment and the apolar micellar interior, one might stabilize the transition state
of the reaction increasing the rate constant. This seems to occur to a lesser extent
than might be expected. For example, the rate constants for unimolecular reactions
usually change by less than a factor of ten. The apparently most important cases of
micellar catalysis occur for bi- and trimolecular reactions. By introducing micelles
into an aqueous system one makes it microscopically inhomogeneous, so that the
local concentrations can deviate substantially from the bulk ones. For a bimolec-
ular reaction the rate will be determined by the product of the local concentrations.
Depending on reactants and system this product can be either greater or smaller than
that of the bulk concentrations.

Take as an example the experimentally most studied reaction in micellar cata-
lysis, ester hydrolysis in a basic medium

0 0
I Il
R-C-0—-R'+O0H™ & R-CO™ + R'OH
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If the radicals R and/or R’ are hydrophobic, the ester will be solubilized by the mi-
celles and the hydrolysis will occur at the surface of the micelle. When the micelles
are formed by a cationic surfactant, the local concentration of OH™ ions close to
the micellar surface will be substantially larger than the bulk concentration. Thus,
by using a micellar system, one has been able to assemble the reactants in some
spatial region which makes the reaction a more probable event. In enzymatic cata-
lysis this mechanism has been termed the proximity effect?83),

The catalytic effect for reactions involving an ionic reactant usually shows a
strong dependence on the total amphiphile concentration. The maximal effective
rate constant is attained at concentrations just over the CMC. Romsted?8® showed
that this occurs due to the competition between the ion binding of the reactive ions
(OH™ in the example above) and the counterions of the amphiphile. Recently,
Diekman and Frahm?%%:2#€) showed that it is possible to rationalize the kinetic data
by describing the ion distribution through a solution of the Poisson-Boltzman equa-
tion. (See Fig. 5.1).

One of the reasons for the present interest in micellar catalysis is the analogy
with enzymatic catalysis. For example, with respect to the proximity effect dis-
cussed above, such an analogy seems fruitful, but it should be kept in mind that there
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Fig. 5.1. Reaction rate for the complexation of Ni2* and PADA (Pyridine-2-azo-p-dimethyl-
aniline) in sodium decylsulfate (NaDeS) solutions. --- calculated rate from the Poisson-Boltzmann
equation. - - - calculated rate using the assumption that all Ni2¥ jons are bound to the micellar
surface, (From Ref.285))
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are important differences between the two types of processes. In the micellar system
one (or more) of the reactants are solubilized and the solubilization is a nonspecific
dissolution process. In an enzyme, on the other hand, the substrate(s) is(are) bound
to a specific site and this provides a basis for a much more efficient and specific cata-
lytic process. It also follows that the kinetic equations are different in the two cases
so that the reaction rate has a different functional dependence on the concentrations
of reactants, a point that is neglected in simpler kinetic schemes” for micellar cata-
Iytic processes.

5.4 Translational Motion of Micelles

One aspect of the dynamics of micellar systems that has received a renewed interest
during recent years is the translational motion of the micelles themselves. In the

simplest approximation, the translational diffusion coefficient, D, of a spherical mi-
celle is related to the hydrodynamic radius ry; through the Stokes-Einstein relation

D =KT/(6 mnry) (5.8)

where 7 is the viscosity of the solvent. Thus by measuring D one should be able to
determine the size of the micelle, a quantity that is surprisingly difficult to determine
experimentally. In the limit where Eq. (5.8) applies mutual and self diffusion are
equal.

For diffusion over macroscopic distances, D can conveniently be determined
using radioactive or dye labelling!!" 287), With the NMR pulsed gradient spin echo
method?88: 289 ope can determine the diffusion over distances of the order of
0.1—-1um. A third possibility is to analyze the quasi-elastically scattered light which
is sensitive to fluctuations in the micellar position over very short times>> 17%), If the
system behaved ideally the three techniques would give the same value of D but in
real solutions the micelle-micelle interactions are strong and these will have different
effects in the different types of experiments.

For ionic amphiphiles in particular the micelle-micelle interaction is strong, but
also nonionic micellar systems show strong deviations from ideality as the cloud-point
is approached. Both repulsive and attractive forces will reduce the micellar diffusion
coefficient as measured by the tracer and NMR techniques. That interactions in-
fluence D is seen experimentally from the concentration dependence of D37 289
(Fig. 2.11). It is also clear that Eq. (5.8) yields far too large values of r). The electro-
static corrections to D have been discussed by Mazo?%%, In the quasi-elastic light-
scattering case the situation is more complex. The light scattering is caused by
fluctuations on a short time-scale. For ionic amphiphiles it appears that, at least for
low amphiphile concentrations, the process that dominates the scattering is the fluc-
tuation of the micellar aggregate relative to the surrounding ionic atmosphere?°".
This process is a relatively fast one and the diffusion coefficient determined from the
correlation time of the fluctuations in the scattering can be too largezoz) giving too
small radii, ry. To avoid this effect, Mazer et al.>>) made measurements on sodium
dodecyl sulphate in high salt concentration to contract the counterion charge cloud.
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6 Electrostatic Effects

6.1 Introduction

An important class of micelle-forming amphiphiles is the ionic ones. In the mono-
meric state these ionic amphiphiles behave essentially as simple electrolytes and are
thus dissociated into the constituent ions in aqueous solution. As the CMC concen-
tration is reached and micelles are formed the amphiphilic ions give the aggregate

a high formal charge. The high repulsion energy inherent in the aggregation of ions
of like charge is partly compensated by the binding of counterions. Nevertheless such
micelles are charged entities which is, for example, shown by their electrophoretic
mobilities.

The charged micelles give rise to strong local electrical fields in the solution,
which will influence the distribution and motion of other ionic entities. The micelles
also repel each other reducing the translational mobility. These electrostatic inter-
actions influence the energetics of the micellization process substantially. This is
seen from the comparatively high values of the CMC for ionic amphiphiles and by
the fact that the addition of salt decreases the CMC.

It is thus clear that a treatment of the micellization process of ionic amphiphiles
must include a discussion of electrostatic effects. Furthermore, even for zwitterionic
and nonionic surfactants, the electrostatic effects play a role. The favorable inter-
action between the polar groups of these amphiphiles and the solvent water is prob-
ably mainly of an electrostatic origin.

6.2 Models for the Description of the Electrostatic Interactions

A system of an ionic amphiphile contains in its simplest form three entities: the sol-
vent water, an amphiphilic ion, and a hydrophilic counterion. The properties of the
total system can then be understood as the effects of the mutual interactions between
these three species. A comprehensive treatment of all the interactions on a molecular
level is not at present feasible. However, the development of methods for determin-
ing intermolecular potentials and for making statistical mechanical simulations?92—2%%
should change this in the not too distant future.

The most straightforward approach to the micelle formation is through equilib-
rium constants. For an ionic amphiphile the association can be described through a
number of equilibria

mM +nA 2M_A, (6.1)

where M denotes the counterions. Here there is a large number of conceivable pairs
of values {m, n} to describe different aggregates. A description of the aggregation
with the use of (6.1) is designed for the discussion of changes in concentrations of
M and A. When describing a process in terms of a chemical equilibrium the entities
involved should be well-defined. This in turn presupposes short-range forces. For
simple electrolyte solutions, one corrects for the effects of the long-range electro-
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static forces through activity coefficients. In polyelectrolyte systems, to which mi-
cellar solutions should be assigned, the long-range effects seem to dominate the be-
havior and to correct for these through activity coefficients seems illogical. A further
problem with the description in scheme (6.1) is that when the counterion association
is investigated experimentally different techniques will give different results since
the exact nature of the aggregate M, A, is unspecified.

In the phase separation model of micelle formation (cf. Sect. 3.1) it is also pos-
sible to include the counterions specifically. One has made the distinction between
the uncharged phase and the charged micellar pseudophase2%). These models can,
for example, be used to predict how the CMC varies with salt concentration*®), but
as used they are open to the same kind of criticism as is the equilibrium model.

Since the ion association in micellar systems is due to the long-range electro-
static interactions it is preferable to describe the ion distribution around the charged
micelle explicitly. This is customarily made in a model where the water is approxim-
ated by a dielectric continuum in which the counterions are distributed. Within such
a model, there is a multitude of different degrees of refinements. We choose here to
describe the, in our view, most straightforward scheme and postpone a discussion
of the possible modifications to a later stage.

Assume that the micellar aggregate is spherical (radius r,,) with the ionic groups
of the amphiphile at the surface. Due to the dynamic nature of the micelle the

Fig. 6.1. Illustration of the model for the micellar system used in the calculation of the electro-
static properties. rpy, is the radius of the micelle, rj the radius for the closest approach of the
counterions and r¢ the radius of a sphere representing the volume per micelle
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charges will on average be evenly distributed over the surface. In the surrounding
medium, the counterions likewise acquire on average a spherically symmetrical dis-
tribution. Due to the finite size of the ionic groups and the counterions the center
of the ions cannot approach within a sphere of radius r; (see Fig. 6.1).

The ionic groups on the micellar surface and the counterions will give rise to a
nonuniform electrostatic potential ® according to the Poisson equation. If further-
more the electrostatic effects dominate the counterion distribution the ion concen-
tration is determined by ® following a Boltzmann distribution, These approxima-
tions lead to the Poisson-Boltzmann equation.

—€:€g V2 ® =p =  ¢;z;e exp(—z;e D/KT) 6.2)

where €, is the relative permittivity, €, the permittivity of a vacuum, p the charge
distribution, c; a constant with the dimension of a concentration and related to the
mean concentration of ion i, z; the valency of ion i and e the elementary charge.
When one considers a single micellar aggregate in an electrolyte medium the con-
stants c; are the actual concentrations of the ions i if ®(r = =) is chosen to be zero.
For this case one has the boundary condition

d¢ -0 (6.3)

dr r—o

The second boundary condition is obtained from the micellar charge Q.. It follows
from Gauss’ theorem that

dnrl e e o =47r1f e % =—Qn (6.4)

dr [r=rp r=r;

where €, is the dielectric constant at r = rp,. One can note that Eq. (6.4) is valid
irrespective of the dielectric properties of the micellar interior. In the region r > r;
Eq. (6.2) has to be integrated numerically. This was performed first by Hoskin2°¢)
with the boundary condition of Eq. (6.4) replaced by a value for the surface poten-
tial. Extensive listings of solutions were made by Loeb et al.>*”. When applying
these solutions to micellar problems, one should note that it is the charge of the
micelle that is the constitutive property and that the surface potential {®(r;) or
d(r,)} may vary with external conditions. The solution of Eq. (6.2) defines the
potential ®(r;) and also the ion distribution, within the given approximation,

The electrostatic effects are influenced by the micelle concentration. This effect
can be viewed as a micelle-micelle interaction mediated by counterions. The most
direct way for modelling the finite micelle concentration is to confine the volume
per micelle by an outer radius r¢ of finite size 298399 This is called the cell model.

There are many possible improvements to the Poisson-Boltzmann equation and
an extensive discussion of the refinements has been presented by Bell and Levine3°?),
The relative permittivity is field dependent and the ions are polarizable. In Eq. (6.2)
the correlation between the ions is neglected; so are specific chemical effects in the
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interactions between the ions and between the ions and the water. Furthermore the
micellar surface is not fixed but the amphiphiles protrude®?®), In spite of all these
shortcomings, it appears that Eq. (6.2) provides a good qualitative description of the
electrostatic effects and that even many of the quantitative predictions are surprising-
ly accurate. The basic reason for this seems to be that the Poisson-Boltzmann equa-
tion correctly describes the long-range correlations.

6.3 Electrostatic Energies

From the solution of the Poisson-Boltzmann equation one can calculate the electro-
static contribution to the free energy. It is illustrative to divide G into two parts3°2),
The first is concerned with the free energy of the electric field and is given by:

€

Gr = ;0 [ (V&) dV (6.5)

fpddv=
v

N =

where the integral is over the whole volume of the micellar system and p is the total
charge density. The second equality in Eq. (6.5) presupposes electroneutrality in the
volume V. The second contribution is due to the entropy of the counterion distri-
bution which is affected by the electrostatic interactions:

Se-_--—RZ f Ci(lnCi—l) dV—ni(lnEi—l) (66)
i (Vv

where n; is the total amount of ion i in the volume V, C; the local concentration and
C; the mean concentration. In Eqgs. (6.5) and (6.6) the energy and entropy have been
given relative to the corresponding neutral system. For this case the total free energy
G, = Gg—- TS, will always be positive. To actually calculate G, one can proceed in
several ways. Either the integrals in Eqs. (6.5) and (6.6) are calculated directly or one
can determine the work that is required to charge the system to its final value

1
Go=f 2G; (N % ©6.7)

where A is the charging parameter and Gy is given by Eq. (6.5). This method was used
in the pioneering work of Overbeek and Stigter3%%). It is also possible to integrate a
Gibbs-Helmholtz equation (e, constant)

T
Ge=T [ Gid(1/T). (6.8)
o

It was elegantly shown by Marcus®®? that within the approximations of Eq. (6.2)
the three procedures are mathematically equivalent.

In a micelle formation process the volume changes are small and the equilibria
are only slightly affected by the external pressure*". This means that the internal
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energy and the enthalpy as well as the Helmholtz’ and Gibbs’ free energies are nearly
equal, and their respective differences are neglected in the following. The free energy
G, can be decomposed into its enthalpic and entropic part using the Gibbs-Helm-
holtz equation and3°¥

~€o 06\ (T2
He=5 (e,+T aT) I Foyav (6.9)

For water the term T %% = _105 at 298 K) is large and negative>®> due to the

strong orientation of the water dipoles in an electric field. This special property of
water as a dielectric medium has two important consequences. Firstly G¢ of Eq. (6.5)

is mainly of entropical origin due to the cancellation between e, and T %—f[f— in Eq.(6.9).
Since the contribution in Eq. (6.6) is purely entropical (and large) it follows the G,

is entropy dominated. Secondly H, has a different sign than one would expect in-
tuitively. Since at 298 K, e, + T % = 26 the enthalpy, according to the model,
decreases when a charge is created on the micelle. The larger the micellar charge the
larger are the electrostatic effects and the more negative is H, on addition of a mono-
mer to the micelle. This effect might be one of the explanations of the variation of
AH; of Eq. (3.14) with aggregation number discussed in Sect. 3.5.

In applications concerning equilibria in the micellar solution it is often prefer-
able to calculate the chemical potentials u of the components instead of explicitly
calculating the electrostatic free energy G.. The point of using u;: s is that these are
determined by the calculated ion concentrations at the border of the free micellar
volume where the electrostatic potential and field are zero® 92) For an ion

@9=pf % 4+ KT In G (@ =0). (6.10)

For the water

MH,0 = ﬂ?—lzo—kT ZCi(2=0) (6.11)

where the sum is over all ionic species. The amphiphilic ion can also reside in a micel-
lar aggregate where its chemical potential is determined by the short-range molecular
interactions and an electrostatic interaction, Cp, micelle concentration°%)

T = u&™ + Go/n + (KT/n) In Cpy. (6.12)

The chemical potential should be equal for the amphiphilic ion throughout the
solution so that uy = 33, or

kTInCx = (uh ™ — u%®9) + Go/n + kT/n InC,,. (6.13)
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which is a relation between the monomer concentration of the amphiphile, the dif-
ference (1% ™° — 4% #%) determined mainly by the hydrophobic interaction and
finally by G, the electrostatic free energy. G, is determined by the micellar radius
and charge, by r; and by the salt concentration. Thus G, must be determined from
the solution of Eq. (6.2). A shortcoming of Egs. (6.10), (6.11), and (6.13) which is
inherent in Eq. (6.2) is that the ion activities should contain a Debye-Hiickel type
correction but this might be added a posteriori. Eq. (6.13) provides a convenient
starting point for a discussion of the variation of the CMC with various parameters,
a problem that will be discussed further in Sect. 6.5.

6.4 The Ion Distribution

The micellar surface has a high charge density and the stability of the aggregate is
heavily dependent on the binding of counterions to the surface. From the solution
of the Poisson-Boltzmann equation one finds that a large fraction (0.4—0.7) of the
counterions is in the nearest vicinity of the micellar surface3°?). These jons could
be associated with the Stern layer, but it seems simpler not to make a distinction
between the ions of the Stern layer and those more diffusely bound. They are all
part of the counterions and their distribution is primarily determined by electro-
static effects.

In the theory of counterion binding in solutions of rodshaped polyelectrolyte
ions, the concept of ion condensation®°¢ 397 has received much attention during
recent years. The characteristic feature of the ion condensation model is that above
a certain line charge density on the polyion the counterions ‘condense’ on the poly-
ion to reduce the effective charge to a given value. It has been stated that the ion
condensation behavior is peculiar for systems of rodshaped polyions, but it was
recently shown that essentially the same ion binding properties apply also for
planar38: 399 and spherical systems®°% 3'9 under typical experimental conditions.
One of the more intuitively unexpected manifestations of the ion condensation
behavior is that the counterion concentration close to the polyion is only slightly
affected by the mean salt concentration and the polyelectrolyte concentration. It
also follows, in accordance with the observation that the ion binding is entropy-
driven, that the ion distribution is rather insensitive to temperature changes.

Experimentally the ion binding can be investigated through three different kinds
of measurements. Spectroscopic properties of the ions, or of probes interacting with
the ions, are usually determined by short range interactions. The properties of the
ions are then appreciably different from those of an ordinary aqueous solution only
for those ions that are in direct contact with the micellar surface. This behavior is
typical for the NMR575% and ESR®®) measurements on the counterions. Similar
short range effects are also present in fluorescence quenching’®), charge transfer
electronic absorption?4”) and also in micellar catalytic reactions involving ionic
reactants2®* 285) The amounts of ions close to the micelle can be rather easily de-
termined from the solutions of Eq. (6.2). A second approach to the ion binding is
through transport properties like conductivity?” and ion diffusion??® but also light
scattering'"). The interpretation of these quantities is more complex and requires
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in principle an analysis of the whole ion distribution. An approximation that has
been applied to distinguish between free and bound ions with respect to transport
is to consider an ion bound if it is attracted electrostatically by more than kT by
the micelle®°?. The virtue of such a definition is that the quantity of bound ions can
be easily obtained from the theoretical calculations. The third way of determining
the degree of counterion binding is through a thermodynamic quantity. This can
involve direct measurementsof the counterion activity using ion specific elec-
trodes*® 31 or a determination of the osmotic coefficient!®), Such measurements
can be interpreted directly using Eqs. (6.10) and (6.11)%°%. One can also attempt
to study the ion binding by observing the variation of the CMC with salt, but severe
problems of interpretation might be associated with the procedure as will be clear
from Sect. 6.5.

In spite of the fact that the different types of procedures for determining the
degree of counterion binding, §, may seem very different, calculations, using param-
eters typical for micellar systems, show that § has values in the range 0.4—0.7. That
the different methods give similar values is also found experimentally®" 27, Further-
more, the agreement in the experimental and theoretical values of @ is gratifying.

6.5 Variation of the CMC with Salt Concentration, Alkyl Chain Length and
Amphiphile Ionic Group

Electrostatic interactions influence strongly the dependence of the CMC on a number
of parameters. It is well established that the CMC decreases on addition of a simple
salt to an amphiphile solution. Qualitatively, this is easily understood from the obset-
vation that the salt reduces the electrostatic repulsions and thus promotes micelle
formation. A quantitative analysis of the problem can be based on Eq. (6.13). In

this equation it is the free chergy G, that varies with the salt concentration. The value
of G can be obtained by solving Eq. (6.2) for various salt contents and calculating
Gy and S, according to Egs. (6.5) and (6.6). One can note that it is the change in S,
that gives the largest contribution to the change in the electrostatic free energy on
addition of salt, while changes in the direct ion — ion interaction are less important.
In the limit of an infinite micellar radius, i.e. a charged planar surface, the salt depen-
dence of G, is solely due to the entropy factor. A difficult question when applying
Eq. (6.13) to the salt dependence of the CMC is if Debye-Hiickel correction factors
should be included in the monomer activity. When G, is obtained from a solution of
the Poisson-Boltzmann equation in which the correlations between the mobile ions
are neglected, it might be that the use of Debye-Hiickel activity factors give an un-
balanced treatment. If the correlations between the mobile ions are not considered

in the ionic atmosphere of the micelle they should not be included for the free ions
in solution.

An example of a calculation of the salt concentration dependence of the CMC
on the basis of Eq. (6.13) is shown in Fig. 6.2. A fair agreement between theory and
experiment is observed using only one adjustable parameter which fixes the absolute
value of the calculated CMC. The slope (=~ .73) of the approximately straight line is
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L L — Fig. 6.2. A comparison between experimentally de-
-4 -2 termined CMC values for sodium dodecyl sulfate (a)
WN(CMC +Csalt ) (Ref.186)) and the results of Eq. (6.13)

determined a priori through G and it is not in any direct way related to the degree
of ion binding § as is sometimes suggested.

For nonionic surfactants there is, in a homolegous series, a steady decrease in
the CMC as the length of the hydrocarbon chain is increased. The decrease in the
CMC corresponds to a gain in the hydrophobic interaction of about 1.1 kT per
CH,-group®. This value is only slightly smaller than the value 1.21 kT found from
studies of solubilities of apolar substances in water. For ionic amphiphiles® '), the
CMC is much less dependent on the number of carbon atoms in the chain. The reason
for this is found in the electrostatic effects. The monomeric amphiphile with its coun-
terion acts as an electrolyte so that the higher the CMC the higher the effective salt
concentration which as such decreases the CMC. The variation of the CMC in a ho-
mologous series of ionic amphiphiles in the presence of excess salt is very similar to
that of nonionic surfactants?® 114 The dependence of the CMC on alkyl chain
length can be discussed in quantitative terms using Eq. (6.13). As discussed above
the G, depends on the salt concentration, but it depends also on the radius and the
surface charge density of the micelle. In the simplest model of a micelle the radius
is equal to the length of the monomer in the all trans conformation. In that case, the
area per ionic group is constant and thus also the mean surface charge density. By
calculating the electrostatic free energy as a function of the salt concentration at
constant micelle surface charge density for varying micellar radii one can estimate
the dependence of the CMC on alkyl chain length.

One contribution, AGe, to the electrostatic free energy comes from Gy in the
region ry, < r <r;. Since no charges are present in that region Eq. (6.5) can be
integrated directly using Eq. (6.4) and the assumption of a constant dielectric per-
mittivity to give

AG.= Q2% /(8 merey) (It — /1) . (6.14)

Egs. (6.14) and (6.13) in combination can be used to compare CMC values for am-
phiphiles with the same alkyl chain length but with different ionic groups. If it is
assumed that the radius r; and the charge of the micelle are constant in such a series,
the variation in the CMC is due to the variation in r,,, i.e., how deeply the amphi-
phile charge is buried in the micelle. The smaller r,, the larger AGe, and the
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higher the CMC. This effect was thoroughly discussed by Stigter>*S), using a some-
what different formalism, and it was shown that a reasonable rationalization of the
variation of the CMC with ionic group can be obtained.

6.6 Electrostatic Aspects on Ion Binding Specificity

Micellar solutions of anionic amphiphiles are usually not stable with respect to the
addition of di- or multivalent cations since a precipitation occurs (hard water). In
exceptional cases, where precipitation does not occur, the question arises as to how
the uni-, di- and multivalent ions compete for binding to the micelles. Due to the
high value of |®] close to the micellar surface a counterion of high charge will be
strongly favored and there is a discrimination between the different types of ions
For example for SDS close to the CMC, —e®(r)/kT = 7 and if the presence of small
amounts of calcium ions does not affect d(r;), Eq. (6.2) can be used to calculate the
ratio

299)

{CCa (ri)/CCa(oo) }/{CNa(ri)/CNa(w)} ™~ 1100.

An increase in salt and/or micelle concentration leads to a decrease in [®(r;)| and the
discrimination between univalent and divalent ions is decreased. The same effects
should occur for cationic amphiphiles but they have been even less studied.

For ions of the same charge, the only parameter in the model presented above
that can give rise to an ion specificity is the distance of closest approach r; —r,.
In the model, the smaller ion gives the stronger ion binding. However, it seems that
in most cases other factors, e.g., ion hydration and ion polarizability, dominate over
the ion size effect, particularly for anions. (cf. Sect. 4).

6.7 Electrostatic Effects on Micelle Size and Shape

For ionic amphiphiles the first formed aggregates are closely spherical. At higher
amphiphile concentrations there is a tendency for the formation of rod-shaped mi-
celles'%®), Also the addition of salt favours the rod-shape aggregates®). It has been
suggested that disc-shaped micelles also occur "% but experimental evidence in favor
of this )view has only been obtained for mixed micelles of lecithin and sodium cho-
late'”?,

Electrostatic ionic interactions can be seen to influence the preferred aggregate
shape through two different mechanisms. Firstly, the electrostatic free energy is dif-
ferent for a sphere than for a rod at constant surface charge density. This difference
varies with surfactant and salt concentration. Secondly, a change in aggregate shape
also implies changes in the area per ionic group.

The analysis of the first effect can be made by comparing a spherical and an
infinite rod-shaped aggregate with the same radius, surface charge density and amphi-
phile concentration. The infinite rod really corresponds to the condition in the nor-
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15}

104

logle]

Fig. 6.3. The calculated reduced surface potential ® = ed(r;)/kT versus the logarithm of the
amphiphile concentration C (M) with no salt added for a spherical, cylindrical and planar aggre-
gate. The surface charge density has been chosen as fixed at o= 0.228 Cm™ 2, The radii of the
sphere and the cylinder are 1.8 nm

mal hexagonal phase®) of the amphiphile system and the properties of a solution of
finite rod-shaped aggregates should be intermediate between those of the spherical
and the infinite cylindrical system. For the cylindrical system, Eq. (6.2) has an ana-
lytical solution in the absence of added salt® 14) A qualitative comparison between
the two systems can be made under the conditions of no added salt. Figure 6.3 shows
how the surface potential ®(r;) varies with surfactant concentration. The value of
®(1;) is always higler for the cylindrical aggregate but the difference decreases with
increasing concentration. The necessary gain in the hydrophobic energy for the trans-
ition from a sphere to a rod to occur thus decreases as the amphiphile concentration
is increased. This observation provides a partial explanation of why the tendency to
form rod-shaped structures increases with increasing amphiphile concentration. The
qualitative explanation of the effect is apparently that it is always more favorable
electrostatically to assemble the amphiphiles in smaller aggregates with lower net
charges. However, as the amphiphile concentration is increased, the interaggregate
interactions become important reducing the difference between the two modes of
aggregation. A second effect is illustrated in Fig. 6.4, which shows how &(r;) varies
with r; for a given surface charge density and amphiphile concentration. As expected
the difference between the sphere and the cylinder decreases as r; increases. Thus
amphiphiles with long alkyl chains are expected to have a larger tendency to form
rod-shaped aggregates for simple electrostatic reasons. This is indeed confirmed by
experiments.
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Fig. 6.4. The calculated reduced surface po-

tential & = e®(r))/kT versus the inverse radius

for a sphere and a cylinder. Amphiphile con-

X centration 45 mM and surface charge densi-
1/r nm? ty 0g=0.228 Cm—2
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It is more difficult to discuss the difference between the areas per ionic group
in a spherical and a cylindrical aggregate in quantitative terms. The alkyl chain
volume per monomer is constant and if the radii of the aggregates remain the same
this leads to a decrease in area per polar group when the cylinder is formed from
spheres. The increase in charge density adds to an increase in the electrostatic free
energy and this provides an additional electrostatic preference for the spherical
system. When salt is added it has the general effect of diminishing the importance
of the electrostatic contributions. Thus the electrostatic difference between the
spheres and the rods is decreased, ultimately leading to the formation of rod-shaped
micelles. For amphiphiles with long alkyl chains in particular such transitions are
often found.

6.8 Micelle-Micelle Interactions

The micelles of ionic amphiphiles have high charges. A substantial part of this charge
is neutralized by closely bound counterions but there are also less firmly bound ions
which make the effective size of the micelle rather large. Micelle-micelle interactions
can thus be rather long-range. As Fig. 6.3 demonstrates, micelle-micelle interactions
have effects even at very high dilutions in the absence of added salt. In real systems,
salt is always present and this leads to a screening of the interaction. One measure of
the effect of the screening is provided by the value of the Debye screening length
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(1/k). Far from the micelle, the electrostatic potential decreases as exp (—« ), so

that 1/k is the length where the potential has decreased by 1/e. However, one should
remember that even such a screened potential can give rise to a substantial interaction.
From calculations of how &(r;) varies with micelle and salt concentration, it appears
that the intermicelle interactions begin to become important when the concentration
of counterions (from micellized amphiphile) is of the same magnitude as the salt con-
centration%%,

Effects of intermicellar interaction are seen experimentally in several ways. Of
historical interest is that X-ray diffraction studies revealed long-range order in con-
centrated micellar systems, which was first interpreted>'s: 316) as due to ‘lamellar
micelles’. Later, the long-range order was shown to be due to repulsion between the
micelles®'”). A similar ordering effect probably causes the spectacular viscoelastic
behavior of solutions where rod-shaped micelles are formed at low concentrations
The electrostatic repulsions reduce the intensity of the light scattered by micellar
solutions2®® and also influence the fluctuations in the scattering??,

172)
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1 Introduction

Since about 1950 a continuously increasing interest can be observed with regard to
nonpolar detergent solutions. In the last few years, however, the wealth of informa-
tion due to new and fascinating properties and applications of “reversed” or “invert-
ed” micellar aggregates has become so extensive that an independent presentation
of surfactant systems in nonpolar solvents is certainly justified, particularly because
the physico-chemical properties of hydrophilic and lipophilic micelles are in many
respects remarkably different. The following considerations will accordingly be con-
cerned with aggregational phenomena characteristic of surface active substances, i.e.,
surfactants or detergents, in nonpolar media. The tendency to be surface active and
to form (eventually) spontaneously aggregates which are in a thermodynamical equi-
librium with monomers or molecular subunits (oligomers) is intrinsically related to
the typical surfactant structure: it appears that two spatially separated antagonistic
molecular moieties are essential which are each uniform in such a sense as to being
predominantly ionic or polar, i.e., hydrophilic (for example, suitable to form hy-
drogen bonds) or apolar or lipophilic, i.e., consisting of hydrocarbon groups (“tails”).
As in aqueous detergent solutions it has become customary to distinguish non-
ionic and ionic surfactants, thereby subdividing the latter into cationic and anionic
surfactants. Some authors also include amphoteric surfactants in this group. Typical
representatives of these surfactant types are given in Table 1. The distinction between

Table 1. Structure of Surfactants (from: Nerdel, F.: Organische Chemie Berlin: De Gruyter 1964)

Type Hydrophilic Moiety Examples
—C00~ CH,—(CH,),—C00"~ Na*
Anionic = —0—80,—0" CH,—(CH,),—0—80,—0" Na*
—80,—0" CH,—(CH,),—S80,—0" Nat
CHJ—(CH._.)h—<:\ 0,0 Nat
—C0—X—CH,—CH,—$0,—0~ CHy—(CH,)y—CO—N—CH,—CH,—50,—0"  Na*
R Ak
CH, CH,
Cationic —le"—CH3 CHJ—((:H,)“—x"'-CH:. cr
d, in,
CH, CH,
Amphoteric —&*—CHQ-—CO—O' cna—(cn,).—$'*—CHz_co—0‘
&, o,
—0—(CH,—CH,—0—),—H CH,—{CH,)y—O0—(CH,—CH,—0—)—H
Nonionic CH,—(CHz)b—<:>—0—(CH,~CH1—0—)c—-ll
CH,OH " CH,0H
—-CO—I\'H——(IJ—CHZOH CH,—(CH,).—CO—NH—(IZ—CHZOH
C|H._,0H (I:Hzou

a=10—20, b=8—16, ¢=5—20
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cationic and anionic surfactants is somewhat formal and refers conventionally to the
(limiting) case where a relatively small counterion is attached to a large “lipophilic”
anion or cation, i.e., the notation refers to the ion which is bound covalently to the hy-
drocarbon moiety of the surfactant (see examples in Table 1). Apart from this more con-
ventional definition there are, actually, some physico-chemical differences which
make such a distinction meaningful. A detailed discussion will be given in the fol-
lowing paragraphs.

Nonionic detergents might well be characterized as being heterogeneous material,
particularly if the hydrophilic moiety is based on the addition of ethylene oxide’ .
Molecular uniformity is, therefore, not easy to obtain with these compounds. Due
to the possibility of a delicate variation of the so-called hydrophile-lipophile bal-
ance?'?, these systems prompted considerable industrial interest.

Regarding the nonaqueous solvents used in the pertinent investigations they can
be classified according to the following scheme!7% 174):

(2) those solvents in which inverted (reversed) micelles are formed, and

(b) those in which micelles do not exist at low and medium surfactant concen-
tration.

The following discussion deals exclusively with type (a), i.e., inverted micellar
aggregates in nonpolar hydrocarbon solvents. Thus, simple aliphatic, cycloaliphatic
and aromatic hydrocarbons were generally selected, also carbon tetrachloride has
been considered to be favorable. The more apolar the solvent the more pronounced
aggregation tendency of the surfactants has been observed. Hence, solvent effects on
detergent aggregation were soon realized. Particularly, solvents which are hydrogen
bond donors or acceptors, even if they appear to belong to the class of nonpolar sol-
vents like dioxane®® or ethylacetate show strikingly disaggregating effects on micel-
lar aggregates, or they prevent extensive association. Examining the available experi-
mental data on nonpolar, aprotic, surfactant solutions which have been summarized
in a number of reviews!?7> 190: 82,83, 119, 11, 71) the formation of so-called reversed
(or inverted) micelles in these media is generally considered to be beyond doubt. The
notions were adopted from the corresponding observations in aqueous detergent so-
lutions where already sufficient research experience existed over a long period of
time. From the TUPAC Information Bulletin!%%) the most appropriate hints to define
a micellar aggregate can be obtained. The obvious difference between micelles in
polar (generally aqueous) and nonpolar surfactant solutions which had soon been
realized is their mutual structural reversion. Consequently, one speaks of so-called
reversed or inverted micelles in a nonpolar environment. Thus, the inverted micelle
is visualized to be built up by a polar core covered by hydrocarbon tails of the re-
spective surfactant molecules.

A remarkable feature of the inverted micelles are their, in general, moderate aggre-
gation numbers which contrast the large micellar aggregates in aqueous surfactant so-
lutions. (A list of aggregation numbers of various micelles and (gel) forming com-
pounds is given in Table 2a, b according to Singleterry'°”). This fact would imply
that the onset of micelle formation according to the mass action law should be less
pronounced in many instances of nonpolar detergent solutions. This has been often
observed, in particular, with the cationic surfactant (see, for example'*%)), and
caused much uncertainty regarding the determination of a critical micelle concen-
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tration (CMC). The occurrence of a larger manifold of aggregational patterns (com-
pared with aqueous systems) as encountered with detergents in nonpolar solutions
makes it even more difficult to fix a critical micelle concentration. This urges one
to be cautious in determining and evaluating so-called apparent CMC-values. The
often insignificant changes of the physical parameters used to follow the aggrega-
tional process simply forbid a reliable statement concerning a critical concentration.
It has been suggested*”), accordingly, instead of looking for the onset of an aggrega-
tional process to utilize, primarily, other criteria which are suitable to conclude a
possible micellization: for example, the concentration independence of the aggre-
gate size within the accuracy of the employed method. The number or weight aver-
age molecular weights obtained from any suitable experiment are to be analyzed
according to the ““mass action” or “multiple equilibrium” models both considered
to be limiting cases of an aggregational process. The degree of coincidence between
a real system and the models has to be checked by a careful analysis. An experimen-
tal fit corresponding to one of the two models would then be considered to repres-
ent a preselection in favor or against a principally existing CMC.

A particular problem encountered with nonpolar detergent solutions is the lack
of suitable methods to determine critical micelle concentrations. This is due mainly
to two reasons:

(i) A number of techniques are exclusively applicable in aqueous systems, for
example, electrochemical and many of the standard relaxation methods (temperature
and pressure jump techniques). Conductivity measurements have to be considered more
as an exception than a rule since they can be applied only in those cases where the crit-
ical concentration is not too small, i.e., 1073 — 1072 mol dm ~3; many examples
were reported of nonpolar surfactant solutions where the CMC-region is consider-
ably smaller. More elaborate techniques have then to be applied in order to deter-
mine electrical conductivities>®.

(ii) Even those methods which would be principally adapted to nonpolar deter-
gent solutions, suffer frequently from the insufficient sensitivity at low CMC-values.
Dielectric techniques are probably most promising®® and a relative new method,
recently introduced to the study of nonpolar surfactant systems, i.e., the positron
annihilation technique!®V. These methods aim at a least possible disturbance of the
investigated systems. Another, quite successful technique, was suggested by Kauf-
man and Singleterry, namely the addition of a suitable fluorescence indicator to the
detergent solutions. Possible objections to this procedure will be discussed later.

A list of CMC values referring to a number of typical ionic surfactants in non-
polar solvents has been published by Nakagawa and Shinoda!*%). A coliection of
CMCs and mean aggregation numbers of one of the most extensively investigated an-
ionic surfactants, i.e., AQT in different nonpolar organic solvents is shown in Table 3
(Magid*3%). A phenomenon encountered with the determination of the solubility
of surfactants in aqueous and nonpolar solvents which is closely related to the criti-
cal micelle concentration is the Krafft point. Due to the low solubilities of many
surfactants in nonpolar media the critical concentration where aggregates start to
form, in particular micellar aggregates, is higher than the equilibrium concentration
of the surfactant at the specified temperature. Thus, raising the temperature increases
the equilibrium concentration (= solubility) of the monomers up to the Krafft point,
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Table 3. Mean aggregation numbers (n) and CMCs of aerosol OT (AOT) in different hydrocarbon

solvents (from 13 9))
Solvent Tem- Technique? CMC, M n Ref.
perature
(&)
Cyclohexane 37 VPO 3.910°% 17 210)
28+4 LS 1.31073 56 117)
25 LS - 39 )
40 VPO - 18.2 123)
Benzene 37 VPO 35104 13 210)
37 WS -~ 18 114)
RT PA 2.210°3 - 101)
28+ 4 LS 271073 23.6 117)
20 TCNQ 2.01073 - 153)
25 VPO, LS - 15 38)
CCl, 25 VPO 1.6 1074 17 210)
37 VPO 4.010—4 17 210)
20 TCNQ 6.0 10— - 153)
25 LS - 17 123)
40 VPO - 20.6 123)
CDCl; 30 NMR - 5 2
2,2,4-Trimethyl 25 VIS - 220 162)
pentane 40 VPO - 21 123)
25 LS 49104 15 53)
n-octane 25 LS - 30 77)
n-decane 25 LS - 37 7
n-dodecane 25 LS - 44 77)
n-dodecane 25 ucC - 28 162)

a8 VYPO: vapour pressure osmometry; LS: Light scattering;

WS: water solubilization; PA: positron annihilation;
TCNQ: solubilization of 7,7,8,8-tretracyanoquinodimethane;
VIS: viscosity; UC: ultracentrifugation.

i.e., critical concentration. Above this point, the total solubility is determined by
the aggregates. Thermodynamically, this behavior is to be understood from the struc-
ture of the mass action law and the fact that the chemical potential of the particles
in the solution is essentially determined by the chemical potential of the monomeric
surfactant molecules which changes only slowly with the total weighed-in concentra-
tion above the critical concentration'% 2°%)_ A detailed discussion regarding the re-
lation between structure and solubility is given by Kertes!!3.

The micellar phenomenon cannot be discussed without considering a surfactant
property which is intrinsically related to the very existence of micelles: the so-called
detergency, i.e., the ability of surfactant molecules to take up (= solubilize) polar
material, for example, water in the polar core of the inverted micelles. Thus, micelli-
zation and solubilization are competitive processes. It is obvious that the tendency
to solubilize minute amounts of polar impurities, particularly, water is quite pro-
nournced. In principle it must appear, therefore, doubtful whether it is reasonable
at all to discuss true binary systems, i.e., surfactant plus solvent, except by way of
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an extrapolation. It could be stated, accordingly, that a “true” CMC referring to a
binary system cannot be determined. Hence, it is a matter of convention to define

a suitable reference state. Thus, any solubilized probe molecule has to be considered
to produce a shift of the CMC. This solubilization of an additional component will
have to be discussed later on, since a well-known method used to determine CMC-
values utilizes such a third component as an indicator. The possibility to solubilize
considerable amounts of, for example, water, i.e., to produce water in oil (= W/O)
microemulsions, which are thermodynamically stable emulsions of water in oil in
the presence of surfactant molecules has been most actively investigated by K. Shi-
noda and S. Friberg together with their coworkers, see, e.g.'®%. This research opened
up a large area of applications including photochemical reactions and, generally,
catalyzed organic reactions in microemulsions, polymerization processes and phar-
maceutical applications.

More recently the interest centered around the remarkable catalytic activity of
microemulsions produced by cationic surfactants. These systems have been exten-
sively described by Fendler and Fendler®® 7' 74), also with respect to biological
relevant model systems.

Increasing the water content the W/O-microemulsion merges into a O/W-micro-
emulsion. Increasing the amount of surfactant leads, eventually, to the formation
of liquid crystalline (200) phases usually represented in ternary phase diagrams which
have been most successfully investigated by Ekwall and his school for many years
in Abo and Stockholm® 6% 68)_ This research has been continued by Shinoda and
Friberg (see e.g. 195)). The phenomena encountered with three or even more com-
ponent systems have to be considered as a generalization with respect to an increase
in the manifold of aggregational patterns comprising the micellization as a special
association phenomenon.

2 Aggregation and Micelle Formation
2.1 Thermodynamic Models

As in aqueous surfactant solutions there exists an aggregational tendency of amphi-
philic molecules in nonaqueous aprotic, i.e., nonpolar, solvents. It is generally recog-
nized that the role of the various interactions governing the formation of detergent
aggregates in nonpolar media differs from that in aqueous solutions, in spite of the
apparent similar building principle of lipophilic and hydrophilic aggregates or mi-
celles.

Since thermodynamics is not concerned with the particular intermolecular inter-
actions, thermodynamic models describe association processes, both in antagonistic
solvents like water and any nonpolar liquid which are considered to represent the
extreme cases. Moreover, it is well known that models illustrating such aggregational
processes have many applications (for example, binding equilibria in biological app-
lications'®, or in the theory of associated solutions'”® which comprise micellar
association as a special phenomenon, This suggests considering suitable models for
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micellar aggregation phenomena from a slightly more general point of view. In this
way it appears easier to obtain a more unifying view with regard to the various models
describing self-association processes of soap molecules.

The following treatment is concerned primarily with models which give rise to
a “critical micelle concentration” (CMC). It will become apparent in this paragraph,
however, that a critical micelle concentration is not sufficient to appraise the forma-
tion of micelles in the sense of closed aggregates if there does not exist some aggre-
gate-size-limiting process. Thus taking the case of lipophilic micellar aggregates, a
particular concept has to be introduced in order to understand in which way the
cooperative hydrogen bond formation leads simultaneously to closed micellar struc-
tures.

The general treatment of multiple self-association processes (the most probably
encountered physical situation) which describe the formation of a sequence of di-

mers, trimers etc.”s), is given by
Ky
§;=5,
K,
2 Sl = Sz
(1)
K
.n8; =8,
where the K; (i= 1,2, .. . n) denote the equilibrium constants for the respective equi-

libria, This yields, considering the mass action law and the conservation of mass in
monomer units (sy) together with the abbreviation [S{ ]/sg = 73

nyl s Kn=1 (2
1

Mg

n

which does not predict without special assumptions (see later) a CMC but is an ex-
perimentally frequently fulfilled relation for continuous aggregational processes.
An alternative scheme would be

K
Sl +Sl E 32
Sz *+8;= 83
3
Sp—1+81 = §;

describing a linear association process where it is often assumed that all the associa-
tion constants are equal. This case represents a traditionally well-known proce-
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dure!30, 170, 168) Under these circumstances it can be shown by introducing
x = [S8;] K and considering Eq. (2) under the condition K, = K" ! that

P hex" =K s =~ 4
nanx K-sg T (4)
from which Fig. 1 is plotted. It is seen that x < 1, i.e., §; <K™! for any value of
so has an upper bound K~ 18 This particular conclusion depends upon the form
of K,, mentioned above. Extensive discussions regarding this case may be found in
Prigogine’s treatment on Chemical Thermodynamics' 9.

The model just mentioned may easily be extended to the case of spherical ag-
gregates and rounded platelets as Poland'%®) has shown: introducing, for example,
the volume of the aggregate as V, which is taken to be proportional to n, then the
radius is proportional to n!/2 and the surface is ~n?/3, Hence, one obtains
K, = exp(—an?/? AgS/RT) exp (~bnAgS/RT) where a and b are geometric factors
and Ag? = gse (molecule on the surface) — gie (molecule in interior of aggregate) and
Agie = g? (molecule in interior) — ge (molecule in solution).

A micellization, i.e., the transition from an essentially monomeric to an aggrega-
tional state, as characterized by the onset of a cooperative aggregation at the critical
concentration is thought to take place within a relative narrow weighed-in concen-

(1—x)?

L T upp iy Sy U O U AU P U

0 X -

Fig, 1. Schematic representation of the graphical solution of Eq. (4). The horizontal lines indicate
various values of Ksg. The dot at the intersection is the desired solution. x = 1 is a not allowed
solution for finite Ksg, i.e., x must be less than unity. (Cooperative Equilibria in Physical Chem-
istry, Oxford: Clarendon 1978)
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Fig. 2. Concentration dependence of apparent aggregation number of dinonylnaphthalene sul-
fonates: (©) = NaDNNS, (e) = Ba(DNNS); in benzene at 25 °C. Concentration in formula weight
(F. W.) per liter (L.) [J. Colloid Sci. 10, 139 (1955)]

tration range. The cooperativity of this process is quite essential and warrants a nar-
row distribution of aggregate sizes centering around an average micellar size. Partic-
ularly, with nonpolar detergent solutions one meets many cases of rather narrow
apparent micellar weight distributions as may be found, for example, in the work
of Kaufman and Singleterry, or Fowkes, especially in!03 196-107:82) apq Fig, 2.

2.1.1 Phase — Separation Model

This model represents the most “radical” treatment among the three most frequent-
ly discussed approaches to describe micelle formation: it simple postulates ab initio
the micellization to be a phase transition. This is justified all the more if large aggre-
gation numbers (like those often encountered in aqueous surfactant solutions) are
considered.

Such a phase separation model has been advocated by Shinoda
Hutchinson and coworkers®” °® and successfully applied, for example, by Fowkes
and Singleterry!®”) to describe the concentration dependence of the calcium dinonyl-
naphthalene sulfonate (CaDNNS) and BaDNNS micelles together with the constancy
of the monomer activities in the experimentally accessible range of the sulfonate
concentrations. This apparent “monodispersity” also observed by other
authors'23 124 j5 met more frequently with nonpolar solutions of anionic surfac-
tants®>,

In view of this phase concept which is confirmed by the micellization pheno-
mena in many nonpolar detergent solutions, it has been suggested by Eicke and Churis-
ten*? that in line with this reasoning a nucleation step is to be expected (in the ap-
proximation of the phase separation model). In order to explain the origin of the
energy necessary to overcome the potential barrier associated with the postulated

191,192)
82)
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nucleation step, these authors proposed a Monte-Carlo Model of the micellization

in nonpolar media’® using a two-dimensional liquid lattice. With the help of a com-
puter program a phase transition was created which was applied to the formation

of micelles. The consideration of the fluctuations in this simulation allows the deter-
mination of local variations in density which where directly correlated with the energy
and frequency of the nucleation.

The phase separation model follows exactly the description of a two-phase equi-
librium, i.e., equating the respective chemical potentials of the particular surfactant
in both phases (i.e., monomers in the nonpolar solvent and the micelles) at the crit-
ical concentration (CMC). Thus, (assuming ideal condition)

Minic = Msoiution + KT 10 x (CMC) (5)

which shows that the CMC is a constant at constant temperature. ,U.S)]ution and uﬁl,-c
are the standard chemical potentials of the surfactant molecules in the apolar solu-
tion and the “micellar” phases, respectively.

This model which describes a phase transition naturally overemphasizes the co-
operativity with respect to the micellization. The surprising monodispersity of vari-
ous micellar aggregates and the constancy of the monomer activity support the co-
operativity concept of the aggregational process. In its simplest form this model does
not contain any size limiting step. The latter is principally independent of the coop-
erativity which had to be included in a consideration of the formation of size limited
aggregates. It is thus seen that this model can only be of restricted value towards an
understanding of the formation of small particles, usually encountered in nonpolar
solutions.

2.1.2 Mass-Action Model

Contrary to the preceding treatment the so-called “mass-action model” develops ap-
parently more naturally from the application of the mass action law applied to the
overall aggregation process

Kaq
nS; =S8, (6)

where K;, is the association constant of the “all or nothing”™ process. Together with
the conservation of mass (expressed in monomers), one obtains

71+ny 567 Kn =1 (7)

where s, denotes the total weighed-in concentration. The constant K, can be imagined
a product of n—1 individual mass action constants K;(i=2, . . . n), i.e., starting

K
with S; + 5, = S,. These are thought to be identical according to Eq. (3). Hence,

Ky =K™ L. (8)
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Reducing the number of variables by one in defining x = K - 54 it can be derived
from Eq. (6) that

n=x"""7M (%a)

which follows from the mass action law. Considering the conservation of mass one
obtains

Y1 +nyp =1 (9b)

where vy =[Sy ]/s0. This is a nonlinear equation with respect to v; which is unsolv-
able for large n in an analytical form, It is seen from Eq. (9a) that x < 1 favors the
monomers, x > 1 the micellar aggregates and that the transition: monomer - aggre-
gate becomes sharper, the larger the association number n. x = 1 corresponds to the
transition point to which, accordingly, a critical micelle concentration can be assigned:
thus,

CMC = % = (s0)act (10)

Fig. 3 shows a plot of 7y, versus log x: the diagram clearly exhibits the shift of the
steep slope of v, (monomer contribution) with increasing n towards x = 1. It isseen,
moreover, that for large n, i.e., 15 <n, the steepness of the slope stays almost con-
stant, indicating that the cooperativity of the transition: monomer ~ micelle is rather
insensitive with respect to n if n is larger than the above mentioned value.
Generalizing, one could state that the “mass-action” model simulates a coopera-
tive (all or nothing) process with respect to large n values. This model is somewhat

T T

.| 0 lg x 1 2

Fig.'3. Monomer fraction v, plotted versus log x, where x = Ksq and n the aggregation numbers
of aggregates
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artificial by stressing essentially only two aggregational states; hence it cannot account
for a distribution of apparent aggregate molecular weights which is a particular draw-
back considering aqueous surfactant systems.

It is to be noted that none of these models considers explicitly the cooperativity
by a cooperativity parameter or a size limiting step.

2.1.3 Multiple-Equilibrium Model

According to many experimental observations more or less smooth transitions within
a relative small concentration range is observed (such as already described by the
mass action model at very low degree of association) with subsequent concentration
dependent growth of the aggregates (see e.g.'*). These aggregates are thought to
coexist in mutual equilibrium with each other. Such an association is frequently ob-
served with so-called cationic surfactants (but not at all exclusively) see, for
example®® 195:123) where dodecylammoniumpropionate in benzene or cyclo-
hexane®” 137 or tridodecylammonium salts in nonpolar solvents*!® 132) may serve
as prototypes.

The muitiple-equilibrium model which corresponds to the scheme of Eq. (3)
does not provide any critical concentration and is considered in the frame of the
present discussion to be the opposite limiting case with regard to those detergent
systems which had to be assigned to the phase separation model.

It is possible, however, to modify the model in order to account for a coopera-
tivity and a critical concentration: according to the mass action law the concentra-
tion of aggregates containing n monomers is [see Eq. (3)]

n—1

[(Sal=1[S1] 22 Kn-y. (11)

The conservation of mass with respect to monomers yields

n-yp=1 (12)

AVE

n

which, if combined with Eq. (11), reads
n n
Y1+t Zn-4t-s8- I Ky =1 (13)
n=2 n=2

where s is the weighed-in concentration of the surfactant. A cooperative effect is
introduced by assuming K;,_y = 0 for 2 < n < n4 and hence one obtains

n n
Yi+2Z nyt-sgt - Kpoy=1. (14)
n=no n=n0
As a special case of Eq. (14) one could consider K5 = 0K; K3, K4, . . . . = K. By this

procedure a cooperativity effect is generated which is controllable by the coopera-
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tivity parameter 0229, This expression [Eq. (14)] provides a critical concentration
and a cooperative feature of the aggregational process. However, above ng the growth
of aggregates with the concentration is not limited, since no size limiting step has
been introduced.

Summarizing the statements of these three most commonly used models, it ap-
pears that the so-called “‘mass action” and “phase-separation” models simulate a
third condition which must be fulfilled with respect to the formation of micelles:

a size limiting process. The latter is independent of the cooperativity and has to be
interpreted by a molecular model. The limitation of the aggregate size in the mass
action model is determined by the aggregation number. This is, essentially, the rea-
son that this model has been preferred in the description of micelle forming systems.
The multiple equilibrium model as comprised by the Eqs. (10—13) contains no such
size limiting features. An improvement in this respect requires a functional relation-
ship between the equilibrium constants and the association number o, i.e.,

K, = f(n)'59,

In this way the variety of the aggregates is preserved and simultaneously the num-
ber of variables (represented by the Ky ’s) reduced, eventually, to one. Such a pro-
cedure is to be discussed in a forthcoming paper by Christen and Eicke?? and was
considered more rudimentarily by Winkimair??®

2.2 Molecular Interaction Leading to Aggregation or Micellization

The thermodynamic models discussed in the preceeding paragraph provide no insight
into the underlying mechanism and molecular interactions leading to aggregational
phenomena. The particular value, however, of such models is emphasized by the fact
that they apply equally well to both, aqueous and nonpolar surfactant systems.

Regarding the energetic contributions to the free enthalpy of aggregate forma-
tion, these are quite different with respect to aqueous and nonpolar surfactant solu-
tions. Moreover, as already mentioned, a survey .of experimental results shows that,
apart from the nonionic detergents, essentially two classes of ionic surfactants i.e.,
anionic and cationic have traditionally been distinguished by their aggregational pat-
terns. Accordingly, this difference has also to be interpreted on a molecular basis.
Transitions between these groups are frequently observed which reminds one to be
aware of the fact that a definition of anionic and cationic detergents is by no means
unambiguously possible. It is necessary, therefore, to consider carefully in each case
structural and molecular details of the respective surfactant molecule.

Few attempts have been made to explain the formation, stability, association
patterns, and properties of surfactant aggregates, in particular, micelles in nonpolar
solvents. Principally, the energetic contributions to the total free energy of aggregate
formation can be calculated as a chemical potential difference of monomeric deter-
gent molecules due to the transference of the monomers from an (ideal) solution to
the interior of the aggregate, i.e., Uoic ~ H?glution (see, for examplezos)). In detail,
the authors proceed from quite different starting points to describe the stability of
lipophilic micelles: earlier semiquantitative estimations based upon simple molecular
concepts without a clear distinction between enthalpic and entropic contributions
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were used to determine roughly the total free enthalpy of the aggregate formation.
Thus, Pilpell“’ 167) considered three energy contributions, i.e., (i) the change in the
interfacial free energy of solute molecules, (ii) the change in their dipole interaction
energy, and (iii) the hydrogen bond interaction. It has been shown by the author
that the total energy change (A Eyqy) is of the order of 1073 t0 107" % erg

(1072° — 107 '°1) if reasonable values for the parameters determining A Eqo; are
used. The result is taken to indicate the existence of sufficiently stable aggregates,
i.e., |A Gmic 1> KT (the latter being of the order of 4 - 1072! J at 20 °C). However,
this estimation is of limited value since various entropic contributions have not been
considered which, generally, would counteract the enthalpic part.

A more involved molecular model has been used by Kitahara and Kon-no
It was originally proposed by Flory”®) with respect to the dissolution of polymers.
The same idea has been utilized also for compounds with low molecular weights by
a number of authors (seels")). The model describes the transfer of a monomeric sur-
factant molecule from an assumed ideal solution of detergent monomers to a micelle
where the monomer is in a nonideal hydrocarbon environment. The corresponding
excess chemical potential of solvent molecules referring to the ideal solution and the
outer hydrocarbon portion of the micelle, respectively, is taken to be proportional
to the square of the volume fraction of the hydrocarbon portion of the aggregate.
Simultaneously, this chemical potential difference can be related to an excess 0s-
motic pressure if diluted solutions are considered®®. From the equilibrium condition
the free enthalpy change of the aggregate formation with respect to the lipophilic
(= hydrocarbon) moiety of the surfactants was estimated. The electrostatic inter-
action between charges of opposite sign (assuming complete dissociation) was taken
to be a free energy contribution. This does not appear to be completely correct. Also,
all repulsive contributions between like charges have not been taken into account.
Thus the total free enthalpy change of the micelle formation represents only an ap-
proximate value. Nevertheless, the final equations describe the experimental plot of
the aggregation number versus the number of carbon atoms in the hydrocarbon
chain satisfactorily if suitable values of the adjustable parameters are chosen. The
feature of the model to describe the dependence of aggregation number on the chain
length of the detergent moiety would permit statements (considering the above re-
strictions) as to a suitable selection of surfactants regarding micellization in nonpolar
solvents. In addition, the free enthalpy of micelle formation versus the aggregation
number yields qualitatively reasonable plots. This is however a feature of all equa-
tions, with similar structure describing micelle formation by a superposition of re-
pulsive and attractive terms.

A comparatively more ab initio model with detailed considerations concerning
the possible enthalpic and entropic contributions to the free enthalpy of micelliza-
tion have been carried out by Eicke and Christen3®* #+ 45). The calculations are
based upon the assumption of a particular geometric micellar equilibrium structure,
i.e., a cylinder. This structure had been suggested by Peri!®!’ 162) The enthalpic
contributions were thought to be composed of van der Waals’s (solvent-solvent, sol-
vent-hydrocarbon tail of detergent and tail-tail) interactions and of electrostatic in-
teractions within the polar core of the micelle. The latter were, considering the over-
all effect, repulsive. Assuming reasonable values of the parameters involved in the

120)
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model a stabilization of the micellar aggregates could be inferred. Additional infor-
mation was obtained concerning the degree of dissociation of the polar (ionic) por-
tions of the surfactant molecules encaged in the polar micellar core and the solvent
dependence of the micellar size. Independent of the before mentioned approach, en-
tropic contributions were considered. Essentially, the entropic loss due to the trans-
fer of surfactant molecules from a nonmicellar to a micellar state have been calcu-
lated according to the fundamental Hildebrand®% °¥ concept. This contribution is
destabilizing, i.e., it tends to increase the free enthalpy of micellization. The super-
position of all the relevant contributions give rise to a AGpjc () — plot with a max-
imum value at small association number (ﬁ)"’s). This latter feature has been inter-
preted as being due to a premicellar aggregate (“nucleus”). The notion is to be un-
derstood in'line with the concept of a cooperative micelle formation. How far this
concept is reasonable will be discussed in connection with kinetic experiments.

Recently, an extensive study regarding a possible prediction of the association
patterns of 1, l-ionic surfactants in solvents with low dielectric constants has been
proposed by Muller!®! 15 2). His model calculations are based upon a comparison
between surfactant association patterns in solution and the formation of ionic lat-
tices by (gaseous) alkali halides. The application of this latter process to the aggre-
gation of detergent molecules in solution is certainly questionable with regard to
many details, particularly, the considerations of internal rotational and vibrational
entropic contributions in evaluating the stability of molecular clusters in solution.

It might be conceded that some loose similarities exist between initial association
steps of ionic surfactants in solution and the building up of a solid state ionic lattice.
Muller’s model predicts, essentially, a stepwise sequential formation of open chain
oligomers with approximately equal equilibrium constants for the binding of addi-
tional monomers if the sum of the radii of the ionic headgroups of one surfactant
molecule is large. If, on the other hand, this sum is small, “compact’ clusters are
preferred corresponding to this model. At first sight the predictions of this model
do not appear unreasonable in view of the available experimental material. The value
of the treatment is seen in the fact that it attempts to overcome the artificial distinc-
tion between cationic and anionic surfactants.

However, apart from the generally known problem of selecting suitable parame-
ter values which necessarily weaken any detailed analyses, new experimental infor-
mation and insight into the formation of lipophilic micelles has to be discussed in
the following treatment which essentially supersedes the conclusions of the above
model: recent photon correlation experiments with the system H,O/AOT/i—CgH,5,
pertinent IR and NMR investigations of lithium and cesium salts of dinonylnaph-
thalene sulfonic acid in heptane°? and of alkali and alkylammonium polystyrene
sulfonates??®) as well as vapour-pressure osmometric measurements with alkali and
alkylated quaternary ammonium di-2-ethylhexylsulfosuccinates*® strongly suggest
hydrogen bonding to be of predominant, if not decisive, importance concerning micel-
lization in nonpolar media.

In this connection the surprising thermal stability of AOT micelles in nonpolar
solvents has been demonstrated again with the help of photon correlation spectro-
scopic experiment5227) in the AOT/isooctane system between —85 and +95 °C. This
was explained by the formation of a hydrogen bond network where it was assumed
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that AHyinging for each subsequent hydrogen bridge is constant. The stability of the
micellar aggregate is then determined by the total number of hydrogen bridges
times AHpinging Of a single bond.

These considerations are confirmed, in particular, by Oedberg et al. who con-
cluded from their IR investigations with Li- and CsDNNS micelles in heptane that
all the water molecules in the reversed micelles are hydrogen bonded. It appears
worth mentioning that the first water molecules added to the system induced devia-
tions from the Lambert-Beer law for LIDNNS and large intensity changes of the vibra-
tions of the sulfonic acid group in CsDNNS.

Corresponding results were derived by these authors from NMR measurements.
The variations of the chemical shift towards higher fields is rather small indicating
that already the first water molecules participate in a hydrogen bonded structure
(see also Zundel). Figure 4 shows that the water resonance is broadened at low w-
values (= {(H,O]/[surfactant]). This finding can be interpreted to be due to a decreased
mobility of the first water molecules taken up by the micelle and, thus, to be a con-
sequence of hydrogen bonding to the sulfonic acid groups. Also, it turned out that
the NMR spectral lines were broad at low w-values with respect to LIDNNS and
sharpened with increasing degree of hydration. Considering CSDNNS, the spectrum
exhibited sharp lines even with dried samples. These results indicate, as do the IR
data, more restricted motions of the naphthalene skeleton in LIDNNS compared to
CsDNNS. Quite probably, the strongly interacting lithium ions (via the hydrogen
bridges of the water of hydration) promote a.denser micellar structure. This conclu-
sion agrees nicely with Zundel’s observations concerning the decreasing strength of
the hydration interaction in proceeding from the lithium to the cesium salts. More-
over, these results are in perfect agreement with conclusions obtained by Ekwall and
coworkers®? in their comprehensive work on binary and ternary AOT systems.

The above reported work is supplemented by the fact'2” that in the presence
of water the so-called effective ionic radius (as defined by considering the hydration
sphere) of the ammonium is according to Conway?*>) 2.5 A. This is compar-
able to that of cesium or rubidium. With regard to sterical considerations, it is par-
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di-2-ethylhexylsulfosuccinate in isooctane at 25 °C versus weighed-in concentration. (VPO mea-
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ticularly interesting that the distance of closest approach of another ion (for exam-
ple, a di-2-ethylhexylsulfosuccinate ion) is identical both for the sodium and the
tetramethylammonium ion'2”. Moreover, it turns out that replacing the sodium by
the ammonium ion the well-known pattern of an almost concentration independent
aggregation number of AQT is lost and instead a pronounced concentration depend-
ence is exhibited, see Fig. 5. The diagram also shows the different alkali salts derived
from AOT which demonstrate that, except for the sodium and lithium salts none of
the other alkali derivatives of di-2-ethylhexylsulfosuccinates displays a concentra-
tion independent aggregation number in isooctane. Exactly the same behavior has
been observed by Kaufman and Singleterry *°% 197 with the analogous dinonylnaph-
thalene sulfonate detergents (see Fig. 6 and 7)!. If the sodium is replaced by the
alkylated quaternary ammonium ions, then in addition to the concentration depen-
dent aggregation number, the degree of association (= average size of the particles)
decreases to three or four monomers at about 10~ 2 mol dm ™2 weighed-in surfactant
concentration (Fig. 8).

These observations indicate a decreased hydration interaction between water
and the ammonium ion (or its derivatives) as compared to the sodium ion. The find-
ings are confirmed by unpublished data'®") regarding AOT micelles in isooctane
saturated with D,O. The smallest aggregates (micelles) observed with the photon
correlation technique are smaller which would follow from the fact®” that the heats
of jonic hydration are smaller and the hydrogen bonds (OD . . . X) to a foreign accep-
tor (X) are weaker in D,0 compared to H,O.

All these facts are in agreement with results obtained by Zundel and cowor-
kers??®) from IR investigations on 5 u thick membranes of polystyrene sulfonates
under conditions of controlled humidity and temperature. From these experiments
with, for example, sodiumpolystyrene sulfonate membranes at low degree of hydra-
tion it was concluded that one water molecule is attached to the counterion (= so-
dium) which connects via two hydrogen bridges simuitaneously two other sulfonate
molecules, thus forming a trimer (Fig. 9). It is known that such trimeric subunits
were frequently detected in the case of AOT3% 4% 43)_ Zundel observed, in particu-

1 The explanation provided by these authors to interpret the association patterns of the lead
2-ethylhexyl sebacate in benzene has to be modified according to the present view: sodium
and lead are quite comparable with respect to their hydration interaction2%,
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Fig, 8. Average aggregation number (n) determined by VPO measurements versus weighed-in
concentration of surfactant of NHy- (0), N (CH3)4- (#), N (CoHs)4- (9) and N (C3H7)g- (4)
di-2-ethylhexylsulfosuccinates in benzene at 25 °C. [Helv. Chim. Acta 61, 2258 ( 1978))
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lar, the OH-stretching vibrations of such hydrogen bridges originating from water
molecules which show a decreasing interaction in proceeding from the sodium to
the ammonium ions. This interaction is especially weak with cations like N(CH;)4,
N(C,H;), etc. The OH-stretching vibrations are shifted in the latter case closely
towards the wave numbers corresponding to those found in pure bulk water.

Considering the above reported experimental material, it now appears to be cer-
tain that the concept of hydration interactions with following hydrogen bond for-
mation within the reversed surfactant aggregates explains most satisfactorily all ex-
perimental details from a unified point of view.

The preceding discussion has to be judged with the view that minute amounts of
water in all organic systems, even under particular precautions, cannot be completely
excluded. It has been shown®? that the amount necessary to form a minimum number
of hydrogen bridges sufficient to support growing of the aggregates and to stabilize the
final particles is far below the detectable amount of water in organic solvents.

These statements lead to some interesting consequences: the question arises
wether or not a surfactant in oil can be regarded as a binary system. It should be kept
in mind that frequently the so-called critical micelle concentration (CMC) is ob-
served at weighed-in concentrations as low as 10”5 — 10™% mol dm ™ or even lower
(see, e.8.1%Y). A water to surfactant ratio of 1:1 represents a very small, hardly detect-
able amount of water. But, as has been pointed out, the necessary water concentra-
tion can be by far smaller and still support the growing of aggregates. It should be
pointed out that water and surfactant are present in nonpolar solution in compar-
able amounts. The system could, therefore, be considered as being ternary. If this
is anticipated, then the “CMC” would loose its significance with respect to a surfac-
tant/solvent property since it is changing with the water content®3), Only if extreme-
ly dried surfactant is used then the CMC appears to be almost independent of the
water content of the solvent (see Fig. 10).
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3 Micellar Size and Shape in Nonpolar Surfactant Solutions
3.1 Dependence on Molecular Structure

Contrary to aqueous surfactant systems of comparable surfactant concentrations,
ie., 1073 <co < 107" mol dm~3, where micelles are generally found to be of spheri-
cal shape due to the repulsive interaction of the ionic charges in the micelle/solution
interface and long-range electrical forces between the charged aggregates, there does
not exist such natural restriction of reversed micellar aggregates with respect to devia-
tions from a spherical shape. Thus, apart from considerations with regard to the ener-
gies responsible for the formation of colloidal aggregates and their stability in non-
polar media, size and shape of these entities and their dependence on the molecular
structure and environmental conditions deserve more closer examination.

3.1.1 Dependence on the Hydrocarbon Moiety

It appears to be generally accepted that sterical restrictions are an important factor
regarding the formation of reversed micelles, i.e., the relative bulkiness or (more pre-
cisely) the ratio of the cross-sectional areas of the hydrocarbon to the polar portions
essentially affects the size and shape of the aggregates'®?). The cross-sectional area
of the hydrocarbon moiety of most oilsoluble surfactants exceeds that of the polar
portion (headgroup). For such surfactant molecules the spherical micelle allows the
loosest packing of tails around a core of a given volume, and the prolate ellipsoid
the next with regard to packing density, while an oblate ellipsoid of equal eccentri-
city requires the closest packing’®”). The prolate ellipsoid is then a more probable
form than the oblate ellipsoid2'® as the micelle departs from a spherical shape. The
dinonylnaphthalenesulfonates®% 105) represent examples where the growth of mi-
celles beyond spherically shaped aggregates appears energetically to be unfavorable.
A similar case is mentioned by Heilweil®®) who investigated sodium 2,6-di-n-octyl-
and sodium 2,6-di-n-dodecylnaphthalene sulfonates in n-decane, n-heptane and ben-
zene. In n-decane the apparent micellar aggregation numbers were essentially inde-
pendent of Cg- and C, ,-chain lengths,

Deviations from a spherical shape towards a prolate ellipsoid (cylinder) hasbeen
reported experimentally in the case of AOT®% 162), A lamella structure should be
even less probable, although it might occur if the cross sections of the headgroup
and the tail were equal, as in normal alkali fatty acid soaps. The lamellae may grow
in the latter case into crystals too large to be considered micelles. Honig and Single-
terry®® investigated pheny] stereates, molecules having a relatively slim tail. These
may be packed in such a way that growth of the micelle in one or two directions
becomes possible! 75). In this case, since there is no specific preference for a par-
ticular micellar size, the size distribution is expected to be broad.

Debye and coworkers®!>3?) observed a decrease in micellar size with increasing
chain length in the case of a-monoglycerides with varying carbon-numbers from C
to C,4 in benzene and chlorobenzene using light-scattering and vapor-pressure os-
mometry. From IR measurements these authors inferred that intermolecular H-bond-
ing plays a role in the association of monoglycerides (see also the temperature de-
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pendence). From the large difference, however, between weight- and number aver-
age molecular weights they concluded that probably no micelle formation takes
place.

Sirianni and coworkers studied again a-monostearin in benzene by means
of vapour pressure osmometry and concluded that the solution consists of only mono-
mers and dimers. Nevertheless, these authors reported a CMC which was in satisfac-
tory agreement with the value found by Debye and Prins®®. On the other hand Ro-
binson ' 7® reported light-scattering data regarding the same system which conformed
excellently to Debye’s results. This apparently contractictory behaviour should be
discussed with respect to a paper by Becher'® who points out that Debye’s conclu-
sion inferred from the large difference between number and weight-average molec-
ular weights with respect to the formation of micelles is unwarranted’due to the con-
siderable difference in the concentration dependence of the apparent number and
weight-average aggregation numbers (Fig. 11). These comments refer especially to
cationic and nonionic surfactants exhibiting relative large CMC-values. In this case
the high monomer concentration may considerably falsify the number average molec-
ular weight of the aggregates. An interesting example of a sterical effect regarding
a possible micelle formation of nonionic surfactants has been reported by Becher?).
The data refer to monostereate esters of the dianhydrohexitols. The 1,4:3,6-dian-
hydrides of the isomeric hexitols D-glucitol (sorbitol) D-mannitol, and L-iditol con-
sist of two fused tetrahydrofuran rings, to each of which a hydroxyl group was at-
tached. The rings were tilted towards each other. The hydroxyl group may be orient-
ed, accordingly, in one of two ways: it can be oriented into the fold between the
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Fig. 11. Apparent weight-average (nsv solid lines) and number average (n?,, dashed lines) ag-
gregation numbers as function of log (concentration) for a number of n-values. (The concen-
tration has been converted into multiples of the CMC) [Nature 206, 611 (1965)]
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two endo-hydroxyl rings, or away from the fold (= exo-hydroxyl). The results from
light-scattering measurements showed that only the esters of the endo-hydroxyl
form micelles. This micelle formation appeared to be independent of the orientation
of the free hydroxyl. These results were explained by Becher qualitatively in terms
of the steric possibility of the chain of the exo-ester orienting itself in such a way

as to shield the hydrophilic moiety, thus rendering micellization unnecessary.

Fendler and coworkers’® applied H!-NMR studies to investigate the effect of
carbon chain length variations on the aggregate size. These authors selected octyl-
ammonium carboxylates in benzene and carbon tetrachloride, i.e., propionate, buty-
rate, and tetradecanoate. They observed a strong CMC dependence on.the C-chain
length with opposite effects, depending on whether the C-chain is attached to the
ammonium ion or to the carboxylate groups. However, this finding refers only to
benzene solutions. In carbon tetrachloride no such dependence could be found, in-
dicating the particular role of the solvent in nonpolar surfactant systems.

In another paper Fendler et al.’? investigated again the CMC dependence of
alkylammonium propionates on the number of carbon atoms in the alkyl group of
the quaternary ammonium cation (Fig. 12). The same feature as mentioned with
octylammonium carboxylates is observed, i.e., the constancy of the CMC values for
these alkylammonium propionates in carbon tetrachloride, while in benzene alinear
plot is obtained. The latter is taken to indicate the decreased solubility of the mono-
mers with increasing alkyl chain length in benzene. Table 47*) exhibits in addition
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Fig. 12. CMC of alkylammoniumpropionates in CDCl3, CH,Cl,, C¢H5Cl and DMAC as a func-
tion of the number C-atoms (x) in the alkyl chain of BAP (butyl-), HAP (hexyl-), OAP (octyl-),
DAP (dodecylammoniumpropionate) [J. Phys. Chem. 77, 1876 (1973)]
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Table 4. Micellar parameters in benzene and carbontetrachloride. BAP (butyl-),
HAP (hexyl-), OAP (octyl-), DeAP (decyl-), DAP (dodecyl-) ammonium pro-
pionates. [Faraday Trans. I, 68, 280 (1973)]

CeHg
Surfactant  CMC obs./M CMC cale./M® n K/M1-n
BAP (4.5-5.5) x 10~2 2.9 x 102 4 1x10%
HAP (2.2-3.2)x 1072 5.5x103 7 sx10!2
OAP (1.5-1.7) x 10~2 6.7 x1073 5 1x108
DeAP (8-10) x 1073
DAP 3-7)x 1073

CCly
Surfactant CMC obs./M CMC calc./M® n K/Mi-n
BAP (2.3-2.6) x 10~2 1.9x 102 3 9 x 10?2
HAP (21-24)x 102 7.8 x 103 7 7 x 101!
QAP (2.6-3.1) x 10~2 8.0 x 1073 5 5x107
DeAP (2.2-27 x10~2 L.1x10"2 5 1x107
DAP (2.1-2.5) x 102 1.7x10™2 4 5x10%

2 obtained from treatment of CH3CH,CO3 chemical shifts at 33 °C;

using eqn (10)71; see Discussion”D.

the interesting fact that the aggregate sizes are apparently independent of the sol-
vents used in this investigation. The aggregation numbers are small. It is, however,
questionable whether an aggregate composed of three monomers should be termed
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Dialkyldimethylammonium Halides {J. Colloid interface Sci. 35, 636 (1971)}

110



Surfactants in Nonpolar Solvents

“micelle” and whether the notion ““CMC” is appropriate. The equilibrium constants
are again different in both solvents in agreement with the above discussed CMC-
dependence.

Finally, Kon-no and Kitahara'2® followed the chain length dependence of the
aggregate sizes with di(n-alkyl)-sodium sulfo succinates and dialkyldimethylammo-
nium halides, see Fig. 13.

3.1.2 Dependence on the Counterions

Not only sterical effects due to the molecular structure of the surfactant tails have
to be considered but also the counterions seem to affect the size and shape of the
reversed micellar aggregates. Such effects have been observed, for example, by

van der Waarden?'® who found with alkalinaphthasulfonates in heptane and tolu-
ene an increase of the aggregates by varying the cations in the order H*, Li*, Na*
and K*, or Mg?*, Ca®", and Ba®", i.e., in the order of decreasing hydration inter-
action. Similar findings were reported by Reering'7®) with sodium and potassium-
(tripentylmethyl)benzene sulfonates (TPMBS) in heptane and by Kitahara'?3) with
sodium and potassium di-2-ethylhexylsulfosuccinates in benzene, carbontetrachlor-
ide, and cyclohexane. Finally, Eicke and Christen®) repeated these investigations
with all alkali derivatives of Aerosol OT (alkali di-2-ethylhexylsulfosuccinates) in
different solvents (benzene, cyclohexane, carbontetrachloride, n-pentane and
C4H4S). These measurements have been reproduced again because of their intrinsic
importance regarding micelle formation in nonpolar media by Eicke and Hammerich
(unpublished results, see Fig. 5). With increasing effective ionic radii of the alkali
ions there is a decreasing tendency to form concentration independent aggregates.
The aggregates are, however, considerably increasing in the average association num-
ber with a size distribution becoming broader with decreasing hydration interaction.

Furthermore, Reerink, found a remarkable concentration dependence of
KTPMBS aggregates with a broad size distribution which would be in accerd with
the assumption of equal equilibrium constants for each successive association step.
This behaviour sharply contrasted with the findings regarding the sodium TPMBS
micelles where the author derived a sharp size distribution of the aggregates from the
satisfactory coincidence between number and weight-average micellar weights. The

aggregate shape appeared to be best represented by short rods' 7%

Kitahara’s investigations using sodium and potassium di-2-ethylhexylsulfosucci-
nates resulted in an increase in the apparent micellar weight by replacing the sodium
by potassium, which is confirmed by the measurements of Eicke and Hammerich.
Quite surprisingly, howerer, the corresponding phosphate compounds, i.e., the al-
kali di-2-ethylhexylphosphates, seem to exhibit a decrease in the average aggregate
sizes in the order from sodium to cesium>®). If these experiments prove to be cor-
rect an explanation might be found in the rather inflexible hydrocarbon tails due
to the structure of the phosphate compound which fail to shield sufficiently the polar
groups. Along the lines of the preceding discussion regarding the importance of the
hydrogen-bridges for the formation and stabilization of reversed micelles the find-
ings with alkali TPMBS and alkali di-2-ethylhexylsulfosuccinates are in close agree-
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ment with the above discussion. The effect of counterions on the CMC of cationic
surfactants in nonpolar media has been studied by Muto et al.'5# with the help of
TCNO solubilization.

Recalling Zundel’s®?®) investigations it is now certain that the hydration inter-
action of the alkali ions decreases in the order from the sodium to the cesium ion.
This, then, reduces the stability and causes concentration dependent aggregates. The
magnitude of the destabilization will depend on the respective effects of the coun-
terions and the nature of the hydrocarbon tails. It is readily visualized, therefore,
that in the case of the alkali tripentylmethylbenzene sulfonates an unfavorable bal-
ance of the above mentioned effects leads, already for the potassium ion, to a con-
siderable destabilization of the aggregates. According to Reerink!”® only the re-
lative large loss in the standard entropy (ASe = —15 cal degree™ ! mol™!) due to
the micellization prevents the formation of excessively large aggregates.

Sterical effects of the effective (or crystallographic) ionic sizes in the case of
the alkali di-2-ethylhexylsulfosuccinates as supposed by Kon-no and Kitahara!?%
to explain the variation in the association patterns is, according to the above discus-
sion, of only secondary importance. This all the more, since the size of the anion is
certainly larger, even compared to cesium, thus exceeding by far the space require-
ments of any alkali cation.

3.2 Dependence on Environmental Conditions
3.2.1 Solvents

It had soon been recognized that the stability of reversed micelles is considerably
solvent dependent (see'3®, Table 3). The tendency to form micelles decreases in gen-
eral with increasing polarity of the solvent. However, rather “weak’ polar solvents
like chloroform or the pseudo-apolar solvent dioxane in which micellization was to
be expected according to the low dielectric constant, did not fit into this too sim-
plified concept. In particular the frequently reported contradictory observations
regarding (apparent) similar solvents (as viewed from comparable dielectric con-
stants) as, for example, cyclohexane, carbontetrachloride, or benzene can be ex-
plained by strong solvation interactions between the contact ion pairs of the surfac-
tant molecules and the 7-electrons of the benzene or between the surfactant dipole
and the highly polarizable carbontetrachloride molecule (see e.g.'® 1)), The re-
markable solvating tendency of benzene has recently been demonstrated by Eicke
and Denss®?): these authors observed a considerable decrease of the catalytic acti-
vity of dodecylammoniumpropionate in cyclohexane already at small mole fractions
of benzene. Simultaneously it turned out that the solvation interaction by benzene
competes strongly with the hydration interaction regarding the ammonium ion.
Therefore, a considerable number of detailed analyses were carried out concerning
size and shape dependences of the aggregates on the solvents used. Moreover, it was
thought to obtain information on intramicellar interactions, for example, on the
tendency to form hydrogen bonds.
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Fig. 14, Aggregation number (n) of sodium dinonylnaphthalene sulfonate versus solubility para-
meter of the solvents. [J. Phys. Chem. 68, 3453 (1964))

A comprehensive paper by Little and Singleterry 1% was devoted to the solu-

bility of alkali dinonylnaphthalene sulfonates in different solvents with particular
emphasis on the mutual relation between the solubility parameter and micellar size,
see Fig. 14.

The solubility parameter introduced by Hildebrand®®, rather than the dielec-
tric constant or dipole moment is a characteristic quantity of the solvent which ap-
pears appropriate (if no specific solvation effects have to be taken into account) to
forecast the micellar solubility of the alkali dinonylnaphthalene sulfonates in the
particular solvent. As the solubility parameter of the solvent is increased, the micelles
tend to assume a smaller size (Fig. 14). This size reduction gives a looser packing
of the DNNS tails and, thus, exposes the more interactive aromatic and polar parts
in such a way as to reduce the difference between the solubility parameter of the
solvent and the effective solubility parameter of the solvent-accessible portions of
the lipophilic micelle. The automatic matching of the solubility parameter for mi-
celle and solvent by reduction of micelle size and packing in solvents of high solubility
parameters recalls the behavior of linear macromolecules in solvents of different sol-
vent power.

In particular, Fig. 14 shows that the sodium dinonylnaphthalenesulfonate aggre-
gates decrease in size approximately linearly with increasing solubility parameters
between 6.5 and 10. According to Little'>®) the barium dinonylnaphthalene sul-
fonate (which forms spherical micelles independent of concentration) also obeys
alinear relation between micelle size and the solubility parameters (see Fig. 15).
Actually, quite a number of authors recommend this relationship, for
example!!7 118. 124, 142) a5 the most reliable and appropriate one. It should be noted,
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however, that there exist some reports about failure of such a relationship (compare,
e.g.”).

Such deviations may be traced back in some cases to a considerable distortion
of the solvent structure by the solute molecule, a well-known effect, for example,
with molecules possessing large dipole moments (see, e.g.5M).

A considerable solvent effect has been reported by Heilweil®® for sodium 2,6-
di-n-dodecylnaphthalene-1-sulfonates in benzene and n-decane. The author finds an
apparent molecular weight in benzene of 5.500, about half the value in n-decane.
More recently, Eicke and Christen3® investigated again the solvent effect on the
micellar size by plotting a correlation diagram of the average aggregation number

: tert-AMYL ALCOHOL
ETHYLACETATE

14 - DIOXANE

HEXANE

BENZENE

PENTANE 134

2,2 -DIMETHYLBUTANE 0a .
3- METHYLPENTANE ‘10/‘12
:2,3-DIMETHYL BUTANE 4a  aFh Ay

10: CYCLOHEX ANE 4

11: TETRACHLOROME THANE
1071 12:24-DIMETHYLPENTANE
13: 2-METHYLPENTANE

<

— T T T

5 10 faor 15 20

Fig. 16. Correlation diagram of the mean aggregation number per micelle of AOT (n 5 gT) and
sodium di-2-ethylhexylphosphate (npgT) in different solvents, 25 °C. [J. Colloid Interface Sci.
46, 417 (1974) (corrected according to new results)]
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for sodium di-2-ethylhexylsulfosuccinate and sodium di-2-ethylhexylphosphate in
thirteen different solvents (Fig. 16). The Figure characteristically reflects the nature
of the solvents in the aggregation number of the surfactants and the predominant
effect of the tails which are almost identical for both surfactants. Peri'¢?) has re-
ported larger deviations from a straight line than that given in the above diagram
(Fig. 14). This could be due to impurities of the AOT samples as mentioned by the
author.

Recent results derived from the positron annihilation technique introduced by
Ache and coworkers! %" into the study of aqueous and nonpolar detergent solutions
are particularly interesting (Fig. 17). Dodecylammoniumpropionate (DAP) has been
investigated in benzene, cyclohexane and n-hexane as well as AOT in benzene. The
intensity I, of the longlived (ortho) positronium (o-Ps) was detected. The latter ori-
ginates from reactions and subsequent annihilation of thermalized or nearly thermalized
0-Ps atoms (see “Methods’). The drastic changes at a particular detergent concen-
tration is remarkable. The breaks in I, versus surfactant weighed-in concentration
were assigned to the so-called CMC of the respective surfactant-solvent system. Such
an assignment is not unambiguous and cannot be done properly without additional
information regarding the investigated system. It appears, therefore, advisable to
speak more generally of an apparent critical concentration, especially in the case of
DAP (see the preceding paragraph). The shifts of these critical concentrations with
changing the solvent show the expected trend, i.e., the more nonpolar the solvent,
the lower the critical concentration due to a decreasing amount of nonassociated sur-

1, vs SURFACTANT CONCENTRATION
IN VARIOUS MICELLAR SOLUTIONS
OF DAP AND AOT

® DAP - BENZENE

© DAP- CYCLOHEXANE
a0 & DAP- n-HEXANE

& AOT - BENZENE

I exptl. error

1,%
(]
2]

—0

i 1 1L i 1

10 20 30 40 50
mM SURFACTANT

Fig. 17. Intensity (I;) of the longlived thermalized orthopositronium versus surfactant concen-
tration in various micellar solutions of DAP and AOT, 20 °C. [J. Am. Chem. Soc. 100, 984 (1978)]
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Table 5. CMC values as obtained by Positron annihilation techniques and
literature data. [J. Am. Chem. Soc. /100, 984 (1978)]

Values?
CMC, mM
Surfactant Solvent This study Lit.
DAP Benzene 8.75 £ 0.25 3-7
Cyclohexane 8.26 £+ 0.25 8b)
n-Hexane 6.15 + 0.45 69
AOT Benzene 2.20 £+ 0.10 2.0-2.7
NaDS Water 3221 33
DTAB Water 571 65

2 Reference 2b.
b Dodecylammonium butanoate.
€ In octane.

factant molecules. Table 5 shows a comparison of the critical concentrations thus
determined with corresponding data from the literature. According to the satisfac-
tory agreement it appears that the positron annihilation technique may actually supply
conventionally defined CMC values.

A considerable solvent dependence has been reported by Debye and cowor-
kers3% 33 in their already mentioned study of a-monoglycerides in benzene, chloro-
benzene, and chloroform. The authors found a correlation between the cohesive
energy densities of the solvents and the clustering tendency of the nonionic surfac-
tants: with decreasing cohesive energy the aggregation increased. In chloroform no
micelles were found.

Kon-no and Kitahara made a comparison of anionic, cationic and nonionic
surfactants regarding their association in nonpolar solvents. These authors chose poly-

124)

Table 6. Comparison of aggregation numbers among anionic, cationic, and non-ionic surfactants
and solvent dependence of aggregation numbers: NaD2EC4S = AOT, D2EC¢ABr = Di-2-ethyl-
hexylammonium bromide, DCgP(EQg ) OH = polyoxyethylene 2(1,3-dioctoxypropy!) ether
[3. Colloid Interface Sci. 35, 636 (1971)]

Solvent 5 NaD2ECgS D2ECgABr DCgP(EO)g 3 H
Benzene 9.15 13.6 2.3 1.0
Carbontetra- 8.6 20.6 2.2 1.0

chloride

Cyclohexane 8.2 18.2 4.0 1.0

n-Heptane 7.45 21 4.7 1.0

Isooctane 6.85 21 4.7 1.0

4 §: Solubility parameter of solvents at 25 °C.
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Fig. 18. Relation between apparent aggregation number and concentration of sorbitan monofatty
acid esters at 40 °C in different solvents: n-C7H) ¢ (8), CgH 2 (0), CgHg (). [J. Colloid Inter-
face Sci. 49, 383 (1974)]

oxyethylene 2(1,3-dioctoxypropyl) ether as a nonionic surfactant which was ob-
served not to aggregate in a variety of solvents shown in Table 6 (see also'2®)), They
found, however, a considerable influence of traces of water with respect to a micelle
formation of the nonionics. Later, Kitahara and coworkers'?%) investigated again
a-monoglycerides and sorbitan monofatty acid esters (sorbitan-monolaurate (SML),
-monopalmitate (SMP), -monostereate (SMS), and -monooleate (SMO)) in various
nonpolar solvents. The concentration dependence of the apparent aggregation num-
bers of the latter compounds are shown in Fig. 18, as determined by vapour pressure
osmometry. These aggregation numbers appear to be rather small. They should be
judged in view of Becher’s discussion concerning the comparison between weight and
number average molecular weights.

Finally, Cowie and Sirianni?® investigated some polyoxyethylene — polyoxy-
propylene surfactants in benzene, dioxane and butylchloride. Again, considerable
differences were found between weight and number average molecular weights. This
is in agreement with comparable studies of other authors®% 3% 208),

3.2.1.1 Mixed Solvents

Some investigations on the solvent effect concerning the aggregation tendency of sur-
factant in nonpolar media have been made in mixed solvent systems. These yield
information on the relative stability of a particular miceliar structure in one of the
solvent components with respect to the other. Also inversion of the micellar struc-
ture has been observed in such cases where nonpolar, aprotic solvents were mixed
with those giving rise to hydrophilic interactions, i.e., which are in general structure
forming.
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Fig. 19. Lightscattering data for
AOT in t-amyl alcohol (square
points) and in t-amy! alcohol di-
luted with nonane (round points).
Open and solid points represent
Hg-green and blue line data,
respectively. [J. Colloid Interface
Sci. 29, 6 (1969)]

made interesting observations with light scat-

tering experiments by diluting an AOT/t-amy] alcohol master solution with nonane.
The latter solvent has almost the same refractive index as t-amyl alcohol (which was
essential in view of the lightscattering experiment). Figure 19 shows the Hc/r-values
(which are to a first approximation ~ 1/molecular weight) initially to follow roughly
the same plot when nonane was added as on dilution with t-amyl alcohol. Between
60 and 80% nonane, however, Hc/r decreased rapidly to a minimum. If corrections
due to a probable impurity are considered, the final micellar weight corresponds to
the value which would have been found at infinite dilution with nonane. This result
may lend some support to the possibility that preferred micellar configurations exist.
Thus the rather abrupt change in turbidity would indicate a transition between two

markedly different micelles.

Similar findings have been reported'#” with copper caprylate in dioxane/etha-

nol mixtures.

Also Fryar and Kaufman®") studied the solvent effect on the stability of barium
dinonylnaphthalene sulfonate in toluene, toluene/methanol, and methanol solutions
by ultracentrifugation and viscometry. The aggregation number of the micelles reduced
from about 10 in toluene to about 4 when the mole fraction of free methanol in the
solvent mixture was approximately 0.03. In pure methanol BaDNNS micelles did not

exist.

An example for the second case mentioned above is reported by Fendler et al.

73)

studying hexylammoniumpropionate (HAP) in a polar-nonpolar solvent mixture.
Thus the chemical shifts of the magnetically discrete protons of the HAP have been
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Fig. 20. Dependence of the equilibrium association
oosr constant K of HAP (hexylammoniumpropionate)
on the reciprocal dielectric constant e of the
ad L , ) benzene-dgDMSO-dg and DMSO-d4-D,0 solvent
0 0 20 30 a0 so system at 23.5 °C. [J. Phys. Chem. 79, 917 (1975)]
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utilized to investigate the association behaviour of this cationic surfactant. Solvent
mixtures ranging from 100—0 wt% water to DMSO and 100—-0% DMSO to ben-

zene were applied. The aggregation ranged from that of normal to inverted structures
(Fig. 20).

Similar investigations were performed by Elworthy and McIntosh®® using leci-
thin in suitable water-ethanol-benzene mixtures. In water large micelles of about
6400 monomers are formed, while with decreasing dielectric constant the tendency
towards micelle formation decreases. In a 93.4% ethanol — 6.6% H,0 mixture no
aggregation occurred. At further decrease of the dielectric constant the conditions
become suitable with respect to the formation of reversed micelles (see Fig. 21). In

Fig. 21. Micellar weight versus dielectric

constant e for natural lecithin, Lightscat-

tering in single (), (x) in mixed solvents;

(o) diffusion-viscosity measurements

(mean values). [Kolloid Z. Polym. 195,
0 27 (1964))
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spite of this apparent parallelism between aggregational pattern and dielectric con-
stant the latter is hardly an appropriate parameter to describe the solvent effect. Prob-
ably Hildebrand’s solubility parameter can better serve as a general guide which is
related to more relevant molecular properties of the system and hence preferable to
predict solvent effects. Investigations with nonionic surfactants (dodecylhexaoxy-
ethyleneglycolmonoether) in water/formamide mixtures have been carried out by
McDonald>? discussing the results with respect to Hildebrand’s solubility parameter.

3.2.2 Temperature Dependence

One of the most frequently varied parameters is the temperature of the system: The
obvious reason for such measurements was to determine thermodynamic properties
of the system, for example, the enthalpy of micellization from the temperature depen-
dence of the critical micelle concentration (CMC) using the well-known relation

_Ry? - 410(EMC) "d(SMC) = AHS = AHS*, (15)
where A HS is the enthalpy change per monomer with respect to the predominantly
formed micelle S,, from n monomers. (There exist, particularly in nonpolar surfac-
tant solutions, many examples of reasonably well-defined monodisperse micellar sys-
tems). AHS* denotes the enthalpy changes per monomer for the addition of a single
monomer to a micelle S,,_, '5%. It is known that the above relation (15) is not exact
unless the aggregation number (n) is independent of temperature. This, however, is
true to a first approximation in some cases of micelle in nonpolar surfactant solu-
tions. Only with regard to these examples it might be permissible to apply the above
procedure.

There exist, actually, observations that the aggregation number of various sur-
factant micelles in nonpolar media exhibit a rather weak temperature dependence.
Such findings have been reported for ionic surfactants by Peri!®2 with AOT in n-
nonane between 25 and 75 °C and by Zulauf and Eicke??” with AOT in isooctane
between —20° and +95 °C who could not detect any temperature dependence of the
micellar size with the help of very precise photon correlation spectroscopic measure-
ments. These results were confirmed by Ueno and Kishimoto?!'® in their investiga-
tions of AOT in benzene and cyclohexane between 25° and 45 °C. Also Heilweil?%
found essentially no temperature dependence of the aggregation with sodium 2,6-
di-n-dodecyl naphthalene-l- sulfonates in n-decane.

The critical balance between enthalpic and entropic contributions with respect
to the stability of micellar aggregates in nonpolar detergent solutions is demonstrated
by the temperature effect on the aggregation of sodium tripentylmethylbenzene sul-
fonate (NaTPMBS) and the corresponding potassium compound !’ 176). A relative
small temperature effect with respect to the micellar size of NaTPMBS in n-heptane
compared to KTPMBS was observed. The temperature coefficient with regard to the
micelle size, however, depended on the temperature region. The decrease of the as-
sociation number was considerably larger between 20° and 40 °C than between 40°
and 60 °C, indicating, possibly, that a preferred micellar aggregate with increased
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stability exists!75). This finding is confirmed by investigations of Strahm?°% and
could point to a more pronounced polydispersity. The aggregation of the potassium
salt was even more sensitive towards temperature variations (and could be compared
in this respect to its above discussed concentration dependence), It was satisfactor-
ily described by a multiple association model with equal association constants, The
latter compound exhibited according to the author the association patterns of “typ-
ical” cationic surfactants in apolar media. This observation offers the opportunity
to point out again that a discrimination of anionic and cationic surfactants accord-
ing to their aggregation behavior is certainly unjustified. Considering a critical bal-
ance between the enthalpic and entropic contributions to the micellization in this
particular case, it is conceivable that the reduced hydration interaction of the
potassium*® 228) compared to that of the sodium ion produces this effect. The phos-
phatidyl cholin (= lecithin) investigated by Elworthy et al.®% 81} appears also to re-
present an example of a more pronounced temperature dependence of the micellar
size. The apparent micellar weight of lecithin in benzene decreases from 57,000 at
25 °C to about 43,000 at 40 °C.

A careful analysis of the temperature dependence and self-association patterns
of dodecylammoniumpropionate (DAP) in benzene and cyclohexane have been con-
ducted by Adams, Fendler et al,’®?), The investigation represents in part a consider-
able extension of Kreutzer's'3? description of “open” and “closed” aggregation.
Several association models were tested. The best fit of the experimental data was ob-
tained with the sequential, indefinite self-association model: the observed tempera-
ture dependence corresponded to this result, i.e., decreasing degree of association
with an increase of the temperature, where at constant temperature the degree of
self-association in cyclohexane was larger than in benzene.

Kitahara!!5: 116, 119 121) arrives at similar conclusions with fatty acid salts of
higher aliphatic primary amines in benzene. Large amounts of data on cationic sur-
factants, particularly, their temperature dependent aggregation were collected by
Kertes and coworkers'?% 110 111, 141) 1 3 number of cases thermodynamic data
were calculated from this temperature dependence’ 19) However, frequently the
dependence of the aggregation number on the temperature was not duly considered
which makes the derived quantities less useful.

Summarizing, as a practical rule cationic surfactants show in general a more pro-
nounced temperature (and concentration) dependent aggregation number.

A quite similar behaviour is found with nonionic surfactants in nonpolar media.
Debye and Col1*¥ studied the temperature dependent aggregation of a-monogly-
cerides, in particular, monocaprin (C ) in carbontetrachloride at 23 and 38 °C.

They calculated the average heat of association for one mole of monomers which
entered into the clusters. Thus, A H® was obtained to be approximately 5.5 Kcal/mole.
This value is in the range of hydrogen bond energies. Hydrogen bonding is, indeed,
taken to be the essential contribution to the stability of nonionic surfactant aggre-
gates. Simultaneous dipole moment measurements, however, seemed to indicate

that no typical reversed micellar aggregate was formed but a more randomly built

up cluster.

The same class of surfactants was used by Kitahara!2% to investigate solubility,
critical aggregation, micelle formation and its temperature dependence in nonaqueous
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(apolar) solutions. It was assumed, however, that the so-called phase-separation model
could be applied with a fixed aggregation number of the particles. This appears to

be less probable with respect to the discussion in the preceeding paragraph. The ther-
modynamic parameters obtained from this procedure are, therefore, of only minor
reliability.

The nonionic surfactants exhibit, similar to “typical’” cationic surfactants but
to an even more pronounced extent, a considerable temperature (and concentration)
dependent aggregation and thus, a remarkable polydispersity of aggregate sizes.
Moreover, there seem to exist a large diversity of association patterns which differ
considerably in the degree of association. Some types of nonionic surfactants, for
example, polyoxyethylene 2 (1,3-dioctoxypropyl) ether, do not all form aggregates
in nonpolar solvents according to Kitaharal23). Corresponding findings were re-
ported by Sirianni et al."®® and Becher®.

Micelle formation of the nonionic detergent sorbitan monostearate in o-xylene,
particularly the temperature dependence of the CMC, has been observed by Brown
et al.'®, The data were obtained from surface tension, dye solubilization, and light
scattering measurements. With regard to the CMC values the results derived from
these techniques agreed reasonably well. The AH- and A S-values evaluated from the
remarkable temperature dependence of the CMC cannot claim to be more than an
estimate. Two different values of AH and AS at 25 and 45 °C were determined due
to the considerable variation of the heat of micellization with temperature. The dis-
crepancies between the values referring to dye solubilization and surface tension
measurements are probably reasonable.

CMC determinations as a function of temperature utilizing the change of the
amount of solubilized water are inaccurate. This procedure has been frequently ap-
plied. In this way, for example, the effect of the temperature on the CMC of hexa-
oxyethylene dodecylether in cyclohexane'®) was determined. The CMC loses its
well defined meaning in a ternary system, viz. to represent a thermodynamic pro-
perty of the particular surfactant/solvent system (see Paragraph 2.2).

S5+logyy S

O Fig. 22. Solubilities of alkylpyridinium iodides:
1 i (®) octadecyl-, (2) hexadecyl-, (x) tetradecyl-, (©)
2.9 3. 3.3 dodecyl- in xylene versus the reciprocal abs. tem-
1037 perature. (J. Chem. Soc. 1956, 3229)
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There exists, actually, another aspect regarding a temperature variation of sur-
factant solutions: the well-known Krafft-point determination'2®. Since, however,
not a micellar property is concerned but the temperature dependence of the mono-
mer activity of the soap molecules, this section is considered more as an appendix
to the foregoing discussion.

In comparison to aqueous soap solutions there exist relatively few determina-
tions of Krafft points in nonpolar surfactant solutions. An interesting example is
due to Addison and Furmidge? who determined the solubilities of four alkylpyri-
dinium iodides (dodecyl-, tetradecyl-, hexadecyl-, and octadecyl-) in xylene (mix-
ture of isomers, b.p. 138 °C). The solubilities were plotted against 1/T (see Fig. 22).
The breaks in the curves and the chain length effect (which is much less pronounced
compared to aqueous solutions) are clearly shown. Similar experiments have been
reported by Mehrotra et al.!#®) on copper soaps in various organic solvents and by
Malik et al.!*® on cobalt hexamine soaps.

4 Kinetics of Micelle Formation in Nonpolar Media

One way to advance beyond purely thermodynamic models and to obtain informa-
tion on individual steps of the aggregational process is to conduct kinetic experiments.
This, however, meets considerable difficulties in nonpolar surfactant solutions. The
standard relaxation methods, i.e., temperature®> 5) and pressure jump ' 2%% tech-
niques are not feasible since their application supposes that the systems are suffi-
ciently conductive (usual procedure with temperature jump technique is to add a

0.1 M inert electrolyte to the aqueous system). Apart from stopped flow techniques
which appear to be too slow to follow micelle formation, there exist, essentially, two
techniques which are suitable with respect to a kinetic investigation of association
processes in ‘‘nonconductive™ media with low dielectric constants: (i) the ultrasonic
absorption®® 138) and (ii) the dielectric field effect technique'®. (Modified tem-
perature jump techniques as, for example, suggested by Gerischer et al.®® might be
applicable in some cases but cannot be considered to be a standard method).

It appears justified and necessary to give a slightly more detailed description of
the principle of the dielectric field effect technique since Eicke and coworkers*®
applied this method to solutions of AQT in benzene, cyclohexane and dioxane and
obtained for the first time kinetic data related to aggregation processes of surfactants
in nonpolar solvents.

According to Eigen and coworkers' * chemical dielectric loss increments can be
used to derive kinetic information of reacting chemical systems, if the chemical trans-
formation is accompanied by a finite change of the electrical moment of the system
expressed as the molar electric moment of the reaction AM (E) (i.e., the difference
of the partial molar moments of the products and those of the reactants). Due to the
nonlinear relationship between In K, the logarithm of the equilibrium constant K of
the reacting system, and the electric field strength E, i.e., 3 1n K/0E = AM/RT, high
static fields modulated by an a.c. field of low amplitude have to be applied to observe
finite shifts of the chemical equilibrium. Such a change of the reaction moment is

13)
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produced by the extensive compensation of the effective dipole moments of the
monomers in the (micellar) aggregates*® 45 46),

The two diagrams depicted in Fig. 23 appear to characterize the particular feat-
ures of these systems. The lower diagram shows the amplitude factors of the field
effect measurements (normalized with respect to the applied field). The upper curve
describes the chemical excess loss, the lower one the orientational field effect. The
points of the intersection of two straight lines through the horizontal portions of
the curves at low concentrations and the steep slopes at higher concentrations are
thought to be identified with the critical micelle concentration of the AOT/cyclo-
hexane system. Comparing both diagrams it becomes apparent that the maximum
of the observed chemical relaxation frequencies of the field effect measurements (up-
per diagram) coincides with the just mentioned points of intersection of the orien-
tational and chemical amplitude curves at —log ¢y = 2.5. It should be realized that
an upper limit of the CMC is to be expected due to the field dependent shift of the
equilibrium: monomer == micelle in favor of the monomers.

The essential result of this investigation is shown in the upper part of Fig. 23.
It displays the dependence of the evaluated characteristic chemical frequency
f. = 1/2n7 (r = relaxation time) on the concentration by keeping the orientational
relaxation frequency constant (20 MHz). The curve through the data points was cal-
culated according to the reaction scheme shown below (for more details see*3: 54).
The concentration dependence rules out, apparently, a linear aggregation as the sole
relaxation process. In this case, the reciprocal relaxation time versus the concentra-
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Table 7. Proposed reaction scheme for topological transfor-
mation during micelle formation in nonpolar solvents, AOT in
CgH 5 [Ber. Bunsenges. Physikal. Chem. 79, 667 (1975)]

3C, =G,
C,+C; =C;,+C,

wl [ e

C,+Ci 2 Ci+C,

ol I

C,+C =¢C +¢C;

soll [

b~
Cn T: Cu

tion would exhibit a curve increasing at the beginning and levelling off at higher con-
centrations.

It appears interesting to note that quite recently Zana““®’ also claimed to have
observed (with DAP in cyclohexane applying an ultrasonic relaxation technique) a
decrease of the average relaxation frequency with increasing DAP concentration.
This particular concentration dependence of the reciprocal relaxation time has been
tentatively interpreted with reference to Monod’s model3”?. The latter describescon-
formational changes induced by ligand-enzyme interactions. With regard to the micel-
lization phenomenon it is more appropriate to call this process a topological trans-
formation (L. E. Scriven '8%)). Since such a transformation during micelle formation
appears reasonable the following reaction scheme has been proposed (see reaction
scheme, Tabl 7): C are the monomeric surfactant molecules, C; and C; the trimeric
subunits (which have been frequently observed and which were considered as “nu-
clei”: such a concept was confirmed quite recently®® due to new insights into the
role of residual amounts of water with regard to the micellization) and premicellar
aggregates (oligomers). In principle, three different elementary steps have to be en-
visaged regarding the formation of micelles: (i} at very low concentrations ¢y <CMC,
there is an equilibrium between monomers, dimers and trimers. These aggregation
processes will be diffusion controlled with bimolecular rate constants in the order
of 5-10% dm> mol~! 5™ 13-4, (ji) the growing of premicellar aggregates by bind-
ing further surfactant monomers at medium concentrations (the aggregation of tri-
mers is less probable, see also*™; (iii) a topological transformation is to be visualized
which will modify the structure of larger premicellar aggregates in such a way that
binding of monomers will become too difficult and stop. The surprising monodis-
persity, recently verified again®?7, actually suggests a concept of that kind. Figure 23
demonstrates that the explanation proposed above fits the experimental points quite
well.

224)
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5 Experimental Methods to Study Aggregational and Micellar
Phenomena in Nonpolar Surfactant Systems

The main procedures and essential ideas, both theoretically and experimentally, on
which a possible determination of surfactant aggregates in nonpolar solutions are
based, originate from comparable investigations in aqueous systems. Accordingly,
if a concept regarding such a homo-aggregational process leading to micelles or less
defined molecular clusters is proposed, any concentration dependent physical prop-
erty of the solution sensitive to such a process can be considered, in principle, to be
suitable to follow the aggregation of surfactants,

In contrast with aqueous detergent solutions the choice of parameters appro-
priate to indicate an association process, is rather limited. The reason is found in the
(generally) small sized surfactant aggregates formed in nonpolar detergent solutions.
Statements as to the size of the micelles can be made if a sufficient “monodispersity”
of the particular surfactant system has been proved: i.e., a small micellar weight dis-
tribution which deviates not more than about £10% from the concentration inde-
pendent apparent molecular weight within the accuracy of the applied method. With
this restriction in mind, average-(weight and number) apparent micellar weightsyield
aggregation numbers of not larger than about 40. It cannot be excluded with cer-
tainty that the occasionally reported larger aggregation numbers were not sufficiently
concentration independent®”. These aggregates were, therefore, not to be viewed
as “micelles” since the concentration independence of their sizes is believed to be
an essential requirement regarding their definition.

The up to now most frequently used techniques as, for example, vapour pres-
sure osmometry (VPO) or freezing point depression (with its limitation regarding
the solvent dependent measuring temperature) are based upon the colligative pro-
perties of the system: the classical absolute light-scattering and ultracentrifugation
techniques are only occasionally and approximately applicable with respect to the
determination of CMC values. Evaluation of critical micelle concentrations which
are based on these latter methods suffer considerably from the insensitivity of these
techniques if measurements below the CMC, i.e., below about 107 mol dm ™3, are
carried out. More sensitive methods will be discussed below.

In order to avoid repetitions of what is reported in the first part of this review,
methods which proved particularly useful in the investigation of nonpolar surfac-
tant solutions will be discussed.

5.1 Methods Based upon Colligative Properties

Both vapour pressure osmometry and depression of the freezing point are the stan-
dard techniques probably most frequently used to determine the apparent number
average molecular weight of the aggregates. The former method is preferred since
the temperature of the sample is easily varied, thus allowing the investigation of the
temperature dependence of the aggregate size. The accuracy of the commercially
available equipment is rather different, and this has to be carefully considered below
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1073 mol dm™? weighed-in concentration. The highest sensitivity which corres-
ponds to the lowest measurable weighed-in concentration of 10™% mol dm ™ was
achieved with a prototype of a VPO developed by Prof. Simon, ETH Ziirich. This
corresponds to a measurable temperature difference for benzene of

AT = ((RT?)/Hy,p 05) * (2/10%) = 2.1 - 107* °, where H,,, is the heat of vapori-
zation (Joule g~ '), p, the solvent density (g mi~!), and ¢, the solute concentration
in mol dm™3. A careful calibration is necessary with a suitable standard substance
structurally similar to the sample to be investigated in order to find out whether
any reliable conclusion from measurements in the instrumentally limited concentra-
tion region is possible. ‘

There is still another detail which is often not duly considered regarding VPO
measurements with nonpolar surfactant solutions: the so-called equilibration time.
Tavernier>°” made a careful analysis of the variation of the measured temperature
difference with time. He concludes from this theoretical considerations and experi-
mental results (Fig. 24) that extended equilibration times are necessary if surfac-
tant solution are to be investigated. The reason might be seen in the fact that the
surface of the solution droplet (within the osmometer) is expected to be partly co-
vered with surfactant molecules. This surfactant “layer” has to be penetrated by
the solvent during the equilibration process.

The VPO technique is widely used in connection with methods yielding weight
average molecular weight, i.e., light-scattering and ultracentrifugation. From the
degree of coincidence between the molecular weights, conclusions as to the mono-
dispersity of the aggregates were deduced. The discrepancies of the aggregation num-
bers derived from number and weight average determinations puzzied the authors in
some cases>> >3 and led to unwarranted conclusions, particularly with respect to
nonionic surfactants in nonpolar solvents. A rather clear account of the solution to
this problem was given by Becher'® who emphasized the different concentration
dependences of the apparent weight and number aggregation numbers see Fig. 11.
It is seen from this figure that for large aggregation numbers the deviation may be-
come quite considerable if the investigated concentration range is not sufficient

At

Fig. 24, Temperature variation (2T) in VPO measure-
ments versus equilibration time (t). (~ — —) methyl-
stereate, (——) iso-hexadecylzincsulfonate, (——-— )
AOT. From: Tavernier, S., Licenciate Univ., Antwer-
§ t 10 [min] 15 pen (Wilrijk) 1977
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within which the VPO measurements were carried out. Such a situation can become
critical in studying nonionic surfactants which (in general) form larger aggregates
in nonpolar solvents.

The technique has been successfully employed in the investigation of the tem-
perature and solvent dependences of the apparent molecular weights of the aggre-
gates.

5.2 Classical Light-Scattering

A technique which is likewise frequently used in studying aggregation phenomena in
nonpolar surfactant solutions is light-scattering. Recommended general treatments
regarding classical light-scattering techniques and its applications are found, for ex-
ample, in!9% 129 158,205 Ay article, particularly adapted to surfactant systems has
been written by Anacker®).

The experimental procedure is considerably simplified by the modern equipment
currently available. Most of the measurements were carried out at a scattering angle

of 90° and evaluated by application of the classical Debye equation?? 3!: 96),
%(ﬁ}):inm (16)

where K = (2 7% n3/N\3) (dn/dc)?, R, the Rayleigh ratio, 7 = 1—931' Ry, = turbidity.

n, is the refractive index of the solvent, A the wavelength of the incident light, N5
Avogrado’s number, dn/dc the differential refractive index between solvent and a
solution of concentration ¢ and B is the second virial coefficient.

In applying this technique to the study of micellar solutions the intensity versus
concentration function is usually extrapolated to obtain the CMC (at constant scat-
tering angle). Since, however, the CMC occurs in apolar surfactant solutions at con-
centrations where the turbidity is indistinguishable from that of the pure solvent,
extrapolation was frequently made to zero concentration.

Only in those cases where larger particles (aggregates) with higher molecular
weights are to be considered, measurements at different scattering angles have to be
made. Then the experimental data will be plotted according to the well-known Zimm
plot?%%) extrapolating the function: (Kc/Rg)., g versus c and @, respectively, tozero
concentration and zero angle.

Compared to the colligative methods light scattering can yield information on
a possible dissymmetry of the aggregates. For anisotropic particles the direction of
the electric field associated with the incident light may not coincide with the shift
of the electron cloud. The intensity of light scattered at (usually) 90° from aniso-
tropic aggregates is increased over the value predicted on the basis of isotropy by
the Cabannes factor.

Although it might appear that this technique is in some respect surpassed by the
more powerful and versatile photon correlation spectroscopy (laser beat spectrosco-
py) which will be discussed in a later paragraph, it can still serve as a convenient
method to study the absolute scattered intensity of small colloidal particles.
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5.3 Ultracentrifugation

Since its introduction to the study of aggregation phenomena in surfactant solutions
by Mathew and Hirschhorn'4? in 1952, the ultracentrifugation technique has be-
come as frequently used as light scattering in order to determine weight average (ap-
parent) molecular weights. This technique was developed to an instrumentation al-
lowing high precision measurements! 7 217) of weight average molecular weights,
weight distributions, also diffusion and sedimentation coefficients. The latter are
advantageously compared with the corresponding data obtained from photon corre-
lation spectroscopic experimentszm, Such a comparison between both methods
exhibits a disadvantage of the ultracentrifuge method in determining diffusion co-
efficients (and also apparent molecular weights)3®: the pressure effect produced in
the strong gravitational fields, even at lower speeds, where usually diffusion measu-
rements are carried out. Any light scattering technique is superior if aggregates with
only moderate stability are to be investigated. This was shown, for example, in the
case of dodecylammonium carboxylates and of pressure sensitive microemulsions
in which these surfactants were used to stabilize the system3®.

5.4 Viscosimetry

Determinations of the viscosity of nonpolar surfactant solutions is the last of the
classical methods just discussed to evaluate molecular weights. Such a procedure is
based upon the relationship

[n] = lim (nplc) =K M*® a7

where 75y, is the specific viscosity (n—mg)/no, ¢ the concentration of surfactants in
g/100 ml of solution, [1] is the intrinsic viscosity being the limiting value of ng,/c

at infinite dilution, and M is the apparent molecular weight of the aggregate. These
notions can be easily assigned to a micellar surfactant solution, replacing n4 by
Neme» the viscosity at the critical micelle concentration, and ¢ by ¢, i.e., the weighed-
in concentration of surfactant in units of ¢/n, where n is the aggregation number of
micelles. K and « are constants characteristically with respect to the system which
are established from viscosity measurements on chemically comparable samples of
known molecular weights. For a polydisperse system the average molecular weight
M obtained from viscosity measurements is intermediate between the number and
weight average molecular weights and is sometimes called the viscosity average mole-
cular weight !¢ 20%)

E.n.M‘.’”‘l /o
M. = iiti
K ( EiniMi ) : (18)

Using a = 1 (Staudinger law) the weight average molecular weight is obtained.
Moreover, the macroscopic viscosity is related according to Einstein®® and
Simha’® to the volume fraction (¢) of the particle in the total volume of the system,
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ie.,n=mnq (1 +v¢) where v= 2.5 in the case of spheres (Einstein) in the limit of
high dilution. This relation is easily shown to yield a connection between the intrin-
sic viscosity [n], the specific volume of the micelles and a form factor v: [n] is thus
in principle suitable to render information on the shape of colloidal particles.

Due to the ease of determining viscosities, this technique has been widely applied.
It must be emphasized, however, that viscosity data are not in general easily inter-
preted. If combined with data obtained from other techniques they can be of con-
siderable value in elucidating the underlying physical process. This has been demon-
strated, for example, with slightly hydrated micelles in nonpolar media, applying
electrical conductivity, dielectric dispersion, and viscosity measurements>?. In such
a case it might be even possible to arrive at a semiquantitative description of visco-
sity data. Generally, most of the information from viscosimetric measurements re-
fers to phenomenological aspects®®. This is certainly due to the complexity of multi-
body interactions responsible for the viscosity phenomenon. Actually at volume frac-
tions greater than 0.01 the viscosity of a suspension is changed due to the formation
of (temporary) doublet, triplet, and higher-order multiplet aggregates which enhance
the rate of energy dissipation®®), Reviews on empirical and theoretical approaches,
also relevant to micellar solutions, are given by Rutgers'®9 or Frisch and Simha™.

5.5 Photon-Correlation Spectroscopy (Laser-Beat Spectroscopy)

A method which is basically related to one of the above discussed classical techniques,
i.e., light scattering, and which is particularly well adapted to the study of micellar
aggregates in nonpolar solutions is the more recently developed photon-correlation
spectroscopy ' % 23 2% 34 76)_ This method yields information on the translational
diffusion coefficient of the particles (involved in a fluctuation process) directly from
the relaxation of the temporary intensity fluctuation expressed by the intensity-in-
tensity correlation function for the scattered light G (7) = I () I (t + 7). This expres-
sion has to be related to the correlation function which represents the motion of the
solute molecules, i.e.,G*(7)= 8 ¢ (K, t) 6¢ (K, t+ 7) where 8 ¢ (K, t} is a measure of
the temporal (t) and spatial (wave number K) fluctuations in the solute concentra-
tion”®. The method allows one easily to determine molecular weights by applying
the Svedberg equation. Thus molecular weights of very large molecules (aggregates)
and those with molecular weights of about 100 are accessible with this technique.

It appears noteworthy that it is in principle possible to obtain information on rota-
tional diffusion coefficients from the self beating spectrum (the most frequently ap-
plied technique). In this case it is necessary to observe a (usually small) polarized
component of the scattered light perpendicular to that of the normal scattering.
Mazer, Benedek et al.143 14% 195) i the US, Corti and Degiorgioz'” in Italy

have pioneered this method regarding its application to micellar phenomena in aque-
ous solutions.

Although there exist already a number of adequate investigations in aqueous
detergent solutions®” °% 43 14 nardly any study has been carried out in nonpolar
surfactant systems. Only recently, Zulauf and Eicke??” successfully applied the pho-
ton correlation spectroscopy to investigating AOT micelles in isooctane and the ter-
nary W/O-microemulsion (Water/ AOT/isooctane). Remarkable results were obtained.
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Inverted AOT micelles were found to be stable between —20 and +95 °C (even at
—85 °C no turbidity was detected). The Stokes radius of the AOT micelles was de-
termined to be 15 £ 0.3 A (1.5 + 0.03 nm) independent of the weighed-in concen-
tration (8 1072 to 2 10~ ! mol dm™?), and independent of the scattering angle. It
was not possible, however, to determine the CMC due to its small value in isooctane
(~5107% mol dm™3).

Experimental evidence was presented, moreover, that a clear distinction is pos-
sible between micellar and (W/O) microemulsion regions according to the amount of
solubilized water. Also, an optical matching phenomenon was observed which is of
considerable ‘significance regarding an understanding of the molecular properties of
microemulsions in general.

Thus it appears justified to expect that this technique will prove invaluable for
investigations of nonpolar detergent solutions and even more for the study of phase
transitions (at higher surfactant concentrations).

5.6 Fluorescence/Nanosecond Fluorescence Spectroscopy

The methods discussed so far are in many instances due to their low sensitivity at
small weighed-in concentrations in nonpolar surfactant solutions not too well suited
to determine critical micelle concentrations. This well-known difficulty led Kaufman
and Singleterry 193 194) to suggest the solubilization of a fluorescent dye molecule,
for example, Rhodamine B in order to detect reversed micelles at very low detergent
concentrations. The transition from monomers to micellar aggregates can then be
followed by the depolarization of the fluorescence. The essential drawback of this
method which reduces its value with regard to a CMC determination is the effect of a
third component on the critical micelle concentration® '22). The solubilization of

a dye by the soap molecules is the obvious manifestation of a modification of the
system. Such a solubilization is equivalent to a stabilization of the system and causes
(at least in principle) a shift of the CMC to smaller weighed-in concentrations*®.
Hence with CMC values in the order of 1077 to 10™% mol dm™3 193 this restric-
tion should be kept in mind.

In contrast to the evaluation of critical micelle concentrations the determination
of the size of micellar aggregates utilizing the fluorescence depolarization is reason-
able as long as the solubilization does not affect the (average) degree of association
of the particles and their shapes. Use is made of Perrin’s relation !¢ !¢ between
the volume V of the micelle and the polarization of light emitted by an immobilized
dye molecule py and that emitted by the dye solubilized in a micelle p, i.e.,

V:(i _1_) TRT P Po (19)
po 3 n Po—P

where 7 is the average excited lifetime of the dye molecule and 7 the viscosity of the
solution.

Micelle volumes estimated from fluorescence depolarization measurements have
been found to agree well with those computed from osmotic pressure determinations
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of soap solutions'®®). The apparent advantage of this method is that 10™% mole per
dm? of dye furnishes sufficient fluorescence intensity for useful measurements. A
typical plot obtained with this method by Kaufman and Singleterry 19 19%) of the appa-
rent aggregation number versus stoichiometric concentration for sodium and barium
dinonylnaphthalene sulfonates, respectively, in benzene are shown in Fig. 2.

Probing of reversed micelles with dye molecules and observing the fluorescene
polarization has recently again received considerable interest. It has been realized
that even more information is obtainable from fluorescence measurements compared
with the above discussed investigations with reversed micellar systems. Thus, Wong
et al. 22" 223) derived data concerning the so-called “microviscosity” of the interior
of AOT reversed micelles studied by fluorescence polarization. The emission of tho-
damine B is strongly polarized in the *“absence” of water (i.e., below the detectable
amount*®)) indicating a very rigid structure of the micellar core. Also the emission of
pyrene sulfonic acid fluorescence in the presence of quenchers (Cu?*, T1") showed
that the motion of the ionic quenchers is rather restricted at small water core sizes.

20+

Fluorescent yield

10 .\ Fig. 26. Increased fluorescent yield (arbitrary scale) per
o, Tb3* ion at 545 nm as produced by decreasing the volume
\ of solubilizate in each micelle. V = volume of mixture (1:1
by volume) of 0.5M TbCl3 and 0.5M HPA (= hydroxy-
0 n .L\ phenylacetic acid) solutions which has been solubilized in
0 1 2 1 mlof 2+ 10~ 2mol dm™2 AOT in isooctane. {J. Colloid
v of AOT soln. {p!/ml) Interface Sci. 56, 168 (1976))
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The nanosecond fluorescence spectroscopy (or photon sampling technique 'S 219))
is a very suitable tool for investigating reversed micelles. Again, an appropriate dye
molecule has to be solubilized in the polar core of the aggregates. The advantage of
this technique is beyond the conventional measurements of the depolarization of
the dye fluorescence due to the possibility of determining the angle between emission
and absorption dipoles (Fig. 25). It is thus feasible to obtain information on the mo-
bility of the surfactant molecules constituting the micellar “membrane”. Such ex-
periments have been done by Eicke and Zinsli’® 22%) using sodium fluorescein solu-
bilized in reversed AOT micelles in isooctane with varying amounts of AOT and water.

Fluorescent probes in reversed micellar aggregates proved, moreover, appropriate
to study dynamic properties of micelles in nonpolar solvents*? *®. The particularly
suitable fluorescent label was the highly water sensitive terbium ion (Tb3") (Fig. 26).
A rapid exchange of electrolyte solutions and water between AOT micelles in iso-
octane occurring during collisions of micelles was evidenced. A theoretical analysis
of the exchange mechanism supports the idea that fast kinetic processes are involved.

5.7 NMR-Techniques

The application of the nuclear magnetic resonance spectroscopy, generally NMR, to
surfactant solutions, in particular, nonpolar detergent systems has proved very success-
ful. In some more recent investigations also other nuclei as, for example, sodium, li-
thium, carbon and fluorine were advantageously used. The techniques are quite ex-
tensively treated in the first part of this review. Therefore, only a few supplemen-
tary details with respect to nonpolar surfactant systems have to be added. As in aque-
ous systems, chemical shift, line width, and spin-lattice relaxation time (7,) have been
generally related to the hydration interaction between water and the polar (ionic)
groups of the detergent molecules in order to study their structures and stabilities.

Such investigations have been carried out, for example, by Oedberg et al.2°" on
anionic surfactants (lithium and cesium dinonylnaphthalene sulfonates) in heptane,
by Wong et al.2?? on AOT in heptane using 'H and 23Na NMR, by Fendler and Fend-
ler”® ™) on alkylammonium carboxylate micellar aggregates in various nonpolar sol-
vents, by Walter et al.2'S) and Fung et al.®> on phosphatidylchloline micelles in car-
bon tetrachloride, and by Gentile et al.%¢ on structure and hydration of nonionic
inverted detergent micelles.

In recent years '3C spin-lattice relaxation time measurements have been often
applied which can provide quantitative information on the surfactant mobility in ag-
gregates (see first part). Ueno et al.?%% 2!!) studied with the help of this technique
and lanthanide shift reagents the association of AOT in chloroform. These authors
concluded that the mobility of the side chains of the hydrocarbon moiety (2-ethyl-
hexyl) is more restricted than that of the main (= hexyl) chain. A more detailed ana-
lysis has been performed by Denss®® (see also5?) with AOT in benzene-dg. With
regard to the correlation time 7_ it was assumed to a first approximation that the
correlation time of the '3C-nuclei is determined by magnetic dipole-dipole interaction
between !3C and !'H nuclei. If the molecular rotation is anisotropic and/or rotation
along the C-C bonds are occurring then 7. has to be considered as an average correla-
tion time. Denss’ molecular interpretation followed the work of Williams et al,2!®),

133



H.-F. Eicke

0 CH H, CH,
/ \CH/;2 ﬁ\CH/U.ﬁ ‘NCH/
. g.a2 @
o=C 2 14.6 0 2 0.63 0 2
1.374 4.6 ® 0.714 0.79 ® 0.234
%?2; 0.78 ® 0.2¢4 @
“0.S——CH Loie vaam Lice oisom
0:5 CH 1-52e
14.6 @
A 0,78
:) ‘1’:2; CH: 1.80a 0.71 A 0.234
. 1.5] \ g-gg; 0.7 ® 0.24@
. 1.29 0
C 5.26m gg ﬁ 1.42 - g'igf 31253
2z . .
0~ \ CH, s o _CH, g9 _CH
14.6 = 0.798 2
=: 00 [H,0}/[a0T] 4 0. I
o: 15 n n o ‘{;5% CH,
o 45 » " 8 1.55 0.116
4105 o CHy o-1io
0.218

Fig. 27. Variation of correlation time 7 * 10 by different amounts of solubilized water
(0 < H,0V/[AOT] £ 10.5) in 0.8 M AOT solutions in C¢Dg. *>C-NMR measurements,
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from: Denss, A., Ph D thesis, Univ. Basel 1977 [see also (50))

Allerhand et al.3), and Doddrell et al.3%). These authors concluded that a steady
change of 7. along a flexible molecular chain indicates a motional restriction of one
end of the chain. The mobility increases with decreasing 7.-values, see Fig. 27.

A disadvantage of the PMR technique, in particular, if applied to nonpolar sur-
factant systems is its low sensitivity. Although this has been considerably improved
since the introduction of the Fourier transform technique it is still difficult to study
very low concentration regions and, thus, to detect reliably critical concentrations.

5.8 Dielectric Increment and Dispersion Measurements

It appears that relative few dielectric studies of nonpolar detergent solutions have
been performed, and these more recently, although this technique is particularly
suited to investigate aggregational processes. Whether or not information on aggre-
gates smaller than micelles can be gained depends upon the sensitivity of the diffe-
rential dielectric bridges or dipole meters. The sensitivity of the cornmercially avail-
able dipole meters are in the order of Ae/e = 1073 at a frequency of about one
Mega-Hertz. Many surfactants, especially ionic detergents, frequently possessrather
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] Fig. 28. Apparent dipole moments per
1 monomer versus aggregation number of
| \"\ . AOT in different nonpolar solvents. [J.
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large dipole moments. In the course of the aggregation process the overall dipole
moment of the molecular cluster changes due to a mutual compensation of the di-
pole moments of the individual soap molecules*®, see Fig. 28. According to this
figure the initial change of the apparent dipole moment per monomer u/n is easily
detectable. The dielectric increment method should, therefore, be suitable to deter-
mine critical micelle concentrations. This technique has been applied recently by
Eicke and Christen*® again to nonpolar solutions of AOT and DAP in benzene and
cyclohexane. Figure 29 shows after an initial increase in the dielectric increment a
sudden drop of Ae which is then followed by an increase of the dielectric increment
with the weighed-in concentration of detergent. The concentration corresponding
to the break of the dielectric increment versus concentration curve coincides very
satisfactorily with comparable findings obtained by other techniques. The initial in-
crease of the increment, moreover, may give hints as to possible premicellar struc-
tures. Since the dielectric measurements yield only indirect information on the for-
mation of micellar aggregates, it is necessary to consult other methods in order to
identify the above mentioned break of Ae (¢) with a CMC.

If dielectric dispersion measurements have been performed, i.e., the dependence
of the dielectric increment on the frequency has been determined, a decision can be
made in favor of or against the formation of closed aggregates. Such investigations
have been conducted with Aerosol AY (= sodium di-pentylsulfosuccinate) in benzene
and varying amounts of solubilized water and aqueous electrolytes by Eicke and
Shepherd*!. The complex permittivity has been observed in the frequency range
of 200 kHz to 10 MHz. Mean relaxation times 7 =4 7 - r3/KT, (where = the vis-
cosity of the solution and r = radius of the spherically assumed particle) have been
determined from a Cole-Davidson plot where the so-called spread parameter (§ = 1
for a single Debye dispersion) yields additional information concerning the devia-
tions from a spherical shape of the aggregates. If data with respect to the shape of
the colloidal particles are available, Perrin’s!%%) equations describing the rotational
diffusion coefficient of prolate or oblate ellipsoidal particles may be used to obtain
a more detailed picture of the geometrical shape of the micellar aggregates.

A particular refined dielectric method is based upon the so-called dielectric field
effect (or chemical dipole field effect) suggested by Bergmanu, Eigen, and
DeMaeyer'®. High static fields modulated by a low frequency a.c. field are applied.
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The former, in order to observe finite shifts of the equilibrium between two different
polar states and the second superimposed a.c. field serves to measure the expected
dielectric loss increments (produced by the field induced shift of the chemical equi-
librium). Also, loss decrements are observed due to the considerable alignment of

the particles in the high static field which alters the Boltzmann distribution. If both
of these effects (which possess opposite signs) occur in the same frequency region,
they will be superimposed on each other. Hence, the total dielectric loss is given by

Atand =(Atan 5)5:21)( 9" (Tch) — (A tan 5)2{3}( ¢ (Tor) (20
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Fig. 30. Orientational relaxation (without applied field:
open data points, right ordinate) and orientational field
effect (E=2 107 v~ 1 filled data points, left ordinate)
of AOT in CgH g « ¢o = 0.0182 mol dm—3 (circles),

= zja— = ) 0.0034 mol dm ™~ (squares) 22.0 °C. [Ber. Bunsenges,
trequency (MHz) Phys. Chem. 79, 667 (1975))

-(atan §) . 105 es

where ¢" (1) = f/f (1 + £2/f), f, is the characteristic frequency associated with the
amplitude factor (A tan )3, = TAM?/(2 €o€; RT), I = (Z v2/n;)) !, n; = amount
1

of substance i, v; = stoichiometric coefficient of i-th reactant, ¢,, €, are the permitti-
vity of the vacuum and the relative permittivity of the solution, AM is the molar
reaction moment = u,znic — UZ onomer, and f is the running frequency43). As an ex-
ample, measurements of the orientational relaxation (without applied electric field)
and orientational field effect of AOT in cyclohexane are shown in Fig. 30.

5.9 Positron Annihilation Technique

This technique represents a novelty among the many methods used to investigate
nonpolar detergent solutions. It appears that, similarly to the dielectric increment
determinations, the system is not disturbed by the measurements and is, therefore,
particularly suited to detect characteristic parameters of the system. This technique ),
already well-known in other areas of physical chemistry, has recently been introduced
by Ache and coworkers! %% 191 to the study of aqueous and nonpolar micellar sys-
tems.

Since it is a relatively new technique in the field of detergent solutions, it appears
worthwhile to give a short introduction into the principle of this method (see, for
example '3®): Positrons produced by a radioactive decay of neutron deficient nuc-
lides (for example, **Na) and thermalized by collisions with surrounding matter
(within about 7 - 1079 s), can abstract electrons from the latter and form the bound
state of a positronium (Ps). Two ground states exist: the singlet (para-Ps) has a self-
annihilation lifetime in free space of 1.25 - 107 !? s and decays by a two photon emis-
sion. The triplet (ortho-Ps) has a lifetime of 1.4 - 10~ s. Self-annihilation occurs via
a three photon emission. Positronium lifetime distributions are obtained by standard
techniques?!®), The lifetime spectra are separated into a short-lived component, i.e.,
free positron annihilation and a long-lived component with a decay constant X, and
an associated intensity I,.

Since lifetime and annihilation characteristics of a positron and the formation
of the positronium atom (Ps) are determined by their microscopic chemical and phys-
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ical environment!" '*® the positron annihilation technique is expected to be sensi-
tive towards structural changes: it could be shown, actually, that the positronium
formation reflects most sensitively structural variations in liquid crystals'>”. Varia-
tions of the mesomorphic phases clearly changed the positron lifetime. Thus, an ap-
plication to micellization processes suggested itself, since also cooperative, size-lim-
ited, aggregational processes show features similar to classical phase transitions.

Therefore, Ache and coworkers studied positron interactions in aqueous and
nonpolar detergent systems, i.e., DAP in benzene, cyclohexane, n-hexane, and AOT
in benzene. They obtained a rather abrupt drop of the intensity 1, which is a remark-
ably sensitive indication of critical concentration, as compared with the information
obtained from spectroscopic or other standard techniques. The method appears par-
ticularly promising regarding CMC determinations in nonpolar surfactant solutions.
It should be realized, however, that the parameters which control the positronium
formation process and, consequently, I, are not unambiguously known (see'®! and
the literature cited therein). Apparently, the positronium formation is very sensitive
to any structural change in the physicochemical environment. According to Cole and
Walker?® the lifetime of o-Ps seems to be particularly sensitive to changes of inter-
molecular dipole-dipole interactions as observed, for example, with phase transitions
in liquid crystals. A similar mechanism could be responsible of the changes of I, due
to the aggregation of DAP and AOT in nonpolar solvents.

Very recent studies®? compared dielectric increment, Ae with I, changes in the
system DAP and AOT in benzene, see Fig. 29. The coincidence of the breaks in the
corresponding curves is remarkable. It appears, however, that the drop in the Ae-
curve is more distinct in the AOT/benzene system as compared with DAP/benzene.
It should be noted that the micelle formation of AOT in nonpolar solvents is prima-
rily determined by hydration interactions between sodium ions and water molecules
and the concomitant hydrogen bond formation linking the surfactant molecules.
This process leads to a stable hydrogen bond network and consequently to the mi-
celles. This micelle formation is accompanied by a partial compensation of the indi-
vidual dipole moments of the soap molecules. Also in the case of DAP a dipole com-
pensation interaction of the ammonium compared to the sodium ion and the corres-
pondingly inferior bond formation the tendency towards structure formation of
these aggregates is expected to be less pronounced. Moreover, structural variation,
should be considered comparing these two surfactants.

In spite of many favorable examples of coincidence between the conventionally
defined CMC-values obtained by this method and, for example, spectroscopic or other
techniques, it appears a priori not advisable to assign these breaks directly to critical
micelle concentrations without further analyses of these systems.

6 Remarks on the Solubilization and Microemulsion Phenomena

A review on micelles is not complete without mentioning at least a phenomenon
which emerges from the very same surfactant property as micellization does, i.e.,
the so-called * solubilization™. It describes the dissolving of a solid, liquid or gas by
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Fig. 31. Changes in some physical
properties of an aqueous solution
of sodium dodecylsulfate in the

UNITS OF MEASUREMENT OF EACH PROPERTY

)
ooy INTERFACIAL TENSION ‘&

N A~ neighborhood of the CMC.
3 o +— 5% 735 5 I Phys. Colloid Chem. 52, 84
*/s SODIUM DODECYL SULFATE (1948)]

an interaction with surfactant molecules. These detergent molecules cover the solu-
bulizate so as to shield it from the respective solvent, thus forming a thermodyna-
mically stable isotropic solution. Solubilization and micellization are, accordingly,
competitive processes. This is nicely demonstrated by Fig. 31 where the onset of the
“detergent” (= solubilization) process clearly precedes that of the micellization. The
start of the latter (as indicated by the breaks in the curves of the corresponding phys-
ical properties of the system) is denoted by the shaded area. This experimental find-
ing has been confirmed theoretically*® 214) by showing that the surfactant concen-
tration necessary to form a thermodynamically stable emulsion, i.e., 2 microemul-
sion, is always smaller than the critical micelle concentration in the respective dis-
persion medium (= solvent). It is probably hardly necessary to mention again that
this point deserves particular attention with regard to the preceding discussion on
CMC determinations in nonpolar surfactant solutions.

In spite of the intimate connection between micellization and solubilization, i.e.,
the formation of so-called microemulsions and its industrial importance®, it is quite
impossible referring and discussing the interesting but voluminous material which
has been collected up to now. This information is covered in part by some more
recent reviews, for example, by Shinoda et al.!®> 199, Fendler and Fendler?,
Shinoda and Friberg!®%), Prince!”", Friberg?® 3%, Schick '#, Sherman!®?, Lis-
sant'3®, and in relation to pharmaceutical and biological applications by Elworthy,
Florence and MacFarlane %2,
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Only some more general points are to be made in this paragraph. In principle
the formation of the two antagonistic types of microemulsions, i.e., oil in water and
water in oil, appears to be similar: this follows not only from symmetry considera-
tions but also from the observed ‘“‘phase inversion”, i.e., a transition from a W/O- to
a Q/W-type microemulsion!®>). The controversy regarding the nature of microemul-
sions, i.e., whether they are closely related to micellar solutions'®®) or basically dif-
ferent from micelles' 7! 172 186) may possibly be settled from new experimental
information 27, Photon-correlation spectroscopic investigations exhibited a repro-
ducibly, well-defined transition between a micellar solution containing solubilized
water up to about 10 moles per mole surfactant (system: H,O/AOT/i-CgH g} and
the W/O microemulsion region. The latter region differs clearly from the former by
its highly sensitive temperature dependence. The micellar region of inverted micelles
is stabilized by hydration interactions*®. The latter merges into the micro-
emulsion region with increasing amounts of solubilized water. The phenomenologi-
cally observed different pattern of micelles and microemulsions are thus essentially
due to the considerable energy gap between hydration interaction and interfacial
free energies.

There exist certainly a large number of parameters which influence or even deter-
mine the extent of the solubilization as, for example, the structure of the surfactant,
the physico-chemical property of the solubilizate (in the case of W/O-microemulsions,
e.g., aqueous electrolytes), temperature, pressure, electric fields, and, particularly, the
so-called cosurfactants'8?). Recently it has been suggested*® (see also!87) that one
can describe the microemulsion phenomenon from a more general thermodynamical
and statistical view point. Such considerations can be traced back to thermodynamic
treatments of ternary systems'’?, which appear suitably to generalize and unify many
of the experimental observations made in connection with microemulsions. An espe-
cially interesting phenomenon (which is also of eminent practical importance) is
the above mentioned cosurfactant effect on the solubilizing power and stability of
microemulsions. Even in this case a thermodynamic approach could be proposed, the
issue of which is a generalization of many detailed observations in order to gain a
clearer insight into the relations connecting various parameters which determine the
experimentally accessible quantities®?.
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