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PREFACE

Surfactants belong to the class of compounds referred to as
amphiphiles. Conventional surfactants are made up of two moieties
having antagonistic properties: a hydrophobic moiety, generally an
alkyl or alkyl-aryl chain, and a polar head group that can be ionic,
nonionic, or zwitterionic. In aqueous solutions, surfactants self-asso-
ciate in order to reduce contacts between hydrophobic moieties and
water and maximize water—water contacts. This self-association is
cooperative and starts at a certain concentration, the so-called crit-
ical micellization concentration (cmc). The cmc is the most important
characteristic of a surfactant. The surfactant self-association gives
rise to micelles, which are surfactant aggregates where the alkyl
chains are in contact with one another, forming an oily core, the
surface of which is coated by the polar head groups. This structure
of micelles largely prevents contact between water and alkyl chains.

Close to the cmc the micelles are spherical and their aggregation
number — that is, the number of surfactants per micelle — ranges
from, say, 20 to 100 for conventional surfactants. Micelles grow and
change shape as the surfactant concentration or the ionic strength
is increased.!? Also, micelles are capable of solubilizing in their oily
core compounds that are sparingly soluble in water, giving rise to



solubilized systems.? Surfactants can also pack in the form of vesi-
cles, which are closed bilayers of surfactants of varied shape, spher-
ical or tubular, for instance.? In the presence of cosurfactant (mainly
alcohols) and oils, one may obtain one phase, low viscous, thermo-
dynamically stable systems called microemulsions that can have
different structures.? In concentrated aqueous solutions, surfactants
give rise to lyotropic liquid crystals or mesophases, which can have
a variety of structures, lamellar, cubic, and hexagonal, for instance.*
Last, surfactants can adsorb on, and desorb from, interfaces (air-
solution or solid-solution). On solid—solution interfaces, adsorbed
surfactants can form aggregates of well-defined shape: spherical,
cylindrical, disklike, or meshlike.?

The above refers to surfactants. However, it also holds for
amphiphilic block copolymers. These compounds are structurally
related to surfactants, but their hydrophilic and hydrophobic moi-
eties are of polymeric nature (macromolecular surfactants). They
can form micelles, microemulsions, vesicles, and lyotropic
mesophases, just like surfactants.® Amphiphilic block copolymers
are currently attracting much interest in view of their many poten-
tial and actual uses.®

Micelles are not frozen objects. They are in equilibrium with free
surfactants. In a micellar solution, surfactants are constantly
exchanged between micelles and surrounding (intermicellar) solu-
tion. This implies processes of entry (or incorporation or association)
of surfactants into micelles. Conversely, surfactants can exit (or
dissociate) from micelles. The entry/exit processes are usually
referred to as exchange processes.” Owing to these processes a given
surfactant resides in a micelle a finite time, which is the surfactant
residence time. Likewise, one can define the residence time of a
solubilizate in a micelle.

The aggregation number of a given micelle fluctuates as a result
of the exchange processes. Some of these fluctuations can result in
the complete dissociation of micelles into molecularly dispersed sur-
factants. Conversely, free surfactants can self-associate and form
micelles. Since micelles constantly form/break down, they have a
finite lifetime."8

The dynamics of micellar equilibria — that is, of surfactant
exchange and micelle formation/breakdown processes — have been
investigated a great deal. Indeed, in addition to providing a better
knowledge of micellar systems, a good understanding of the dynam-
ics of micelles is required for the interpretation of experimental
results obtained in other areas of surfactant science. The most



important areas are surfactant diffusion in solutions; the interaction
between surfactant assemblies; solubilization in, and emulsification,
wetting, and foaming by, micellar solutions; rheology of surfactant
solutions; surfactant adsorption on surfaces; and the use of micelles
and microemulsion droplets as microreactors in which chemical
reactions are performed.

In principle, what has just been stated for surfactant micelles
also holds for the larger and more complex self-assemblies that
surfactants and amphiphilic block copolymers can form: microemul-
sion droplets, vesicles, and mesophases. The lifetimes of these
assemblies are much longer than for micelles, mainly when they
involve block copolymers. Nevertheless, exchanges and other pro-
cesses can also take place. Vesicles and lyotropic mesophases can
be considered as permanent objects. However, vesicles can be trans-
formed into micelles, and vice versa. Likewise, a lyotropic
mesophase may be transformed into another mesophase or in a
micellar solution by an appropriate change brought to the system.
The kinetics of these transformations is of basic as well as of prac-
tical interest.

The purpose of this book is to present an up-to-date picture of
the dynamics aspects of self-assemblies of surfactants and
amphiphilic block copolymers, from micelles to solubilized systems,
microemulsions, vesicles, and lyotropic mesophases. It is organized
as follows. The first chapter introduces amphiphiles, surfactants,
and self-assemblies of surfactants and examines the importance of
dynamics of self-assemblies in surfactant science. Chapter 2 briefly
reviews the main techniques that have been used to study the
dynamics of self- assemblies. Chapters 3 and 4 deal with the dynam-
ics of micelles of surfactants and of amphiphilic block copolymers,
respectively. The dynamics of microemulsions comes next, in Chap-
ter 5. Chapters 6 and 7 review the dynamics of vesicles and of
transitions between mesophases. The last three chapters deal with
topics for which the dynamics of self-assemblies is important for the
understanding of the observed behaviors. The dynamics of surfac-
tant adsorption on surfaces are considered in Chapter 8. The rhe-
ology of viscoelastic surfactant solutions and its relation to micelle
dynamics are reviewed in Chapter 9. The last chapter deals with
the kinetics of chemical reactions performed in surfactant self-
assemblies used as microreactors.

This book summarizes a large number of papers scattered in
many scientific journals. It attempts to present a unified view of the
dynamics of the systems that are considered. It is hoped that this



book will provide readers with the keys to access the dynamic
aspects of self-assemblies of surfactants they are investigating or
wish to investigate.

Raoul Zana
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2 Zana

I.  SURFACTANTS AND SELF-ASSEMBLIES OF
SURFACTANTS

The word amphiphile first introduced by Hartley! refers to a
large class of compounds whose molecules contains moieties
that have affinity for water (or are waterlike) and moieties
that have affinity for oil (or are oil-like). Many biological
compounds, most notably phospholipids, which make up liv-
ing cell walls, as well as many drugs are amphiphilic. So are
the so-called surfactants, compounds whose molecules are
made up of one hydrophilic moiety, referred to as the head
group, which is covalently bonded to one hydrophobic moiety,
generally a single or double alkyl chain also called the tail.
The head group may be nonionic (a short poly(ethylene oxide)
segment or a sugar), ionic (anionic or cationic), or zwitterionic.
The alkyl chain may be a hydrocarbon, a perfluorocarbon, or
a mixed hydrocarbon/perfluorocarbon group. It may also be
partly aromatic.2? Silicon may also partly replace carbon in
the hydrophobic moiety (silicon surfactants).* Recently new
amphiphiles have started to attract much attention. These
compounds are block copolymers made up of hydrophilic and
hydrophobic blocks.>® The hydrophilic block may be nonionic
(poly(ethylene oxide)) or ionic (sodium poly(styrenesulfonate)
or poly(acrylate)). The hydrophobic block may be poly(propy-
lene oxide),® poly(butylene oxide),® or poly(styrene),”® to cite
but a few. The blocks being of polymeric nature, these copol-
ymers can be considered to be macromolecular surfactants.
Oligomeric (dimeric (gemini), trimeric, etc.) and polymeric
surfactants are also attracting much interest. The repeating
unit in these compounds is amphiphilic.? In this chapter sur-
factant is used to refer to conventional surfactants as well as
to amphiphilic block copolymers.

The dual character of surfactants is responsible for their
peculiar behavior in the presence of water. Consider a system
made up of water and of a small amount of surfactant solu-
bilized in the water. Alkyl chain/water contacts are energeti-
cally unfavorable with respect to water/water contacts.'%12 In
order to avoid such contacts, some surfactants tend to locate
at the air/water interface, with the head group in water and
the tail in the air side of the interface, thereby forming an
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adsorbed layer of surfactant. The adsorption of surfactants at
the air/solution interface reduces the surface tension of water,
thus the generic name surfactants. Similarly, surfactants
adsorb on the solid walls of the flask containing the solution.
The structure of an adsorbed layer of surfactant on a solid
surface depends on the nature of the surface and of the sur-
factant (see Section II).1314

As the surfactant concentration in the solution is
increased, the amount of surfactant adsorbed at the air/solu-
tion interface (and on the walls of the flask containing the
solution) increases up to the point where the interface
becomes saturated by absorbed surfactant. From this point,
the concentration of the solution may still be further increased
and the surfactant dissolved in the aqueous phase may still
be in a molecularly dispersed form. However, the free energy
of the system increases with the concentration, due to the
increasing number of unfavorable alkyl chain/water contacts.
At the critical micellization concentration (cmce), the surfac-
tant starts to self-associate into micelles in order to prevent
a further increase of free energy.l-31% This self-association is
driven by the hydrophobic interaction that arises from the
tendency of water molecules to reduce contacts with surfac-
tant alkyl chains. In micelles the alkyl chains are in contact
with one another, forming an oily core that is coated by the
polar head groups (see Figures 1.1A and 1.1B).%16 The forma-
tion of micelles is a cooperative process that is spontaneous
and reversible.11%15 Micelles are thermodynamically stable
species that are in chemical equilibrium with free surfactants

Compounds that are insoluble or only sparingly soluble in
water (oils, aromatic molecules and drugs) can be solubilized
into the oily core of micelles, yielding solubilized systems.??

The solubilizing capacity of micellar solutions (expressed
as the ratio of the concentrations of solubilized molecules and
of micellized surfactant) is usually not large. This capacity
can be much enhanced by the addition to the micellar solution
of a cosurfactant that is in most instances a medium-chain
length alcohol (propanol to hexanol). Recall that milky or
turbid emulsions often occur when adding to a micellar solu-
tion more oil than it can solubilize, and then stirring the
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Figure 1.1 Schematic representations of a spherical micelle, (A)
and (B) (diameter: 5 nm), and of a spherical vesicle, (C) (diameter
20-1000 nm, thickness, 4-5 nm). (A) is the misnamed Hartley
micelle as represented in most chemistry and biochemistry books
and papers, (B) is a more realistic representation with disordered
alkyl chains. Reproduced from reference 16 with permission of the
Journal of Chemical Education.

system. Addition of a cosurfactant to such emulsions often
results in transparent or translucent systems that are
referred to as microemulsions.?'” Microemulsions are
monophasic and thermodynamically stable. Depending on the
nature of the components of the system and on its composi-
tion, one can generate oil-in-water or water-in-oil microemul-
sions. The classical representation of a microemulsion is that
of water (or oil) droplets coated by a mixed film of surfactant
+ cosurfactant suspended in a continuum of oil (or water)18
(see Figure 1.2). Other microemulsion structures have been
evidenced (see Section IV).

Some surfactants, as for instance the sodium diethylhex-
ylsulfosuccinate (better known as AOT), are soluble in oil.2
These organic solutions may contain small surfactant aggre-
gates. They are able to solubilize water, giving rise to reverse
micelles that have an aqueous core. There is no clear or obvi-
ous difference between reverse micelles and water-in-oil
microemulsions. As pointed out by Friberg!®?° there is conti-
nuity in phase diagrams between (direct or reverse) micellar
solutions, solubilized systems, and microemulsions.

Other surfactants self-assemble into closed bilayers
called vesicles (or liposomes when formed from phospholipids).
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Figure 1.2 Schematic representations of an oil droplet in an oil-
in-water microemulsion (top) and of a water droplet in a water-in-
oil microemulsion (bottom). Reproduced from reference 18 with per-
mission of the American Chemical Society.

Vesicles are often spherical (see Figure 1.1C) but can take
other shapes and can be unilamellar or multilamellar. In
contrast to micelles, vesicles may not be thermodynamically
stable.?2! Another important difference between vesicles and
micelles is that vesicles have an inside (that encloses some of
the aqueous phase) and an outside. The existence of a critical
vesiculation concentration, above which some surfactants
would form vesicles, is sometimes mentioned. This is probably
incorrect. At very low concentration, sufficiently close to the
cmc, surfactants start forming micelles that may turn into
vesicles upon increasing concentration. This process takes
place at extremely low concentration for surfactants with two
long alkyl chains, and micelles may be present in such a
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narrow range of concentration as to go undetected by the
presently available techniques.

As the surfactant concentration is further increased,
intermicellar forces come into play and give rise to liquid
crystalline phases, also called lyotropic phases or mesophases.
The structure of mesophases can be extremely varied (see
below).22:23

The main qualitative features of the self-assemblies
formed by surfactants are considered successively in some
detail in the following paragraphs.

1. ADSORBED SURFACTANT LAYERS ON
SOLID SURFACES

When a surfactant solution is put in contact with a clean
(surfactant-free) solid surface, the surfactant adsorbs onto the
surface, thereby forming an adsorbed layer. The structure of
the layer depends on the nature of the surfactant and of the
surface.

If the surface is hydrophobic, such as polyethylene or
polypropylene, for instance, the surfactant contacts the surface
through its tail, forming a progressively more compact mono-
layer on the surface as the amount of adsorbed surfactant
increases. In such monolayers the surfactant head groups are
oriented toward water. The monolayer is constituted by isolated
surfactants at very low surface coverage. It then turns into
discrete aggregates, hemi-micelles or admicelles, at higher sur-
face coverage?* and eventually into a compact monolayer (sat-
urated surface). A different structure has been observed for the
adsorbed layer of cationic surfactants on the hydrophobic cleav-
age plane of graphite, when the surface is saturated. Atomic
force microscopy!* showed that the surfactant is adsorbed
under the form of hemi-cylindrical aggregates, with the cylin-
der axis parallel to a graphite axis of symmetry, irrespective of
the nature of the surfactant (see Figure 1.3 bottom left for the
dimeric (gemini) surfactant 12-2-12 adsorbed on graphite). The
structure of the adsorbed layer is then completely controlled
by the nature of the solid surface.

In the case of hydrophilic charged surfaces (mica or silica,
for instance), the first adsorption step still involves individual
cationic surfactants that bind to oppositely charged sites on
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Figure 1.3 Atomic force microscopy images of the dimeric (gemini)
surfactants 12-2-12 (top right) and 12-4-12 (top left) on the cleavage
plane of mica, and of 12-2-12 on silica (bottom right) and graphite
(bottom left). Reproduced from references 14 and 25 with permission
of the American Chemical Society.

the surface (ion exchange step). The second step is cooperative
and corresponds to the formation of surface aggregates. The
surface becomes saturated at a bulk surfactant concentration
slightly below the cmc. At saturation, the nature of the surface
aggregates depends heavily on the nature of the surfactant
and of the surface. Thus the adsorbed surfactant layer on the
cleavage plane of mica may be constituted by a bilayer or by
spherical or cylindrical aggregates, depending on the nature
of the surfactant.!®1425 This is illustrated for the dimeric (gem-



8 Zana

ini) surfactants 12-2-12 and 12-4-12 in Figure 1.3 (top right
and left). One can talk of surface micelles. In general, for
cationic surfactants, the adsorbed layer is less organized on
silica than on mica; this is probably related to the lower
charge density of the former. Thus the dimeric surfactant 12-
2-12 adsorbs as a bilayer on mica' (Figure 1.3, top right) and
as flattened ellipsoidal aggregates on silica?® (Figure 1.3, bot-
tom right).

The adsorption of surfactants on surfaces is of the utmost
importance for a variety of industrial processes involving sur-
factants. The kinetics of adsorption of cationic surfactants is
reviewed in Chapter 8.

l1l.  MICELLES AND SOLUBILIZED SYSTEMS
A. Theoretical Aspects

The driving force for surfactant self-assembly into micelles is
the hydrophobic interaction between surfactant alkyl
chains.»1%-12 This interaction has its origin in the strong
attractive interaction that exists between water molecules.
Even though alkyl chain-water molecule interactions are
attractive, they are energetically less favorable than interac-
tions between water molecules.!®12 As a result, when alkyl
chains are immersed into water, the system tends to minimize
its free energy by eliminating alkyl chain-water molecule con-
tacts. With surfactants, this results in the formation of
micelles where the alkyl chains are in contact with one
another, forming the micelle core. The head groups remain at
the surface of the core, further reducing alkyl chain-water
molecule contacts (see Figure 1.1B).

Several repulsive interactions oppose the formation of
micelles.1%26-28 The main ones are the electrostatic interaction
between head groups, the steric interaction arising from the
packing of head groups at the micelle surface and of alkyl
chains in the micelle core, and an interaction associated with
residual alkyl chain-water molecule contacts at the micelle
surface. The balance between attractive and repulsive inter-
actions results in micelles of finite size.
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The molecular thermodynamic theory for micelle forma-
tion has been worked out with increasing sophistication fol-
lowing the pioneering work of Israelachvili, Mitchell, and
Ninham.?¢ The most comprehensive reports on micelle forma-
tion are those of Nagarajan and Ruckenstein?” and of Shiloah
and Blankschtein.?® Many other theoretical approaches have
been used in recent years to account for the formation of
micelles and their properties: thermodynamics of small sys-
tems, the self-consistent field lattice model, the scaled particle
theory, and Monte-Carlo and molecular dynamics MD simu-
lations.?? MC and DC simulations are presently much in favor
due to the increased availability of fast computers. A predic-
tion common to all these theories is that micelles represent
a thermodynamically stable state and that micellar solutions
are single-phase systems. Several recent results of MD and
(MC) simulations are in agreement with experimental
results.?®

At a concentration very close to the cmc the micelles are
spherical or nearly spherical on a time-average basis.?® The
head groups together with a small part of the alkyl chains, a
significant fraction of the counterions, and water molecules
make up a spherical shell often referred to as palisade layer.
Figure 1.1B gives a realistic representation of a micelle with
disordered alkyl chains (consistent with a quasi-liquid state
of the core). The representation of a micelle as in Figure 1.A
is misleading because it suggests a very ordered core. This
type of representation should be totally banned from publica-
tions and textbooks.'6

As the concentration is increased, the micelles may
remain spheroidal or grow and become oblate (disklike) or
prolate (or elongated, cylindrical, or rodlike), with the prolate
shape much more often encountered than the oblate shape.
The micelle shape is determined by the value of the surfactant
packing parameter P given by?6

P=v/ayl (1.1)

where v and [ are the volume and length of the hydrophobic
moiety (alkyl chain) and q, is the optimal surface area occu-
pied by one surfactant at the micelle-water interface.?6 It is
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important to realize that the value of ¢, is determined by the
cross-sectional area of the surfactant head group and by the
various interactions at play in micelle formation.?6 Surfac-
tants characterized by values of P < 1/3 give rise to spheri-
cal/spheroidal micelles. Surfactants with 1/3 < P < 1/2 tend
to form elongated micelles that can be considered as the
precursor of the hexagonal phase (see below). Surfactants
with 1/2 < P < 1 form disklike micelles that can be viewed as
precursors of surfactant bilayers and of lamellar phases (see
Section VI). Last, surfactants with P > 1 form reverse micelles.
Figure 1.4, adapted from the monograph of J. Israelachvili,?°
represents schematically the shapes of the surfactant mole-
cule and of the surfactant self-assembly for different values
of the packing parameter. The packing parameter concept is
extremely powerful and useful. In particular, it permits one
to understand or predict changes of micelle shape induced by
changes of experimental conditions. It can also be extended
to surfactant mixtures. Besides, the packing parameter of a
surfactant is related to the spontaneous curvature of the
monolayer that the surfactant can form.3!

The micelle size increases with the carbon number m of
the surfactant alkyl chain. For conventional surfactants, the
aggregation number of the maximum spherical micelle formed
by a surfactant with a hydrophobic moiety assumed to be an
alkyl chain C, ,H,,,,; can be estimated from

Ny = 4nl?/3v (1.2)

The length / and volume v of the alkyl chain are given by!°
[ (nm) = 0.15 + 0.1265m (1.3)

v (nm?) = 0.0274 + 0.0269m (1.4)

The micelle growth with the surfactant concentration is
well explained by different models, which all assume that the
free energy of a surfactant is higher in a spherical micelle
than in a rodlike or disklike micelle.26-2832 The free energy
difference AGg; is rather small, —-0.2kT to —0.5kT per surfac-
tant, as compared to a free energy of micellization of about
—15kT per surfactant having a dodecyl chain. The larger the
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Figure 1.4 Schematic representation of the shapes of the surfac-
tant and of the surfactant self-assemblies for various values of the
packing parameter. Adapted from reference 30 with permission of
Elsevier Science.
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magnitude of AGgg, the steeper the increase of micelle size
with increasing surfactant concentration.26-286 Surfactants
with P > 1/3 show micelle growth. Ionic surfactants with a
value of P slightly below 1/3 may still show micelle growth.
Indeed as the surfactant concentration increases, so does the
ionic strength of the solution. This in turn increases the value
of P to a value that may be higher than 1/3. The polydispersity
in size of spherical micelles is small, while that of prolate and
oblate micelles can be very large.?6-28

Some models of micelle growth take into account the fact
that the surfactants located in the part connecting the cylin-
drical body of rodlike micelles to the endcaps are at a still
higher chemical potential than those in the endcaps.3?3* This
leads one to predict the existence of a second critical concen-
tration, sometimes referred to as second cmc, above which
micelles start growing. It also leads one to predict the coex-
istence of spherical and rodlike micelles, i.e., a bimodal dis-
tribution of micelle sizes. This is in contrast to the two-
chemical potential approach that predicts a continuous
growth of all micelles and a unimodal size distribution curve.

B. Experimental Aspects

Micelles start forming in aqueous solutions of surfactant at
concentration C > cmc. The cmc is not a single concentration
but rather a narrow range of concentration.?!® Its value
slightly depends on the method of determination, reflecting
differences in the way each measured property weighs
micelles and free surfactants (see Figure 1.5). The value of
the cmc is determined mainly by the nature of the surfactant
(ionic or nonionic) and by the length of its alkyl chain. The
cmc decreases exponentially upon increasing number of car-
bon atoms m in the surfactant alkyl chain according to31®

logcme = b —am (1.5)

The value of a corresponds to a decrease of the cmc value
by factors 2 and 3 per additional methylene group in the alkyl
chain for ionic and nonionic surfactants, respectively.?1®> In
both instances, this corresponds to a free energy of transfer
from the micelles to the aqueous phase of 1.127T per methylene
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Measured property

Concentration scale

Figure 1.5 Dependence of various properties of a solution of an
ionic surfactant with the surfactant concentration C. Variations of
the refractive index R, density D, specific conductance y, turbidity
T and solubility S of a water-insoluble dye (Orange OT) with C (plots
in continuous line), of the osmotic coefficient g and of the equivalent
conductance A with C2 (plots in broken line), and of the surface
tension ¢ with log C (plot in dotted line). Reproduced from reference
15 with permission of Elsevier Publishing Co.

group. For ionic surfactants, the cmc also decreases upon
increasing concentration C, of an added electrolyte having a
common ion with the surfactant, according to31

log cmc = A — Blog(emce, + C,) (1.6)

A and B are two constants and cmc, is the cmc in the absence
of salt. The value of B is close to the degree of counterion
association to the micelle.?'®* Thermodynamic studies showed
that the formation of micelles is entropy-driven.b?1015 The
large positive value of the entropy of micellization reflects a
change affecting water molecules surrounding surfactant
alkyl chains when the chains are transferred from the aque-
ous phase to the micelle core.1%15
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The micelle oily core is in a quasi-liquid state. This is
demonstrated by several results:

1. The motions of the methyl and methylene groups
within the core are very rapid, and the order param-
eter of the successive carbon atoms along an alkyl
chain decreases progressively from a value around
0.3 to a value close to 0 in going from the micelle
surface to its center. This behavior reveals a progres-
sive increase of disorder in alkyl chain packing in the
core.?®

2. The values found for the viscosity of the micelle inte-
rior are low.36

3. Extensive chain looping occurs in the core, thereby
permitting tight packing of the chains.?” Any meth-
ylene group or terminal methyl group in an alkyl
chain has a finite probability to be found at a given
distance from the micelle center. In fact, a few ter-
minal methyl groups are located close to or at the
micelle surface.?”

Spherical and nonspherical micelles have been directly
visualized by means of cryo-TEM (transmission electron
microscopy at cryogenic temperature).383° The giant wormlike
or threadlike micelles represent an extreme case of growth
into elongated micelles. Figure 1.6 shows cryo-TEM images
of linear and branched wormlike micelles in solutions of the
dimeric surfactant 12-2-12.39 The endcaps of threadlike
micelles are slightly larger than hemispheres as they have a
larger diameter than the cylindrical body,?? in agreement with
theoretical predictions.?334 The same is probably true for the
edge of disklike micelles. Figure 1.6 top also shows the coex-
istence of spherical and elongated micelles that has been
theoretically predicted.?33* Ringlike (or toroidal, or closed
loop) micelles have also been visualized (see Figure 1.6).39:40

Theoretical®? and experimental®’ studies have revealed
the existence of fluctuations of micelle shape that are rapid
(characteristic time of 101 to 10¢ s) and large. Substantial
shape deformations can take place at a rather low cost of free
energy. For instance, a spherical micelle of diameter 4 nm can



Introduction to Surfactants and Surfactant Self-Assemblies 15

Figure 1.6 Electron micrographs of 0.74 wt% (top) and 1 wt%
(bottom) solutions of the dimeric (gemini) surfactant dimethylene-
1,2-bis(dodecyldimethylamonium bromide) showing giant thread-
like micelles (top), elongated micelles with a branching point (bot-
tom, arrow) and a ringlike micelle (bottom, arrowhead). Reproduced
from reference 39 with permission of the American Chemical Society.
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be distorted into a prolate micelle 4.8 nm long and 3.6 nm
wide at a cost of only about 1 £T.32

Besides, micelles are dynamic objects. They constantly
exchange surfactant with the bulk phase (exchange process),
and they form and break down by different pathways (micelle
formation /breakdown), which are reviewed in Chapter 3.

C. Solubilized Systems

Most of what has been said earlier about micelles remains
qualitatively valid for solubilized systems where the micelles
contain solubilized molecules (solubilizates). Nevertheless,
the solubilizates may affect the micelle size and/or shape. The
most extensive reports concern the effect of alcohols.*! Thus
short-chain alcohols (methanol to propanol) generally
decrease the micelle size and progressively transform aniso-
tropic micelles into spherical ones. A sufficiently high concen-
tration of short-chain alcohols can result in the complete
disruption of micelles into molecularly dispersed surfactant.
Medium-chain length alcohols such as butanol, pentanol, and
to a lesser extent hexanol bring about a decrease of micelle
size at low alcohol content and an increase of micelle size at
higher concentrations. Micellar solubilization of long-chain
alcohols (heptanol and longer alcohols) brings about an
increase of micelle size and a change of micelle shape.*!

The location of a solubilizate in micelles and its effect on
micelle size depend much on the nature of the solubilizate.?342
Thus alkanes are solubilized in the micelle core. Aromatic
molecules tend to be solubilized first at the micelle surface
and then into the core once the surface is saturated. Cosur-
factants (alcohols, amines, carboxylic acids, for instance) are
solubilized with their head group at the micelle surface and
their tail penetrating more or less deeply into the core,
depending on its length.

The dynamics of micelles can be considerably affected by
the presence of solubilizates (see Chapter 3, Section V).

D. Water-Soluble Polymer/Surfactant Systems

The micellization of surfactants in aqueous solution is much
affected by the presence of a water-soluble polymer, whenever
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interactions occur between the surfactant and the polymer.
In most instances the interaction results in a lowering of the
cmc and of the aggregation number of the surfactant, when-
ever the surfactant concentration is low enough and the
micelles formed are bound to the polymer. A widely accepted
model of these systems is that of a necklace (the polymer
chain) bearing beads (surfactant micelles).*3 Locally, the poly-
mer can be wrapped around the surfactant micelles. The bind-
ing of the polymer to the micelles can affect the micelle
dynamics (see Chapter 3, Section VI).

IV.  MICROEMULSIONS

Microemulsions were first reported by Hoar and Schulman*4
in 1943. These authors were studying emulsions of benzene
in micellar solutions of surfactant. In an attempt to increase
the solubility of benzene in the system, they added increasing
amounts of alcohol and observed that the system clarified at
above a certain content of alcohol. The word microemulsion
was used to refer to the clarified and transparent or translu-
cent system. Indeed it was believed that the addition of alco-
hol had brought about a reduction of the size of the benzene
droplets in the emulsion to a point that they did not scatter
visible light. However, the term “microemulsion” is not well
suited to describe these systems. Indeed, it includes the word
“emulsion,” which corresponds to a thermodynamically unsta-
ble system made up of droplets of one liquid dispersed in
another liquid. It was later shown that microemulsions are
thermodynamically stable systems that can be described as
dispersions of one liquid in another liquid but where the
droplet structure is not always present. In fact, the most
interesting microemulsions have a bicontinuous structure. To
circumvent this difficulty, Danielsson and Lindman*® defined
a microemulsions as “a system of oil, water and amphiphile
which is a single optically isotropic and thermodynamically
stable solution.” Friberg suggested replacing “thermody-
namically stable” with “formed spontaneously.” These two def-
initions say nothing about structure.

Microemulsions started to attract considerable interest
around 1975 because of the oil crisis that occurred during that
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period. Indeed, one of the main potential uses of microemul-
sions was for enhanced oil recovery (EOR) from oil fields.
Microemulsions of appropriate composition can have an
extremely high solubilizing capacity for oil, and the values of
the interfacial tension between microemulsion phases and
water and/or oil can be extremely low. These two properties
are essential in EOR. Microemulsions have not yet been used
on a large scale for EOR. Nevertheless, there is still much
interest in microemulsions as more and more applications
have been found for these systems.

Most microemulsions contain a cosurfactant that has a
multiple-faceted role:

1. Increase the amounts of oil and water that can be
mixed in the presence of a given amount of surfactant
and still give rise to one-phase systems.

2. Shift to higher surfactant content the range of occur-
rence of lyotropic mesophases.

3. Lower the interfacial tension between the microemul-
sion phase and excess oil or water to values as low
as 104 mN/m.

Water-in-oil (W/O) microemulsions at low water content
and oil-in-water (O/W) microemulsions at low oil content con-
tain droplets of water in an oil continuum or droplets of oil
in a water continuum that have been visualized (see Figure
1.7 top).*” The droplets are coated by a mixed film of surfactant
+ cosurfactant as represented in Figure 1.2. Such systems are
referred to as Winsor IV systems. As the water or oil content
is increased, the solubility limit of the water or oil is reached
and the system becomes biphasic. It is then made up of a
microemulsion phase and, as a second phase, the excess water
or oil containing very small amounts of the other components
of the system. The phase diagrams of water/surfactant/cosur-
factant/oil systems have been much investigated.*®4? The
biphasic systems with an O/W microemulsion in equilibrium
with excess oil are the so-called Winsor I systems, whereas
Winsor II systems are made up of a W/O microemulsion phase
in equilibrium with excess water. In both Winsor I and Winsor
IT systems, the microemulsion phase has a droplet structure,
as in Winsor IV systems. Winsor I and II systems can be
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Figure 1.7 Freeze-fracture electron micrographs showing the
structure of the microemulsion phase in the system water/n-
octane/C,E;. Top: microemulsion with a droplet structure that
shows the random distribution of the droplets and their small poly-
dispersity. Bottom: bicontinuous microemulsion that displays the
saddle-shaped structures of the film separating oil domains (grained
aspect) from water domains (smooth aspect). Reproduced from ref-
erence 47 with permission of Springer Verlag.

modified by the addition of surfactant or cosurfactant and
changing the salinity, temperature, or pressure. Such modifi-
cations often result in a change of phase behavior. For instance
a Winsor I system can give rise successively to a three-phase
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system (Winsor III system) and then to a Winsor II system,
and conversely (Winsor II — Winsor III — Winsor I) depend-
ing on the initial system and the type of modification brought
to it. The three-phase systems include a middle-phase micro-
emulsion, excess water as lower phase, and excess oil as upper
phase, when the density of oil is lower than the density of
water.

The three-phase systems are the most interesting ones
for applications. Indeed, the interfacial tension between the
middle phase of microemulsion and the upper or lower phase
is then extremely low.?? Besides, the middle-phase microemul-
sion corresponds to maximum amounts of oil and water that
can be mixed and still form a one-phase system. The middle-
phase microemulsion has a bicontinuous structure*’5! where
the oil and water domains are intimately mixed and extend
over microscopic distances (see Figure 1.7 bottom). As in drop-
let systems, a mixed film of surfactant and cosurfactant sep-
arates water and oil domains. This type of structure
undergoes large and spontaneous fluctuations. The approach
of the compositions associated with the Winsor I — Winsor
ITIT and Winsor II — Winsor III phase transitions is critical,
with a divergence of many properties of the system such as
the intensity of scattered light or the interfacial tension.?°
Also the interactions between droplets in the microemulsion
phase of Winsor I or Winsor II systems become increasingly
attractive at the approach of the transition.?°

Reported theories explain the stability of microemul-
sions. The driving force for the formation of stable microemul-
sions with a droplet structure is the entropy of dispersion of
one liquid (oil, for instance) in the other (water).>? The pres-
ence of the cosurfactant is required for lowering the surface
tension to a value low enough (0.01 mN/m) for the stabiliza-
tion of the system. At such a low value of interfacial tension,
the energy of the curvature of the surfactant layer must be
taken into account in the calculation of the free energy of the
system. In the case of bicontinuous microemulsions, theory
shows that a stable middle phase occurs when the average
spontaneous curvature of the mixed surfactant + cosurfactant
monolayer is close to zero and its bending modulus is close to
1kT53 A unified treatment was recently reported.!®
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Various types of spontaneous processes take place in
microemulsions. The surfactant and cosurfactant exchange
between the interfacial film separating water and oil domains
and the bulk phases. Also collisions between droplets with
temporary merging of the collided droplets (“sticky” collisions)
have been evidenced. The kinetics of these processes (and of
other ones) is reviewed in Chapter 5, Sections VL.F and VIII,
and Chapter 10.

V. VESICLES

Aqueous vesicles are commonly observed with phospholipids
and with their synthetic analogs, i.e., two-chain surfactants
having alkyl chains with 10 or more carbon atoms. Different
methods are used for preparing vesicles.?* For instance, turbid
dispersions of appropriate sparingly water-soluble surfac-
tants or phospholipids give rise upon sonication to clear and
slightly bluish systems that contain vesicles. Vesicles may also
be obtained by solubilizing an appropriate amphiphile in an
organic solvent, depositing the solution on a glass plate, evap-
orating the organic solvent, and exposing the resulting film
to water. Vesicle-forming surfactants can also be solubilized
in an aqueous solution of a hydrotrope (a water-soluble com-
pound that does not form micelles on its own but that is able
to promote the solubilization of water-insoluble compounds in
water) or of a micelle-forming surfactant. Dilution of this
solution with water gives rise to vesicles. Sonication, extru-
sion through Millipore filters, and other methods have been
used to transform large multilamellar vesicles into small unil-
amellar vesicles.?* An image of doubly lamellar vesicles
obtained with the dimeric (gemini) surfactant 12-20-20 and
visualized by cryo-TEM is shown in Figure 1.8.

Vesicles prepared by the above methods can have long-
term stability. Nevertheless, vesicles made up of a single sur-
factant or phospholipid are unstable and generally revert to
liquid crystalline aggregates (lamellar phases, in most
instances) after a time that can be quite long. Unilamellar
vesicles obtained by mixing aqueous solutions of two surfac-
tants of appropriate structure and of different electrical
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Figure 1.8 Cryo-transmission electron micrograph of a vitrified
1.4 wt% solution of the dimeric (gemini) surfactant 12-20-12 show-
ing doubly lamellar vesicles (bar = 0.1 pm). Reproduced from refer-
ence 63 with permission of Academic Press/Elsevier.

charge may be different. Such vesicles appear to form spon-
taneously and reproducibly and can have long-term stability.?>
It has been claimed that vesicles so prepared can be thermo-
dynamically stable. However, a consensus on this claim
remains to be reached for the following reason. A surfactant
monolayer takes up a curvature equal or close to its sponta-
neous curvature, whose value depends on the surfactant
chemical structure and the interaction between surfactants.
Considerations based on the bending energy of a surfactant
monolayer lead readily to the conclusion that only flat bilayers
(zero curvature) can be thermodynamically stable, and in
turn, that vesicles (curved bilayers) formed from a single
surfactant or phospholipid cannot be thermodynamically sta-
ble.?! In contrast, Safran et al.?® showed that the free energy
of a system of vesicles, made up from a mixture of two inter-
acting surfactants forming monolayers with large bending
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constants, can be a minimum if the vesicle inner and outer
monolayers have different compositions. The spontaneous cur-
vatures of the two layers are then equal but have opposite
signs. Systems containing such vesicles would be thermody-
namically stable single-phase systems, like micellar solutions.
However, Laughlin®’ pointed out that binary mixtures of sur-
factants are rather complex because they contain up to five
components when the two surfactants are ionic. He concluded
that the phase behavior of binary mixtures of water and
catanionic surfactants, which are made up of two oppositely
charged surfactant ions, in the absence of other small ions,
must first be investigated before a conclusion can be reached
on the stability of vesicles formed in surfactant mixtures.
Surfactants giving rise to vesicles are also those giving
rise to disklike micelles, that is, surfactants with a packing
parameter 1/2 < P < 1. Such values of P are easily obtained
with phospholipids or two-chain surfactants for which / and
a, are nearly the same as for the corresponding one-chain
surfactants, whereas v is twice as large. A disklike micelle
can be thought of as a fragment of a surfactant bilayer having
its edge coated by a half of a cylindrical micelle. Disklike
micelles become rapidly energetically unfavorable as they
grow in size and may turn into vesicles (or liposomes when
formed from phospholipids) where the edge is eliminated,
when mechanical energy is provided to the system. Vesicles
can be very large (diameter of several microns) or small (diam-
eter of 20 nm), unilamellar or multilamellar. An extreme case
of large multilamellar vesicles (LMV) is encountered in the
so-called onion phase, where each LMV includes tens to hun-
dreds of concentric vesicles and where the LMVs are in con-
tact as seen in Figure 1.9.5® The onion phase is used in slow-
release formulations of active compounds. Vesicles and lipo-
somes are often spherical, particularly those of small size.
Faceted and tubular vesicles have been reported.>%69
Packing is tighter in vesicles than in micelles. It is thus
likely that water penetration in vesicles is even less than in
micelles. The viscosity reported by various probes solubilized
in vesicles is not significantly larger than in micelles when
the measurements are performed at above the transition tem-
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Figure 1.9 Freeze-fracture electron micrograph showing the
onion phase of vesicles present in the tetradecyldimethylamineox-
ide/hexanol/water system (bar = 1 um). Reproduced from reference
58 with permission of Academic Press/Elsevier.

perature of the system.5! The interior of bilayers and vesicles
is disordered.®?

Vesicles can be transformed into micelles, and vice versa.
In most instances the vesicle-to-micelle transition is induced
by the addition of a micelle-forming surfactant5?63 or a
hydrotrope® to a vesicular system. The micelle-to-vesicle
transition is often induced by mixing two oppositely charged
surfactants?®5-65.66 or removing a micelle-forming surfactant (or
a hydrotrope) from a mixed micellar solution of this surfactant
(or hydrotrope) and of a vesicle-forming surfactant. The tran-
sition can also be induced by a change of pH, temperature,t7.68
or ionic strength of a micellar solution or of a vesicular system,
or by shearing the system.58
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Figure 1.10 Aggregates visualized by cryo-TEM in the course of
the vesicle-to-micelle transformation in the glycerol
monooleate/cetyltrimethylammonium bromide mixture. Top: coex-
istence of globular micelles, elongated micelles that are probably
ribbon-like, and vesicles (lipid mole fraction 0.47) in the presence
of 100 mM NaCl. Bottom: perforated vesicles (lipid mole fraction
0.64). Reproduced from reference 69 with permission of the Amer-
ican Chemical Society.

Various studies?!65%6 suggested the existence of struc-
tures intermediate between micelles and vesicles. These
structures — perforated vesicles, bilayer fragments, giant
wormlike micelles, ringlike micelles, and disklike micelles,
depending on the investigated system — were visualized by
cryo-TEM.3859.69 Some of these structures are shown in Figure
1.10. However, for some systems no intermediate structure
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was evidenced when vesicles were transformed into micelles.%?
The course of the vesicle-to-micelle and micelle-to-vesicle
transitions has obviously much to do with the packing param-
eter of the mixture of the micelle-forming and vesicle-forming
surfactants and its variation with composition. In a study
where the vesicle-to-micelle transition was induced by an
increase of the temperature, the vesicles gave rise to giant
wormlike micelles.58

The size of vesicles prepared by sonication and other
methods is often increased upon the addition of a small
amount of micelle-forming surfactant. This increase has also
been visualized by cryo-TEM.?® Reverse vesicles have been
evidenced in organic solvents.”

Vesicles are also dynamic objects. They exchange surfac-
tant or phospholipid with the surrounding solution. These
exchanges are much slower than in micellar solutions essen-
tially because surfactants and lipids making up vesicles are
much more hydrophobic than those giving rise to micelles.
Besides, since the number of surfactants making up a vesicle
is 10 to 1000 times larger than for a micelle, the lifetime of
a vesicle must be extremely long and vesicles can probably
be considered as “frozen” on the laboratory time scale (weeks
to months or years). These aspects are reviewed in Chapter
6, together with the kinetics of the vesicle-to-micelle and
micelle-to-vesicle transitions.

V1. LYOTROPIC LIQUID CRYSTALS
(MESOPHASES)

The following considerations are largely based on the papers
by Israelachvili et al.26 and Mitchell et al.?3 Only the essential
aspects of these papers that are relevant to surfactant phase
behavior have been retained and simplified in order to give
the reader some markers in the understanding of phase
behavior.

The discussion on micelles in Section III considered only
the intramicellar interactions that give rise to micelles of
finite size and of different shapes. Those forces work parallel
to the micelle—water interface.” As the surfactant concentra-
tion increases further, intermicellar forces come into play.
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They are repulsive and work perpendicular to the interface.”
Repulsive interactions induce micelle ordering at values of
the surfactant volume fraction and with symmetry that
depend on the micelle shape.??! Spherical micelles close pack
into a cubic array, forming the discontinuous cubic phase I,.
Rodlike micelles pack into a hexagonal array, forming the
hexagonal phase H;. Bilayers pack into the lamellar phase
L, An important point is that this simple approach leads
one to predict for a surfactant that forms spherical micelles
(P < 1/3) the following sequence of phases as the surfactant
concentration is increased:

Spherical micelles — cubic phase —
hexagonal phase — lamellar phase

If the surfactant used can form elongated micelles (1/3
< P < 1/2) or disklike micelles (1/2 < P < 1), then the sequences
of phases are, respectively:

Disordered elongated micelles —
hexagonal phase — lamellar phase

Disordered disklike micelles — lamellar phase

However, the intermicellar interactions also include a
soft-core repulsion. This additional interaction can be rela-
tively long range and can assist the formation of cubic struc-
tures other than of the face-centered type.??7! The unfavorable
curvature energy can then be compensated by a contribution
from intermicellar interactions. Since intermicellar interac-
tions work perpendicularly to the micelle-water interface, any
decrease in the distance between micelles (upon increasing
concentration) increases the free energy of the system. A way
for the system to compensate this effect and to maintain an
intermicellar distance as large as possible is to reduce the
number of micelles, i.e., to cross over from spherical to cylin-
drical micelles or from cylinders to lamellae.”* This renders
possible the occurrence of the phase sequences:

Spherical micelles — hexagonal phase — lamellar phase
Disordered elongated micelles — lamellar phase

Figure 1.11 gives a schematic representation of the phase
sequence at different curvatures and as a function of the
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Figure 1.11 Schematic illustration of the evolution of the
mesophase structure as a function of the surfactant volume fraction.
The micelle shape transitions indicated in dotted lines occur over a
range of volume fraction while transitions between mesophases
occur at constant volume fraction. Reproduced from reference 23
with permission of the Royal Society of Chemistry.

surfactant volume fraction.?® This diagram reproduces many
of the features of the phase behavior of aqueous surfactants.

The structures of the discontinuous cubic phase, direct
hexagonal phase, lamellar phase, bicontinuous cubic phase
and of the so-called L, or sponge phase are given in Figure
1.12.72-7 The bicontinuous cubic phase is observed at high
concentration, and is usually located between the hexagonal
and lamellar phases.” The surfactants form a surface that
possesses three-dimensional long range order and that sepa-
rates the water into two unconnected regions. The L, phase
can be viewed as a disordered bicontinuous cubic phase.™
Several other lyotropic structures have been observed with
binary mixtures of surfactant and water.227
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Surfactant

Figure 1.12 Mesophases that are the most often encountered in
aqueous surfactant systems. Top left: discontinuous cubic phase
built up of slightly elongated micelles. Top center: hexagonal phase.
Top right: lamellar phase. Bottom left: bicontinuous cubic phase.
Bottom right: L, phase. Reproduced from references 72, 73, and 74
with permission from J. Wiley and Academic Press.

It is possible by using pressure-jump (p-jump), temper-
ature-jump (T-jump), and stopped-flow setups (see Chapter 2)
to induce a phase transition from one type of structure to
another. This has permitted the study of the kinetics of phase
transitions in surfactant (including amphiphilic block copol-
ymer) and lipid systems (see Chapter 7). In these studies, the
relaxation of the system is monitored using time-resolved
intensity of light (or turbidity), of neutrons, and more partic-
ularly of x-rays. Indeed, the powerful x-ray sources from syn-
chrotron radiation now available permit the recording of full
diffraction spectra in only a few milliseconds.
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VII. CONCLUSION: IMPORTANCE OF
DYNAMIC ASPECTS OF SURFACTANT
SELF-ASSEMBLIES

This chapter reviewed the main self-assemblies that surfac-
tants can give rise to in the presence of water and pointed
out the fact that these self-assemblies are of dynamic char-
acter. The dynamics of surfactant self-assemblies are impor-
tant for the understanding of all phenomena that take place
in a time scale comparable to that of either surfactant
exchange or assembly formation/breakdown. Here are some
examples:

1. Diffusion in micellar systems can be strongly affected
by surfactant exchange. This effect may result in an
apparent acceleration of the diffusion.”™

2. Critical behavior of, and electrical conductivity per-
colation in, microemulsions is much dependent on the
dynamics of “sticky” collisions between droplets of
oil (water) present in oil-in-water (water-in-oil)
microemulsions™ (see Chapter 5). Sticky collisions
refer to collisions that bring assembly cores into con-
tact. During the time of contact matter may be trans-
ferred from one assembly to another. Such collisions
occur in systems with strong attractive interactions
between assemblies.

3. The adsorption behavior of surfactants at interfaces
and thus the dynamic surface tension of surfactant
solutions may be affected by the lifetime of the
micelles that act as reservoirs of surfactants™ 8 ( see
Chapter 8).

4. The rheological behavior of micellar solutions may be
completely controlled by the kinetics of micelle for-
mation/breakdown”™ (see Chapter 9). This occurs
when the lifetime of a giant elongated micelle is much
shorter than the time required for the reptation of
one giant micelle in the network formed by the other
micelles.

5. Solubilization, emulsification, wetting, and foaming
have all been discussed in terms of micelle dynam-
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ics.8081 Indeed, all of these effects involve the time
required for a surfactant to leave a micelle.

6. The kinetics of reactions performed within surfactant
self-assemblies used as microreactors can be com-
pletely controlled by the rate of collisions between
surfactant assemblies with temporary merging of the
collided assemblies. This occurs when the rate of such
collisions is much slower than the rate of the inves-
tigated chemical reaction (see Chapter 5, Sections
VL.F and VIII, and Chapter 10).
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I. INTRODUCTION

Some processes that occur in systems containing surfactant
self-assemblies — most particularly the exchange process
involving surfactant, cosurfactant, or solubilizates (see the
preface and Chapter 3) — can be extremely rapid. They cannot
be investigated by methods used in conventional kinetic stud-
ies that involve mixing reactants and monitoring the forma-
tion of products. Indeed, fast mixing apparatuses usually have
a dead time of 1-10 ms and, therefore, do not permit studies
of kinetics of reactions with half-time of reaction shorter than
this limit. This fact led to the use of chemical relaxation
methods in the early studies of micellar kinetics. These meth-
ods were developed in the 1950s.! In chemical relaxation
methods one starts from a mixture of reactants and products
in a state of thermodynamic equilibrium and perturbs this
equilibrium by very rapidly changing one of the external
parameters: pressure p or temperature T, for instance. The
system responds to the perturbation by shifting toward a new
state of equilibrium imposed by the new value of the modified
external parameter. The evolution of the system with time is
referred to as chemical relaxation. It can be described in terms
of one (or several) time constant(s), the chemical relaxation
time(s), which characterizes the ability of the system to follow
the perturbation. The relaxation time(s) depends on the rate
constants of the investigated reaction(s).

As studies of surfactant self-assemblies developed during
1970 to 1980, other methods, such as time-resolved lumines-
cence quenching (and the related methods of flash photolysis
and pulse radiolysis), nuclear magnetic resonance (NMR),
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electron spin resonance (EPR), and rheology, were used or
introduced for studying the kinetics of specific processes
involving surfactant self-assemblies. These methods cover a
wide time scale. In the 1980s the use of chemical relaxation
methods was extended to studies of the dynamics of transi-
tions between surfactant or lipid lyotropic phases.

The purpose of this chapter is to review the methods that
have been used for studies of dynamics of surfactant self-
assemblies in solution. The emphasis is mostly on the princi-
ples underlying each method and on its possibilities. No math-
ematical developments are presented. The methods used for
the study of the dynamics of surfactant adsorption on surfaces
are reviewed in Chapter 8.

Il. CHEMICAL RELAXATION METHODS
A. Principle

In relaxation studies, the perturbation applied to the system
is always of very small amplitude, in such a way that the
system remains close to equilibrium during the entire course
of its evolution. Nevertheless, the perturbation must be suf-
ficient for generating a relaxation signal large enough with
respect to noise. Chemical relaxation methods permit the
study of chemical processes, with half-time of reaction ranging
from minutes to nanoseconds. Several books and review
papers on chemical relaxation methods have been pub-
lished.’"1 Only the main features of chemical relaxation
methods are presented in this section.

The change of external parameter that induces the relax-
ation of the system can be of different types: stepwise, rect-
angular, or harmonic.1?572 Consider the simplest case, that
of a stepwise perturbation as in temperature-jump (T-jump),
pressure-jump (p-jump), or electrical field-jump (E-jump)
studies. Figure 2.1A shows the time-dependence of the per-
turbation, that is, the imposed variation, here the tempera-
ture T(t) and the response of the system, P(t). The response
is in fact the variation with time of a property P of the system
measured as the system shifts toward its new state of equi-
librium. The property P is selected as to be proportional to
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Figure 2.1 Shape of the perturbation (in full line) used in
chemical relaxation methods and response of the system (dashed
line); (A) step perturbation as in T-jump; (B) rectangular
perturbation as in shock-tube (6 = duration of the perturbation); (C)
harmonic perturbation as in ultrasonic absorption relaxation.

the concentration of a reactant or product. It can be the
electrical conductivity, the absorbance of light by the solution,
the intensity of fluorescence or the intensity of scattered radi-
ation (light, x-ray, neutron), for instance. The relaxation sig-
nal P(t) may be single- or multiexponential. Its analysis yields
the relaxation time(s) and the relaxation amplitude(s) of the
system.

Figure 2.1B shows the case of a rectangular perturbation,
as used in shock-tube and E-jump methods (see below). In
these methods, the perturbation is applied only during a cer-
tain time, 6, which must be longer than the relaxation time(s)
T of the system, say 6/t > 4. Indeed, Figure 2.1B shows that
when this condition is not fulfilled, the system does not reach
its new state of equilibrium during the duration of the per-
turbation. This may result in a larger error on the fitted
value(s) of the relaxation time(s). The use of step or rectan-
gular perturbations (¢ransient methods) gives direct access to
the value(s) of the relaxation time(s).
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The case of a harmonic perturbation (Figure 2.1C), as in
ultrasonic or dielectric relaxation methods (also called sta-
tionary methods because the perturbation is applied contin-
uously), is more complex. Consider the case of a harmonic
perturbation of the pressure, as that associated with the prop-
agation of longitudinal ultrasonic waves of angular frequency
o, in a chemical system with a relaxation time 1. The state of
the system shifts back and forth at the frequency of the wave.
If /o >> 1, the system can follow the perturbation and all of
the energy transferred from the wave to the system during
the half-wave of compression is given back in phase during
the half-wave of expansion. This situation is similar to that
when using a rectangular perturbation with 6/t >> 1. If 1/®
<< 1, the system cannot follow the perturbation. It is therefore
not perturbed, a situation similar to that when using a rect-
angular perturbation with 6/t << 1. In the intermediate range
of values of w, part of the energy transferred from the wave
to the system during the half-wave of compression is dissi-
pated as heat in the system because the system lags behind
the wave owing to the finite value of its relaxation time. The
propagation of the wave results in its progressive absorption
associated with the chemical process. A determination of the
absorption of the wave as a function of frequency provides a
measure of the relaxation time of the system as the absorption
coefficient is given by an expression with a denominator of
the form (1 + ®?t2). The same reasoning applies to dielectric
absorption studies, where the perturbation is induced by a
harmonic electrical field. The perturbed chemical equilibrium
must involve a change of dipole moment. Obviously, the deter-
mination of relaxation times by stationary methods is more
time consuming than by transient methods because it implies
measurements of the absorption coefficient at as many dis-
crete frequencies as possible.

B. Relaxation Times
1. Single-Step Processes

For single-step reactions (elementary reactions), the expres-
sion of the relaxation time is readily obtained from the rate
equation, taking into account the stoichiometry of the reaction
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and the appropriate mass-balance equation. The rate equa-
tions are differential equations, with the concentration
changes as variables. The equations are linearized on the
assumption that the concentration changes induced by the
perturbation are extremely small.1%279 This explains why in
chemical relaxation measurements one always tries to keep
the perturbation as small as possible but still consistent with
a reasonable signal/noise ratio. Three examples are consid-
ered.

a. Unimolecular equilibrium

k,
A = B (2.1
k,

Unimolecular reactions are mostly conformational
changes of small molecules (isomerism), proteins, and other
macromolecules.

b. Bimolecular equilibrium

k,
A+B = C (2.3)
k,
111 = k, + k,{[A] + [B]} (2.4)

Bimolecular reactions include ion-pairing, proton trans-
fer, complexation, and dimerization, to cite a few.

c. Catalyzed equilibrium

k,
A+D = B+D (2.5)
k,

1/t = (ky + k,)[D] (2.6)
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In Equation 2.1 to Equation 2.6, k; and k are the for-
ward and backward rate constants. [A], [B], and [C] are the
equilibrium concentrations of reactants or products A, B, and
C. [D] is the concentration of the catalyst D.

2. Multistep Processes

Most chemical processes including micellar kinetics involve
several steps and are characterized by several relaxation
times (relaxation spectrum). The maximum number of observ-
able relaxation times is equal to the number of independent
rate equations that can be written for the system investigated.
This number is equal to that of chemical species minus the
number of mass-balance equations.?%911

The expressions of the relaxation times for a system of
n independent coupled reactions can be obtained using a
matrix method to solve the system of n linearized differential
equations. One of the easiest methods is that proposed by
Castellan.

Thus far it has been implicitly assumed that the simple
or complex equilibrium giving rise to the observed relaxation
processes has been identified prior to the relaxation experi-
ments. In fact, this can be also achieved through the use of
chemical relaxation methods. Indeed, it is clear from Equation
2.2, Equation 2.4, and Equation 2.6 that the concentration
dependence of the relaxation time depends on the type of
process under investigation. A unimolecular process, such as
reaction (1), is characterized by a concentration-independent
relaxation time, while the relaxation time of a bimolecular
process, such as reaction (2), depends on the concentrations
of the reactants. Thus the concentration dependence of the
measured relaxation time permits one to know what type of
process is responsible for the observed relaxation. In general,
the determination of the variation of each of the relaxation
times with appropriate parameters (concentration, ionic
strength, pH, T, p, E,...) permits the assignment of the
observed relaxation processes to specific reactions involving
the chemical species present in the investigated system. A
reaction scheme is then assumed for which expressions of the
relaxation times are derived and fitted to the experimental
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results. A satisfactory fit is usually considered as supporting
the assumed reaction scheme. If the quality of the fit is not
good, the reaction scheme must be modified and the procedure
repeated.

The rate constants and equilibrium constants for the
various steps are obtained from such fits. Their variation with
temperature or pressure permits the determination of the
activation energy or volume for each step.

C. Relaxation Amplitudes

The amplitude of the relaxation signal depends on the ther-
modynamic quantity associated with the type of perturbation
used. Take, for instance, the case of a p-jump. A change of
pressure perturbs a chemical system only if the system
involves a chemical reaction with an associated volume
change. Equations relate the relaxation amplitudes to the
associated parameters characterizing the chemical reactions.
The amplitudes of the relaxation signals in p-jump and T-
jump experiments permit the determination of the values of
the volume change and enthalpy change, respectively, associ-
ated with the investigated reaction.

The derivation of expressions for the relaxation ampli-
tudes is fairly straightforward in the case of single-step reac-
tions.2579%11 The calculations are more complex for multistep
reactions but well within the reach of present computers, as
demonstrated in a recent study of micellar equilibria.?

The use of the relaxation amplitudes permits in some
cases a choice between two possible reaction schemes or
between two different sets of assumptions in the analysis of
chemical relaxation data. For instance, a controversy arose
about the validity of an assumption made in deriving the
expression of the relaxation time associated with the micelle
formation/breakdown process for surfactant solutions. This
controversy was solved by fitting the expressions of the ampli-
tudes derived with both sets of assumptions to the amplitude
data and retaining the set giving the best fit.13-16
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D. Chemical Relaxation Techniques

This section is an actualized version of a review of chemical
relaxation techniques that was published in 1987.1° Detailed
descriptions of chemical relaxation setups can be found in
older reports.?-57?

Figure 2.2 shows the block diagram of a chemical relax-
ation setup. At the outset it must be pointed out that in tran-
sient chemical relaxation methods the time required to achieve
the perturbation must be much shorter (say by a factor of 10)
than the shortest relaxation time being measured. When this
condition is not met, the response of the system is convoluted
by the perturbation function of the apparatus and must be
corrected.? Extraction of the relaxation time from the relax-
ation signal requires the knowledge of the perturbation func-
tion. The latter can be obtained from an experiment involving
a chemical system with a relaxation time much shorter than
the time required for perturbing the system.!” Acid-base equi-
libria of indicators or metal ion complexation reactions are
generally used for this purpose. Computer analysis of the relax-
ation signal then yields the relaxation time. The T-jump, p-
jump, shock-tube, E-jump, ultrasonic absorption, and stopped-
flow techniques are considered successively.

P.G. Cell D

Tr

T.R.

Figure 2.2 Block diagram for chemical relaxation setups. P.G.,
perturbation generator; D, detector monitoring the change of prop-
erty of the system contained in the cell; Tr, trigger line; T.R., tran-
sient recorder (now replaced by a computer card); C, computer.
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1. T-jump

This method can be applied to chemical reactions that have
an enthalpy of reaction AH® that is not too small. This is the
case for most reactions and explains the wide use of the T-
jump method in chemical relaxation studies.

The jump of temperature (AT) results in a change of the
equilibrium constant K of the reaction given by Equation 2.7
and thus in a shift of the equilibrium state of the system. This
shift is usually monitored by the change of an optical property
of the system (see below).

dInK = (AH°/RT?)AT (2.7)

Two methods are still in use for achieving a fast heating.
The first one, referred to as Joule heating, involves the dis-
charge of a capacitor (capacitance C = 0.01 to 0.05 uF; charg-
ing voltage, 10 to 50 kV) into the solution.?"18 The solution is
contained in a cell between the two electrodes used for the
discharge. The cell resistance R must be low. Indeed, the rise
time of the T-jump (heating time) is RC/2. The second method
uses a pulse of laser light of proper wavelength to ensure its
partial absorption by the investigated solution. Raman-
shifted neodynium lasers with an output wavelength of 1.41
um?20 or 1.89 um?! and iodine lasers (A = 1.31 um)?>-2* are
now available for direct heating of aqueous solutions, thus
avoiding the shortcomings of the earlier laser T-jump setups.??

T-jump studies of surfactant solutions have made much
use of Joule heating because it was in the only commercially
available apparatus when such studies were started. Laser
heating has two distinct advantages over Joule heating. First,
the heating can be achieved in 10 ns or less against 1 us with
Joule heating. Second, it can be used with both conducting
and nonconducting systems, whereas Joule heating is
restricted to sufficiently conducting systems. Thus Joule heat-
ing cannot be used with surfactant solutions in organic sol-
vents, aqueous solutions of nonionic surfactants, or even
dilute aqueous solutions of ionic surfactants, without the addi-
tion of salt, which may affect the kinetics of the system being
investigated. The main disadvantages of laser heating lie in
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its high cost and technical complexity. Also, too-short laser
pulses may give rise to transient effects in the solution, which
perturb measurements on the short time scale. The experi-
ments require about 1 ml (Joule heating) or even less (laser
heating) of solution. T-jumps of a few degrees can be obtained
by both methods. The magnitude of the T-jump can be varied
by changing the values of the charging voltage and capaci-
tance in Joule heating, and the laser output in laser heating.

The upper limit of relaxation times that can be measured
by the T-jump method is about 1 s. This value corresponds to
the time after which the cooling-down effect of the thermo-
static system of the cell becomes detectable.

Several properties have been used to monitor relaxation
processes in surfactant solutions: optical density, fluorescence
intensity, circular dichroism, and intensity of scattered radi-
ation.26.7.1826-28 (Qptical density has been by far the most
widely used, owing to the very high sensitivity of the detecting
devices.?18 The spectrophotometric detection implies the pres-
ence in the surfactant molecule of a chromophoric group
whose spectrum depends on whether the surfactant is free or
micellized. The T-jump method can then be used to study both
the exchange process and the micelle formation/breakdown.
In most instances, however, the surfactant contains no chro-
mophoric group. A dye whose binding to, or solubilization into,
micelles results in a large spectral change, which can then be
added to the system to study the kinetics of micelle forma-
tion/breakdown.?® Eosine and acridine orange can be used for
the study of cationic and nonionic surfactants and anionic
surfactants, respectively.?? N-alkylpyridinium and N-alkyl-4-
cyanopyridinium halides with a sufficiently long alkyl chain
can be used for concentrated solutions of surfactant irrespec-
tive of its nature.?® It is essential to use a [surfactant]/[dye]
molar ratio sufficiently high, say above 200, in order that the
perturbation introduced by the dye be negligible.??3° At any
rate, it is suggested that the relaxation time 1, associated to
the micelle formation/breakdown process be measured as a
function of the dye concentration at constant surfactant con-
centration. Valid measurements are those performed in con-
ditions where 1, is independent of the dye concentration.
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Light scattering is increasingly used for the monitoring of
T-jump relaxation signals.!22631 Indeed, recent studies involve
solutions of surfactant with giant micelles and of amphiphilic
block copolymers. In both systems, the micelle size can be very
large and temperature-dependent. More recently with the
availability of strong sources of x-rays and neutrons, the inten-
sity of the scattered x-rays?” and neutrons? has been used to
monitor relaxation processes arising from vesicle-to-micelle
transformations (see Chapter 6) and from transitions between
lyotropic phases (see Chapter 7).

A Joule heating T-jump apparatus with a heating time
below 8 us and an adjustable jump of temperature up to 7°C
is commercially available from U.K. Hi-Tech Scientific Ltd.
(U.K.) Figure 2.3 shows a block diagram of the setup.

2. p-jump

The p-jump method applies to chemical reactions with a non-
zero volume of reaction AV®. The jump of pressure, Ap, brings
about a change of the equilibrium constant K given by Equa-
tion 2.8 and thus a shift of the equilibrium.

Light Source

High Voltage — Ii']—
Power Supply
— z

]
T-jump Cell — | J
Monochromator

L/ Data

Acquisition
Detector & Analysis

Figure 2.3 Block diagram of the T-jump apparatus commercially
available from Hi-Tech Scientific Ltd. (U.K.).
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8InK = -(@V? /RT)Ap (2.8)
with

V0 =@V — 6AH®/AC, (2.9)

AV?and @V, are the isentropic and isothermal volume
changes associated with the reaction; 6, d, and C, are the
coefficient of thermal expansion, the density and the specific
heat at constant pressure of the solution.?

In the commercially available version of this apparatus??
(Dialog, West Germany) the perturbation is a step decrease
of pressure, Ap, from the pressure initially applied to the
investigated solution to the atmospheric pressure. The cell
containing the solution is connected to an autoclave through
an impermeable elastic membrane (Figure 2.4). One wall of
the autoclave is a thin metal diaphragm, which bursts when
the pressure in the autoclave reaches 50 to 100 kg/cm?. The
rupture of the diaphragm and the ensuing pressure drop occur
in about 100 us.

Pressure-jump setups with conductivity3? and optical3?
detection have been described. The conductivity detection is
the most often used, particularly in studies of ionic micellar
solutions. It requires the equivalent conductivities of the sur-
factant ion in the free and micellar states to be different. A
dual-conductivity cell arrangement is often used, as shown in
Figure 2.4, with each cell being in one arm of a conductivity
bridge. One cell contains the investigated solution and the
other an electrolyte (usually NaCl) solution with nearly the
same conductivity as the solution under study but showing
no relaxation. This arrangement permits a large reduction of
the contribution of physical effects associated with the pres-
sure change. When the diaphragm bursts, the bridge signal
corresponds mainly to the chemical contribution to the con-
ductivity change. The time dependence of this signal reflects
the relaxation of the system. The conductivity detection has
a very high sensitivity. However, its use is restricted to ionic
solutions of low overall conductivity.
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Figure 2.4 Block diagram of the p-jump apparatus with conduc-
tivity detection and the twin cell arrangement from Dialog (Ger-
many). A, autoclave; C; and C,, conductivity cells; E, electrodes; M,
elastic membrane; D, metal diaphragm; P, pressure pump; m,
manometer; G, 40 kHz generator driving the conductivity bridge;
C; and C,, tunable capacitors; R, and R,, helipot resistances; R,,
potentiometer; Os, oscilloscope (now replaced by a computer).

The p-jump method can be used to monitor processes
with relaxation times in the range between 100 us and min-
utes. The method applies to aqueous solutions, where the
perturbation occurs mainly through the p-jump ( @V) term
in Equation 2.9, as the prefactor of the AH® term is close to
zero). It also applies to solutions in organic solvents, where
the perturbation occurs mainly through the temperature
change associated with the essentially adiabatic pressure
change (AH® term in Equation 2.9). In the case of micellar
solutions, the p-jump method has been used for the study of
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the exchange process, the micelle formation/breakdown, and
other processes (see Chapter 3).

Just as for the T-jump, the use of the p-jump method has
recently been extended to the study of transitions between
lyotropic mesophases, using the synchrotron x-ray radiation
to monitor changes of intensity and position of diffraction
peaks associated with these transitions.?”

3.  Shock Tube

This method involves a rectangular change of pressure.?* The
main part of the apparatus is constituted by a stainless steel
tube, 2 to 3 m-long and of 35 and 80 mm in inside and outside
diameters, respectively, set vertically. At the top of the tube is
attached an autoclave with a bursting metal diaphragm, as in
p-jump. A cell for conductivity or optical detection, very similar
to those used in the p-jump apparatus, is attached at the base
of the tube (Figure 2.5). The bursting of the diaphragm gener-

L—]

RM

E

Figure 2.5 Shock-tube apparatus. A, autoclave; I, inlet for pres-
surizing nitrogen; T, stainless steel tube; L, filling liquid; RM, rubber
membrane; C, conductivity cell; D, metal diaphragm E, electrode;
S, investigated solution.



52 Zana

ates a p-jump of 50 to 100 kg/cm?, which propagates from top
to bottom through the tube, which is half-filled with water or
ethanol. The trailing edge of the pressure front propagates
faster than the leading edge, as the velocity of the wave is
larger at higher pressure. Thus the pressure front sharpens as
it propagates. The length of the liquid column in the tube is
sufficient for the rise time of the pressure at the bottom of the
tube to be well below 1 pus.?* The reflections of the pressure-
jump at the bottom of the tube (liquid-metal interface) and at
the top of the liquid column (liquid-air interface) result in a
rectangular pressure change whose duration is twice the time
taken by the wave to travel over the length of the liquid column
(i.e., about 3 ms). The values 1 us and 3 ms set the limits of
use of the shock tube for relaxation time measurements. As
such, it complements, toward the short-time scale, studies per-
formed by p-jump. It has been much used for studies of the
kinetics of the exchange process in micellar solutions. It has
the disadvantage (with respect to p-jump) of measuring rate
constants at a pressure of about 100 kg/cm?.

4. E-jump

When an electrical field is applied to a solution, different pro-
cesses take place. For instance, induced and permanent dipoles
tend to orient parallel to the applied field (orientation polar-
ization), droplets of water in oil-in-water microemulsions tend
to become elongated in the direction of the field (structural
polarization), and chemical reactions that are accompanied by
a change of dipole moment can be perturbed (chemical polar-
ization), if the field is maintained for a sufficiently long time.
This requires the use of solutions of low to very low electrical
conductivity. As a result of the polarization, the solution
becomes optically anisotropic and the relaxation effects arising
when turning on and turning off the field can be detected by
following the time-dependence of the induced electrical bire-
fringence (known as the Kerr effect).

The E-jump technique has been recently used for the
study of the dynamics of processes occurring in water-in-oil
microemulsions.3536
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Reference 37 describes an E-jump apparatus with elec-
trical birefringence detection capable of measuring relaxation
times ranging from about 0.2 to 900 us.

5. Ultrasonic Absorption

The relaxation times are obtained from the measurement of
the ultrasonic absorption o/®? (o0 = absorption coefficient; ® =
angular frequency) at as many ultrasonic frequencies as pos-
sible and in a large frequency range, covering two to three
decades. Equation 2.10 is then fitted to the data.

L —+B (2.10)

In Equation 2.10 B is a constant and the A/s represent
the relaxation amplitudes that are proportional to the square
of the isentropic volume change @V given by Equation 2.9
and that contains both @V, and AH°. Indeed, the propagation
of ultrasonic waves in fluids gives rise to harmonic changes
of p and T. The investigated equilibria are shifted periodically
by these two perturbations, thus the ultrasonic relaxation
amplitude dependence on @V°.

The use of ultrasonic absorption techniques has
decreased in recent years because the experiments are time
consuming. The advent of the laser T-jump, which covers a
large part of the range of relaxation times explored by ultra-
sonic relaxation techniques, has also contributed to this sit-
uation. The apparatuses still in use are now fully automated
and computer-driven, and the time required for data acquisi-
tion has been greatly reduced.38-4°

Many apparatuses for measuring ultrasonic absorption
have been reported*¢ and the state of the art in ultrasonic
absorption measurements can be found in Reference 44. Only
the swept-frequency resonator and the pulse technique are
still in use. The resonator*’-#® consists of two parallel X-cut
quartz crystal plates set at a fixed distance at the top and
bottom of a cell filled with the investigated solution (Figure
2.6 top). The input transducer, driven by a swept-frequency
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Figure 2.6 Cross sections of the cells used for ultrasonic absorp-
tion measurements by the fixed path resonance method (top) and
variable path pulse method (bottom).

Top: 1, sample cavity; 2, piezo-electric transducer disk; 3, flexible
electrical contact; 4, exchangeable transducer mount; 5, sealing ring
with embedded electrical contact for the ground electrode; 6, ther-
mostatted cell jacket; 7 and 8, inlet and outlet, respectively, for the
liquid sample cavity; 9, circulation channel of the thermostat fluid;
10, main frame and 11, screw bolts, which permit a variation of
path length by an exchange of jacket 6; 12, adjustable frame plate;
13, adjustment screws for transducer parallelism; 14, sealing O-
ring.

Bottom: 1, sample cavity; 2a and 2b, fused quartz delay lines with
transducers 3 on the backside; 4, spring contacts between the hot
electrode and coaxial connector; 5, storage vessel for liquid overflow;
6 and 7, liquid inlet and outlet; 8, sealing lip; 9, ball joint; 10,
adjustable plate; 11, differential screw with counteracting spring 12
for the parallelism adjustment of delay lines; 13, high-precision ball-
bush guide with finely ground and lapped cylindrical pin 14 for a
backlash-free guidance of the shiftable mounting plate 15; 16, spin-
dle and 17, nut to drive plate 15; 18, worm gear with high reduction
ratio coupled to a step motor 19; 20, sensing element of the distance
meter; 21, base plate; 22, fixed mounting plate; 23, circulation chan-
nel of the thermostating fluid. Reproduced from Reference 44 with
permission of IOP Publishing Ltd.

generator, gives rise to standing waves into the solution at a
series of characteristic frequencies, which are the resonance
frequencies of the cell + solution system. At these frequencies,
the voltage delivered by the output transducer goes through
sharp maxima. The ultrasonic absorption coefficient o at the
frequency o corresponding to the central frequency of a max-
imum is related to its full width at half-maximum dw through
Equation 2.11, where c is the ultrasonic velocity in the solu-
tion. The resonator permits absorption measurements in the
frequency range 0.1 to 15 MHz.

o = dw/c (2.11)

In the pulse technique, the two parallel X-cut quartz
plates are at a variable distance.??4046 One transducer sends
pulses of ultrasound of frequency ® through the solution,
where they are attenuated before reaching the second trans-
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ducer (Figure 2.6 bottom). The attenuation is measured as a
function of the transducer separation distance using a com-
parison method. The absorption coefficient at frequency o is
obtained from the attenuation versus distance plot. The pulse
technique permits measurements in the range 5 to 500 MHz.

Overall, these two techniques permit the determination
of relaxation times in the range 0.5 us to 0.3 ns. They have
been used extensively at the early stage of kinetic studies of
micellar solutions for the study of the exchange process of
surfactants with a relatively short alkyl chain and, more
recently, for the study of novel surfactants, including gemini
(dimeric) surfactants. They have also been used for the study
of phase transition in vesicle systems.

Other methods that have been described for absorption
measurements below 100 kHz*" are practically no longer in
use. Indeed, such measurements are tedious and require a
considerable amount of solution. Besides, this time window
is covered by the p-jump and shock tube techniques.

Many of the reported ultrasonic absorption apparatuses
are home-built. The companies Dispersion Technology Inc. (in
the U.S.) and Heath Scientific Co. Ltd. (in the U.K.) manufac-
ture apparatuses.

The principle of the dielectric absorption relaxation tech-
nique is very similar to that of the ultrasonic relaxation. The
coupling between electrical waves and the chemical equilib-
rium occurs through the change of dipole moment associated
with the chemical reaction. The drawback of this method lies
in its extreme sensitivity to all rotational motions occurring
in the system and which all give rise to relaxation signals.
The chemical contributions are then more difficult to extract
and analyze. Nevertheless, the dielectric relaxation has been
recently used for the study of the kinetics of processes occur-
ring in systems of threadlike micelles.*84?

6. Stopped-Flow

Stopped-flow apparatuses permit the fast mixing of two solu-
tions, one of reactant A and the other of reactant B, and the
monitoring of the course of reaction A + B — C. Thus the
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stopped-flow method deals with irreversible reactions and not
equilibria and is not a real chemical relaxation method. Nev-
ertheless, it can be made to work in conditions close to those
prevailing in chemical relaxation methods. For example, two
micellar solutions, one slightly below cmc, the other slightly
above cmec, can be mixed and the micelle breakdown moni-
tored. Similarly, one can induce a jump of ionic strength or
pH. One can also mix two populations of identical micelles,
vesicles, or microemulsion droplets containing reactive solu-
bilizates and follow the course of the reaction between these
solubilizates, thereby obtaining information on the rate of
collisions between aggregates and/or on the rate of exit of the
solubilizate from the aggregates. The main interest in the
stopped-flow method is that it permits perturbations through
composition jumps.

The solutions to be mixed are placed in two syringes, the
pistons of which are actuated by a pneumatic system. The
solutions flow into a mixing chamber, where intimate mixing
is achieved in 1 to 5 ms, and then into an observation chamber,
where the reaction is monitored by a conductivity or optical
detection (changes of circular dichroism, optical density, opti-
cal rotation and fluorescence intensity, for instance have been
used for this purpose).®® A mixing system where the mixing
time has been reduced to 10 us has been reported.>°

The stopped-flow method has been used to study the
kinetics of micelle formation/breakdown in surfactant solu-
tions (see Chapter 3), of the exchange process in micellar
solutions of amphiphilic block copolymers (see Chapter 4,
Sections IV and V), and also of collisions between droplets in
microemulsions (see Chapter 5, Section VL.F). It has been also
used to study the kinetics of the vesicle-to-micelle transfor-
mation (see Chapter 6) and of various types of chemical reac-
tions performed in micelles or microemulsion droplets (see
Chapter 10). The stopped-flow method has also been used to
study the rate of dissolution of oil or water in microemulsions
(see Chapter 5, Section VII.C). In such studies the syringe
that contains the oil or water to be solubilized is of a much
smaller diameter than that containing the microemulsion.
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This permits mixing with a volume ratio of the mixed solu-
tions as large as 100.

Recently stopped-flow devices have been inserted in syn-
chrotron small angle x-ray scattering?’?! and in small angle
neutron scattering®® machines to monitor kinetics of micelle
breakdown,?! of transitions between mesophases,?” and for-
mation and growth of vesicles.??

Stopped-flow apparatuses are commercially available
from Applied Photophysics Ltd. (in the UK.) or Hi-Tech Sci-
entific (also in the UK., this company also commercializes a
setup for work under high pressure), and Bio-logic (France),
to name a few. The mixing time can vary between 0.5 and 10
ms. Modern stopped-flow apparatuses are equipped with a
diode array detector, which permits the acquisition of the full
absorption spectrum of the system in a very short time. Thus
the kinetics can be followed simultaneously at several wave-
lengths where different reactants or products absorb light.

In some apparatuses, very similar to stopped-flow the
flow of reactants is continuous (continuous flow methods). The
observation of the reaction is integrated. An apparatus based
on this principle has been described that allows the study of
systems with half-time of reaction as short as 5 pus.53

IIl. TIME-RESOLVED LUMINESCENCE
QUENCHING

This method has been used extensively to measure the rate
constant of exit of solubilizates that are phosphorescent or
fluorescent from micelles. For this purpose the solubilizate is
excited by an appropriate means, generally a pulse of laser
light of appropriate wavelength, and brought to its triplet
state. This state is usually long-lived and has a lifetime longer
than the solubilizate residence time in the micelle. If the
intermicellar solution contains a water-soluble quencher of
the triplet state, then an increase of quencher concentration
will result in a decrease of the measured triplet state lifetime
until the point where all excited solubilizates exiting the
micelles are quenched. Almgren et al.>* showed that the mea-
sured lifetime is then equal to the reciprocal of the solubilizate
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exit rate constant k-. Several conditions must be met for the
method to apply:

1. The solubilizate must be mainly located in the
micelles.

2. The quenching of the triplet state of the solubilizate
must take place in the aqueous phase.

3. The solubilizate concentration must be sufficiently
low in order to avoid self-quenching.

4. The dynamics of exchange of the triplet state must
be the same as that of the ground state. This condi-
tion has been checked.??

This method is illustrated in Figure 2.7, which shows the
variation of the phosphorescence decay rate of 1-bromonaph-
thalene solubilized in sodium dodecylsulfate (SDS) micelles
in the presence of an increasing concentration of sodium
nitrite in the aqueous phase. The 1-bromonaphthalene triplet
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Figure 2.7 Variation of the phosphorescence lifetime of 1-bro-
monaphthalene with the sodium nitrite concentration and at SDS
concentration as indicated on the plots. Reproduced from reference
54 with permission of the American Chemical Society.
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is quenched by the nitrite ion.?* The analysis of the results
yielded the value of the exit rate constant of bromonaphtha-
lene from SDS micelles.

Extensions of this method are possible. For instance the
quencher may be micelle-solubilized (biphenyl) and the mol-
ecule giving rise to the triplet may be water-soluble (ace-
tone).5¢ Conditions similar to those described earlier must
apply for the method to be valid in such a situation. Also, both
the probe (1-bromonaphthalene) and the quencher (pyrene)
can reside mainly in the micelles (SDS).57

Another extension of the method makes use of fluorescent
rather than phosphorescent solubilizates (the excited state is
a singlet state instead of a triplet state). Given that fluores-
cence lifetimes are much shorter than phosphorescence life-
times, fluorescent probes or quenchers can be used only for
studies of extremely fast exchanges. The method has also been
extensively used to study collisions with temporary merging
of micelles®® and of microemulsions droplets.>®

The principle of the method is briefly described. Consider
a micellar solution (or a microemulsion) with a micelle-solu-
bilized fluorescent probe. The fluorescence decay plot is linear
and its slope yields the fluorescence lifetime 1, of the probe
in its micellar environment (plot 1 in Figure 2.8). Add a

()

time

Figure 2.8 Variation of the intensity of fluorescence with time for
a micelle-solubilized probe in the absence of quencher (plot 1); in
the presence of a quencher that is insoluble in the intermicellar
solution (plot 2); and in the presence of a quencher that is parti-
tioned between micelles and intermicellar solution (plot 3).
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quencher Q. If the quencher resides in the micelles a long
time compared to t,, the probe lifetime is not affected by the
presence of the quencher, but the time dependence of the
fluorescence intensity is modified and becomes biphasic (plot
2 in Figure 2.8). The fast quenching process occurs in micelles
containing one probe and one (or more) quencher(s). If the
quencher is partitioned between micelles and intermicellar
solution, a micelle containing an excited probe and no
quencher at the time of excitation will have a finite probability
to incorporate a quencher during the probe lifetime. This
results in a fast quenching and in a variation of the slope of
the long time portion of the fluorescence decay curve (plot 3
in Figure 2.8). From this variation one can extract the exit
rate constant of the quencher from a micelle or microemulsion
droplet, or the rate of collision with temporary merging of
microemulsion droplets, depending on the system investi-
gated.60-64

The above methods involve luminescent probes in the
excited state, singlet or triplet. They make use of laser light
for exciting triplet states or of more conventional light sources
for exciting singlet states. Laser flash photolysis setups are
commercially available, such as those from Applied Photo-
physics (U.K.). Fluorescence quenching studies require pho-
ton-counting apparatuses that are available from EGG Ortec
and Photon Technology International (U.S.) or Photochemical
Research Associates (Canada).

A closely related method for the investigation of the
exchange process of both surfactants and solubilizates uses
radicals of the surfactant or of the solubilizate rather than
excited states. Pulse radiolysis uses electron pulses that gen-
erate hydroxyl radicals in water. These radicals react with
the surfactant or solubilizate to give a surfactant or solubili-
zate radical.’> A scavenger of these radicals — for instance,
Fe(CN)* — present in the aqueous phase is bleached by the
radical exiting the micelles. The analysis of the change of the
apparent absorption of the solution with the time at different
quencher concentrations permits one to obtain the exit rate
constant of the surfactant or solubilizate radical. In another
pulse radiolysis study, the presence of a scavenger was not
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required as the surfactant adsorbed in the near UV.%¢ The
method is unfortunately restricted to the availability of a
source of high-energy electrons (several MeV), not often avail-
able on campuses or research laboratories.

IV. NUCLEAR MAGNETIC RESONANCE (NMR)

Several properties probed in NMR spectroscopy can be used
to study the rate of chemical processes. This section is
restricted to the most easily accessible properties: the NMR
chemical shifts and the line width of resonance signals.®”

If a nucleus has a finite lifetime in a given state, the
NMR resonance signal corresponding to this nucleus is broad-
ened. The broadening, characterized by the width dm of the
band, is related to the lifetime 1 of the nucleus in this state
by: 0w = h/2nt. If the nucleus exists in two states (for instance,
micellar M and nonmicellar F states) and exchanges between
the two states (as surfactants in micellar solutions), the NMR
spectra depend on the rate at which the nucleus is exchanged
and the lifetimes 1) and 7 of the nucleus in the two states,
as compared to the NMR time scale.” The NMR time scale
depends on the nucleus used and on the characteristics of the
NMR spectrometer, mainly its frequency of operation.®®

Suppose that the exchange process between the two
states is extremely slow on the NMR time scale — that is,
both 1y, and 1tz are much larger than (0 — w7, 0p and
being the resonance frequencies of the nucleus in states F
and M. The NMR spectrum of the system then consists of two
bands centered at frequencies wp and w, and broadened by
the nucleus exchange between the two states. If the two sig-
nals are well separated, their broadening can be analyzed
with existing theories to extract the lifetime of each state.

If the exchange is very fast — that is, if 1y and 17 are
much smaller than (wy — wy)?! — the two resonance signals
collapse into a single one centered at an intermediate fre-
quency given by

Wy = Pr0r + POy (2.12)
with
pr=1-py = /(T + Tp) (2.13)
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pr and py; represent the fractions of nuclei in states F and M
(or more generally in the two exchanging states).

If the exchange is slow enough to contribute to the width
of the signal but is still well beyond the rate corresponding
to the slow exchange (separated signals), the signal is not
completely collapsed. Its analysis also yields information on
the lifetimes in the two states.

In the special case where pp = pyy — that is, equal pop-
ulations in the two states — the equations become particu-
larly simple as 1y = Ty = 1. For micellar solutions the situation
of equal populations corresponds to a surfactant concentration
equal to twice the critical micellization concentration.%® At
this concentration 1/t = AASw/2, where AAdw is the difference
between the linewidths of the monomer signal at twice the
cmc (broadened by the exchange) and below the cmc (no
exchange).® The coalescence of the two signals into a single
one then occurs when 1 = 2%5/(wp — wy). The NMR method
provides an easy access to the rate constant for surfactant
and solubilizate exchange. It has been recently used to dem-
onstrate that gemini (dimeric) surfactants exchange much
more slowly between micelles and bulk phase than conven-
tional surfactants of the same chain length.% Figure 2.9 illus-
trates the NMR spectra obtained with such surfactants. The
presence of two broad signals in the spectra of micellar solu-
tions of the gemini surfactants 14-2-14 and 18-2-8 indicates
slow surfactant exchange. The single broad signal observed
with the shorter chain gemini surfactant 12-2-12 is indicative
of fast exchange on the NMR time scale.

The advent of spectrometer operating at increasingly
higher frequencies and the variety of nuclei that can be used
to probe exchange processes in micellar solutions and micro-
emulsions will undoubtedly lead to an increased use of NMR
for the study of these processes.

The self-diffusion coefficients of the different chemical
species present in a solution can be measured using the so-
called pulsed field gradient Fourrier-transform NMR (PFG-
FT NMR) spectroscopy.” The diffusion coefficients do not give
direct access to the dynamics of the processes of exchange or
micelle formation-breakdown. They can nevertheless be use-
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Figure 2.9 Part of the 400 MHz 'H NMR spectra of gemini sur-
factants in D,0 at 25°C. The signals observed are those of the
N+CH,CH,N* protons (3.92 ppm in the bulk phase and 4.03—4.13
ppm in micelles). (a), (b) and (c): surfactant 14-2-14 at 0.25 mM,
0.167 mM and 0.125 mM; (d) surfactant 18-2-8 at 0.5 mM; (e)
surfactant 12-2-12 at 1.25 mM. Reproduced from Reference 69 with
permission of the Royal Society of Chemistry.

ful for revealing certain dynamic aspects of the investigated
micellar solutions.

V. ELECTRON SPIN RESONANCE (ESR)

Just like NMR, ESR is sensitive to exchange phenomena. This
also results in a broadening and shift of the ESR lines. How-
ever, since electrons rather than nuclei are now involved, the
time scale of processes that can be probed by ESR is shifted
to much shorter values. Typically exchange processes with
characteristic times between 10 us and 1 ns can be probed by
ESR."™ The main problem in using ESR is that it requires
spin-labeled surfactants. The process investigated is then the
exchange of the spin-labeled surfactant and not that of the
surfactant of interest.
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The exchange of surfactants between free and micellar
states can be observed in the ESR spectra and quantitatively
analyzed provided that interference with spin exchange can
be excluded and that the spin exchange rate is within the
range 10°-107 Hz. The second condition corresponds to the
slow exchange condition in ESR where the lines are just
broadened but not shifted. Figure 2.10 shows the shape of the
spectra of an ESR probe in various situations.”

Using the same approximations as in the Aniansson and
Wall treatment of the surfactant exchange process” the mono-
mer lifetime 1), has been shown to be given by™

1/t = k*(C — cme)/N (2.14)

where k+ is the rate constant for the association of one sur-
factant to a micelle of aggregation number N and C is the
surfactant concentration. In this manner the value of k* is

E.S.R spectra
micelle

2N

Oradical

/\/
4

U

Figure 2.10 ESR spectra of a nitroxide radical solubilized in
micelles (top), dissolved in water (bottom), and exchanging between
micelles and water (middle). Reproduced from Reference 72 with
permission of Springer Verlag.
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easily obtained from measurements of line broadening as a
function of the surfactant concentration. One can then obtain
all the dynamic characteristics of the investigated surfactant.
As noted earlier, the ESR method only yields information on
spin-labeled surfactants. This information can be easily com-
pared to that for unlabeled surfactants, and one can then
check that both unlabeled and labeled surfactants behave
similarly.

Vl. RHEOLOGY

The use of rheological methods as tools for the study of the
dynamics of surfactants self-assemblies is illustrated by the
following two examples.

The first example concerns surfactants that give rise in
aqueous solutions to very elongated micelles, the so-called
“giant” micelles, which are rather flexible and can be micron-
long (see Chapter 1, Section III.B). The solutions of giant
micelles possess specific rheological properties. For instance,
they can display shear-induced viscoelasticity, i.e., they
become viscoelastic at above a critical shear rate (see Chapter
9, Section VI). They are often viscoelastic, and an applied
stress may relax with a single relaxation time, a very surpris-
ing result in view of the large polydispersity of giant micelles
(see Chapter 9, Sections III and IV). This time has been
related to the time after which a giant micelle breaks revers-
ibly into two daughter micelles.”® In the case of systems
showing shear-induced structuring, rheological methods may
also be able to provide information on the formation of ringlike
micelles.”” The second example is that of “associative poly-
mers,” which are hydrophilic polymers with some pendent
hydrophobic grafts. Associative polymers can give rise to
extremely viscous or viscoelastic aqueous solutions and even
to gels because hydrophobic grafts from several polymers can
self-associate, thereby forming hydrophobic microdomains
and giving rise to a network. Rheological studies of viscoelas-
tic solutions of associative polymers have shown that they
also sometimes relax with a single time constant.” This time
has been related to the time required for the exit of one
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hydrophobic graft from the microdomain to which it belongs."®
The rate of exit of one hydrophobic graft from a micelle then
becomes an important characteristic of the rheological behav-
ior of the system. The rheology of these systems is an
extremely important property when it comes to practical
aspects such as their handling and uses. It is therefore not
surprising that their rheological properties have been exten-
sively investigated with the aim of identifying the processes
responsible for their special behavior and extracting informa-
tion on their dynamics.

Rheological studies show some similarities with chemical
relaxation studies. For instance, a rectangular shear rate is
applied and the relaxation of the stress is monitored. This
directly yields the stress relaxation time(s). One can also
apply a sinusoidal deformation or strain of angular frequency
. The response of the system is a two-component sinusoidal
shear stress. The first component is in phase with the strain
and corresponds to the elastic (storage) properties of the sys-
tem. The second component is out of phase with the strain
with a phase angle 6, and corresponds to the viscous loss in
the system. These quantities give access to the storage (elas-
tic) modulus G'(w) and to the loss (viscous) modulus G"(w),
with G" (0)/G'(w) = tgd. As in the case of chemical relaxation
methods with harmonic perturbation, the variations of G' (®)
and G" (o) with o yield the relaxation time(s) of the system.

A large number of rheological instruments (viscometers
or rheometers) are commercially available from many compa-
nies: Paar (Austria), Rheometrics and Carrimed (U.S.), Con-
traves (Switzerland), and Haake (Germany), to name a few.
These instruments differ by their geometry (capillary
arrangement coaxial cylinder, cone-plate, and rolling-ball),
the type of perturbation, and the range of frequency available
in the case of sinusoidal perturbation. These instruments
measure quantities from which one can calculate the main
rheological parameters such as shear stress or strain, viscos-
ity, and modulus. The commercial apparatuses permit one to
cover the time range between, say, 1 ms and hundreds of
seconds. More details on rheological methods can be found in
Chapter 9, Section IV.B.
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VII. MISCELLANEOUS METHODS

This section briefly introduces two techniques that seem to
have potential for the study of micellar kinetics.

A. Capillary Wave Propagation

The propagation of capillary waves at the surface of surfac-
tant solutions is influenced by the adsorption of the surfac-
tant. The damping of the waves yields information on the
mechanism of surfactant adsorption. If the surfactant adsorp-
tion occurs from a micellar solution and if the adsorption is
somehow coupled to the micelle formation/breakdown, then
the study of the damping of capillary waves may provide
information on the kinetics of this process. Recent results
suggest that such is the case.” An apparatus for the genera-
tion of capillary waves and measurement of their damping
has been described.”™ The fitting of the data to the available
theories yielded values of the relaxation time for the micelle
formation/breakdown in fair agreement with the values mea-
sured by p-jump or T-jump. The main drawback of the method
is its enormous sensitivity to the presence of hydrophobic
impurities that all adsorb at the surface and greatly perturb
the damping of capillary waves. Its advantage over measure-
ments of dynamic surface tension measurements for the study
of micelle kinetics is that the perturbation brought to the
system for the generation of capillary waves is extremely
small and that the response of the system can be dealt with
using the linear approximation, as in chemical relaxation.
Dynamic surface tension measurements usually involve a
strong perturbation of the system under study and lead to
the appearence of nonlinear hydrodynamic phenomena that
may complicate the analysis of the data in view of extracting
information on micelle kinetics.

B. Fluctuation Spectroscopy

The fluctuations of the electrical potential between two elec-
trodes placed in two cells filled with a micellar solution and
connected by a capillary tube are expected to be affected by
the micelle lifetime. Indeed, the fluctuations should differ
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Figure 2.11 Time scales of the methods reviewed in this chapter.

depending on whether the micelle lifetime is shorter or longer
than the time required for diffusion through the tube.® Thus
the technique can in principle be used to study micelle kinetics.

VIII. CONCLUSIONS

Figure 2.11 concludes this chapter by schematically repre-
senting the time ranges covered by the methods reviewed in
this chapter.
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l. INTRODUCTION

In aqueous solutions, surfactants self-associate into micelles
at a concentration above the critical micellization concentra-
tion (cmce). The formation of micelles is a cooperative process
that is well described by the mass action law. Micelles can be
considered as chemical species that are in equilibrium with
free (nonmicellized) surfactant. These various aspects are
briefly reviewed in Chapter 1.

Much was known about the equilibrium properties of
micellar solutions of surfactants in 1964, but very little was
known about the dynamics of these systems. In this chapter
dynamics is mainly used to refer to the rate at which micelles
form or break down, or the time a surfactant remains in a
micelle. At that time only qualitative statements could be
made about these processes, namely that the rate at which
micelles form or break down was rather fast, or in other words,
the lifetime of a micelle was short. Indeed, it had been realized
that when a micellar solution was diluted below the cmc, the
micelles disappeared instantaneously at the time scale of this
experiment, i.e., seconds. Besides, ESR experiments using
spin-labeled surfactants had shown that the residence time
of labeled surfactants in micelles was short. In 1964 the chem-
ical relaxation techniques (see Chapter 2, Section II), which
had been in full use for the previous ten years for the study
of the kinetics of fast elementary steps in chemical reaction
mechanisms,! started to be applied to micellar solutions. The
stopped-flow (SF) technique with conductance readout was
the first one used to probe the kinetics of micelles.?2 The exper-
iments showed that the rate of micelle breakdown was fast,
with a half-life of reaction shorter than 10 ms (dead time of
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the SF apparatus used). The same year, NMR experiments
showed that a single resonance peak characterized micellar
solutions, indicating that the exchange of the surfactant
between free and micellized states was fast, in the submilli-
second time scale.? In 1965 studies of micellar solutions by
pressure-jump (p-jump)* and SF? provided further evidence
for the fast breakdown of micelles but yielded no reliable
values of the relaxation times. It was only in 1966, with the
first investigation performed by means of the temperature-
jump (Tjump) technique, that a relaxation process associated
with micellar equilibria was clearly observed and values of
relaxation times reported.® This process was assigned to the
reversible exit (or dissociation) of one surfactant from the
most probable micelle Ay (A refers to a surfactant and N =
micelle aggregation number) according to

Ay Ay, +A (3.1)

This reaction can also be considered as that by which
one surfactant is exchanged between the two micelles Ay and
Ay;- It is often referred to as surfactant exchange.

In the years that followed until around 1974, many chem-
ical relaxation studies of micellar systems were reported. A
number of studies of ionic and nonionic surfactants were
performed by T-jump, p-jump, and SF.”-13 The observed relax-
ation process (relaxation time > 50 us) was assigned to reac-
tion (3.1) or to a micelle reorganization. A second group of
studies of ionic surfactants used ultrasonic absorption relax-
ation techniques (Chapter 2, Section I1.D.5).141° The observed
relaxation processes were characterized by relaxation times
much shorter than 1 us and assigned to either the surfactant
exchange'*16 (i.e., same assignment as in References 6-12) or
reactions of counterion association/dissociation to/from
micelles.'81 The confusion that existed until 1974 concerning
the dynamics of micelles and the origins of the observed relax-
ations is summarized in a short report presented at a NATO
Advanced Institute held in 1974.20

The situation dramatically changed between the end of
1973 and early 1975. First, a p-jump and shock-tube (ST)
study?! showed unambiguously that micellar solutions are
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characterized by fwo well separated relaxation processes
whereas, thus far, all studies had reported the observation of
only one process. It was also shown that the slow process is
much affected by the presence of impurities. Second, several
authors?-24 independently assigned the fast process to reac-
tion (3.1), as in References 14-16, and the slow process to the
micelle formation/breakdown that can be schematically rep-
resented by the single-step reaction (3.2). Nakagawa?? was
the first to associate the relaxation processes with shifts of
the distribution curve of the micelle aggregation number N,
versus s (s = number of surfactants per micelle) along the s-
axis, induced by the applied perturbation. Last but not least,
Aniansson and Wall?* derived the first analytical expressions
of the relaxation times characterizing the two processes based
on this assignment. Micelles were assumed to form and break
down through a series of steps involving one surfactant at a
time, as in reaction (3.1).

NA = Ay (3.2)

Extensive chemical relaxation data for solutions of ionic
surfactants were first interpreted on the basis of this theory
in 1976.% The conclusions reported in this study still consti-
tute the basis for the present understanding of the dynamics
of micelles. The treatment of Aniansson and Wall was later
refined and extended to ionic surfactant micelles, taking into
account the presence of the counterions and of added electro-
Iyte.26:27 It was also extended to include fragmentation/coag-
ulation (or fission/fusion) reactions (3.3) by which a micelle
A, can break into two daughter micelles A; and A; (with s =i
+ j), and conversely.?®

A, ZA +A (3.3)

The contribution of reactions (3.3) to the micelle kinetics
becomes important for systems where collisions between
aggregates are possible. These very useful extensions permit-
ted a more thorough analysis of the chemical relaxation
results but did not affect the main conclusions reached in
1976. The theory was also extended in the direction of mixed
micelles.?”29-31 It predicted the existence of three relaxation
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processes: two fast ones associated with the entry/exit of the
two surfactants into/from mixed micelles and a slow process
due to the formation/breakdown of the mixed micelles.

The very large number of chemical relaxation studies of
micellar solutions of conventional surfactants reported since
1976, including some studies of surfactants in nonaqueous
solvents, all confirmed the conclusions reached in Reference
25. The most recent studies of micellar dynamics concern
aqueous solutions and two new types of surfactants: the
dimeric (gemini) surfactants (see Sections III.B.7 and III.C)
and the amphiphilic block copolymers (see Chapter 4). These
surfactants deviate from the general behavior reported for
conventional surfactants.

Thus far only processes involving motion of the surfac-
tant as a whole have been mentioned. Other processes may
occur in micellar solutions: internal motion of the surfactant
alkyl chains within the micelles; exchange of counterions
between free and micelle-bound states; and fast changes of
micelle shape, among others. Also in the case of solubilized
systems, i.e., micellar solutions that have solubilized com-
pounds that are sparingly soluble in water, the solubilizate
may exchange between micelles and the intermicellar solu-
tion. The dynamics of the exchange of counterions and of
solubilizates are reviewed later. The dynamics of internal
motions of the surfactant alkyl chains are not dealt with in
this chapter, but some information and references can be
found in Chapter 5, Section V. Some information on the
fluctuations of micelle shapes can be found in Chapter 1,
Section III.B.

The chapter is organized as follows. Section II briefly
recalls the theoretical aspects of micellar dynamics and the
expressions of the relaxation times characterizing the main
relaxation processes (surfactant exchange, micelle forma-
tion/breakdown). Section III reviews studies of micellar kinet-
ics of various types of surfactants: conventional surfactants
with a hydrocarbon chain, surfactants with a fluorinated
chain, and gemini (dimeric) surfactants. Section IV deals with
mixed micellar solutions. Section V considers the dynamics of
solubilized systems. Section VI reviews the dynamics of sur-



Dynamics in Micellar Solutions of Surfactants 81

factant aggregates bound to polymers. Section VII deals with
the dynamics of miscellaneous processes. Section VIII consid-
ers the relevance of micellar kinetics in practical aspects of
surfactant solutions. Section IX concludes this chapter.

The dynamics of micelles of amphiphilic block copolymers
(macromolecular surfactants) of even relatively small size is
reviewed in Chapter 4.

Il. SURFACTANT EXCHANGE AND MICELLE
FORMATION/BREAKDOWN:
THEORETICAL ASPECTS

This section recalls the main aspects of the derivation of the
expressions of the relaxation times for the surfactant
exchange process and for the micelle formation/breakdown as
done by Aniansson and Wall?* in 1974 and 1975, and the main
extensions of this theory by Kahlweit et al.?62® and Hall?” in
the years that followed.

A. Aniansson and Wall Theory of
Micellar Kinetics

1. Basic Assumptions

The authors start from the experimentally well-established fact
that relatively dilute micellar solutions are characterized by
two well-separated relaxation processes. They attribute the fast
process to the exchange of a surfactant A between aggregates
(micelles) A, and A, as in reaction (3.4), with the rate constants
of association (entry), ki, and dissociation (exit), kj:

kg
AL +A = A (3.4)
k

s

They also assign the slow process to the micelle forma-
tion/breakdown (global reaction (3.2)) and assume that this
reaction takes place via a series of stepwise reactions (3.4).
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Reactions (3.3) of fragmentation/coagulation are excluded. The
contribution of the counterions is not included.

The authors proceed by using a model of micellar solution
at surfactant concentration C > cmc, which is based on the
result of thermodynamic calculations of the aggregate size
distribution curve for fairly dilute micellar systems.3?-3¢ This
curve is represented in Figure 3.1 as a plot of [A,], concentra-
tion of aggregates A,, against s. It shows a minimum and a
maximum, the latter occurring at a value of s close to the
micelle aggregation number N that can be measured by means
of classical methods. The range around s = N corresponds to
the micelles proper.?* The deep minimum in the concentration
of the aggregates between the oligomers (s = 1, 2, ...) and the

(Ar) 7

Figure 3.1 Distribution curve of the micelle aggregation number
and its modifications after a very rapid step perturbation. (a) dis-
tribution curve before perturbation with a maximum at s = N and
a minimum at s = r; (b) state of pseudo-equilibrium of the system
reached upon equilibration of the micelles proper at constant num-
ber of micellar species; (c) final distribution curve reached after
equilibration between micelles and oligomers. Regions 1 and 3 cor-
respond to oligomers and micelles proper. Region 2 is that of the
species around the minimum of the distribution curve.



Dynamics in Micellar Solutions of Surfactants 83

micelles proper is responsible for the two-step relaxation
behavior of micellar systems. Indeed, upon perturbation of
such a system, the micelles proper (and oligomers) undergo
a fast equilibration according to exchange reaction (3.4),
where each micellar species gains or loses a small (fractional)
number of monomers. This process qualitatively results in a
shift of the range of micelles proper of the distribution from
the initial curve a to curve b in Figure 3.1 and leaves the
number of micelles constant. However, the distribution curve
b corresponds to a state of pseudo-equilibrium, as the equi-
librium between oligomers and micelles proper did not have
time to be reached during the fast exchange process. This
equilibration leads to the equilibrium distribution curve e,
which corresponds to the final state of the system and neces-
sarily involves the formation or breakdown of some micelles,
depending on the surfactant and type of perturbation. This
equilibration involves many steps, such as reaction (3.4), and
thus requires a much longer time than the exchange process.
Also, it involves the premicellar aggregates A, at the mini-
mum of the size distribution curve. The concentration of these
species determines the rate of micelle formation-breakdown.
In this respect micellization is analogous to a nucleation pro-
cess. It is clear that the deeper the minimum in the A, versus
s curve, the more separated the two relaxation processes on
the time scale. Conversely, the disappearance of the minimum
leads to the coalescence of the two relaxation processes. This
is the case of indefinite self-association (polymerization or
open association, as in stacking processes), which is charac-
terized by a more or less wide distribution of relaxation
times®-37 rather than by two discrete ranges of relaxation
times.

Aniansson and Wall?* pointed out the analogy existing
between the response of a micellar system to a sudden per-
turbation and heat conduction (through diffusion) in a system
constituted by two metal blocks (oligomers and micelles
proper) connected by a thin wire (aggregates around the dis-
tribution curve minimum). When heat is provided to the sys-
tem, a fast thermal equilibration occurs within each block,
owing to their large heat conductivity. Then the thermal equi-
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librium between the two blocks is slowly established via heat
flow through the connecting wire.

In fact, Aniansson and Wall showed that the analogy
between micellar kinetics and diffusion phenomena goes quite
far by introducing into the rate equations corresponding to
reaction (4) the relative concentration change &, upon pertur-
bation, and the quantity J, which is analogous to a flux, given by

& = {[A] — [A]e9)/[A e (3.5)

Js =- ks [As]eq[is - &s—l (1 + E‘:l) - gl] (36)

where [A ]* is the equilibrium concentration of A, On the
assumption of small perturbations (relaxation condition) and
of a size distribution curve large enough for s to be treated
as a continuous variable, the rate equations corresponding to
reactions (4) become

Jo=-k [AJe = and--T [AJe (3.7)

s = -
S S t

These equations are formally identical to Fick’s laws for
diffusion in a tube. The space coordinate, the diffusion coeffi-
cient, the concentration, and the section of the tube identify
tos, k., & and [A]e

2. Relaxation Time for the Exchange Process
The following assumptions were made by Aniansson and Wall:

(1) The amplitude of the perturbation is small.

(2) There is no exchange of surfactants between oligomers
and micelles proper during the exchange process.

(8) The shape of the distribution curve around the max-
imum is Gaussian, that is

[A] = [A]%xp[-(N — 8)%/207] (3.8)

where o2 is the variance of the distribution. This
assumption is consistent with theoretical calculations
of the size distribution function for dilute solutions:3*
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(4) The rate constants ki and k; are independent of s
and equal to k* and k- in the range of micelles proper.
This assumption reduces the spectrum of relaxation
times associated with the fast process to a single
relaxation time, given by

1/7; = (k/6%) + (k"/N)a (3.9)

In Equation 3.9 N is the average micelle aggregation
number, that is, the average number of surfactants making
up a micelle, a quantity that is experimentally accessible by
a number of techniques. a is the reduced surfactant concen-
tration given by

a = (C = [A,])/[A, ]« (3.10)

To a first approximation, the free surfactant concentra-
tion [A,]*¢ can be taken as the cmc. Thus, 1/, should increase
linearly with C provided that all other quantities in Equation
3.9 are independent of C. From such plots, one can obtain k-
and o?, provided that N is known. Notice that Ty = N/k- is
the average residence time of a given surfactant in the micelle
whereas 1/k- is the residence time of any surfactant in the
micelles. The variance o2 characterizes the micelle polydis-
persity. Moreover, since [A,]*9=cmc, k* can be obtained from

k+*= k-/eme (3.11)

Most of the assumptions, particularly (3) and (4) under
which Equation 3.9 was derived, were later relaxed.?® Thus
Equation 3.9 was shown to remain valid if k¥ and k; vary
linearly with s.38 Numerical calculations showed that very
large deviations from a linear dependence of the two rate
constants on s are required in order that the fast process be
characterized by more than one experimentally accessible
relaxation time.?®4% An expression of 1, in the case of not very
small perturbations was also derived.

Criticism*!' concerning the validity of assumption (2) was
shown to be unfounded.?83%42 Nevertheless, it is noteworthy
that Equation 3.9 strictly applies only to nonionic surfactants
and dilute micellar solutions.?743-45
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Aniansson*® further derived the expression of the surfac-
tant residence time T} in a micelle of aggregation number N:

Ty = N/k- = (1,%/D)exp(e/ksT) (3.12)

where D is the diffusion coefficient of the free surfactant,
is a molecular distance (0.1-0.2 nm) and ¢ is the free energy
of dissociation of one surfactant from the micelle. The model
used suggested that € should vary with the surfactant alkyl
chain length (characterized by its carbon number m) exactly

as the free energy of transfer AG(; of the surfactant alkyl chain

from the micelle core to water, that is, linearly with m. The
free energy increment per methylene group should have the

same value for € and AG?I.

3. Relaxation Time for the Micelle
Formation/Breakdown

The main assumption underlying Aniansson and Wall treat-
ment is that micelles form or break down only via a series of
stepwise reactions (4).2* Assumptions (2)—(3) are also made in
the calculations.

The aggregation space (s-axis) is divided in three regions
(Figure 3.1). Region 1 (1 < s < ;) corresponds to the oligomers;
region 2 (s; < s < 8,) is that of the premicellar aggregates that
are present at very low concentration; and region 3 (s > s,)
corresponds to the micelles proper. The authors assume that
the species in region 2 contribute negligibly to the mass-
balance equation and that the flux J, in region 2 is indepen-
dent of s (see Equation 3.7). Under such assumptions, at
concentrations above, say, 2 cmc, the following expression was
obtained:

1/1, = N2{R[A ]*?¢[1 + (6*/N)a}?! (3.13)
with

R= @ (k[4])' (3.14)

s+l
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R is similar to a resistance opposed by the system to the
transfer of monomers between regions 1 and 3. The value of
R determines that of 1,. The dependence of R on the concen-
tration of the species in region 2 suggests that t, can be used
to obtain information on these species, which are present at
a very low level.

Changes in 1/1, with C in situations corresponding to
various positions of the minimum of the distribution curve
and lengths of region 2 have been simulated.?® The simula-
tions have shown that, in the case of a long narrow passage
and for 6%/N around 1 (as experimentally found, see Section
IT1.B.6), 1/t, goes through a maximum with increasing con-
centration, a very unusual variation for a reciprocal relax-
ation time (see Figure 3.2). The maximum disappears and is
replaced by a decrease of 1/1, with increasing C in the case
of a short narrow passage at s = 20 and for 6N = 1. Simu-
lations confirmed that very little material is transferred
between regions 1 and 3 in the course of time during the fast
relaxation process.3%42

The last contribution of Aniansson*’ to micellar dynamics
before his untimely death in 1984 was the derivation of the
relationship between the micelle lifetime T); and 1, in the case
of dilute micellar solutions:

Ty = Nt,a/[1 + (6¥N)al (3.15)

As stated by Aniansson, “except close to the cmc a/[1 +
(6%/N)a] is of the order of one so that generally the order of
magnitude of the micelle lifetime is determined by the product
N1,.747 Since N is often close to 100, the micelle lifetime is
therefore much longer than T,.

B. Extension of the Theory to lonic Surfactants
with or without Added Salt

1. Exchange Process

If only reactions (4) contribute to the exchange process, the
expression of 1, for ionic surfactants in the presence of added
salt is given by Equation 3.16:
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Figure 3.2 Variation of 1/R[1 + (6%/N)a] « 1/1, with a for a short
region 2 around s = 20 (low value) and 6%N = 1 (curve 1) and 5
(curve 2); a short region 2 around s = 80 (high value) and %N = 1
(curve 3) and 5 (curve 4); and a long region 2 between s = 20 and s
= 80 and %N = 1 (curve 5) and 5 (curve 6). The value 6N = 1
characterizes most micellar solutions at concentrations close to the
cme, where the micelles are nearly monodisperse; the value 6%N =
5 corresponds to systems of higher polydispersity (high surfactant
concentration and/or presence of added salt). Adapted and repro-
duced from Reference 25 with permission of the American Chemical
Society.

/7, = (k'/6?) + (k/N)aF (3.16)
with
F=1+1-0*1+ oa) + 2y[A]« (3.17)

This expression of 1/1, is very similar to Equation 3.9
except for the correcting term F. In Equation 3.17 o is the
experimentally accessible micelle ionization degree and y=
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0.587/b(1 + b)?> with b = ([A ]*¢ + m/)®, m, being the concen-
tration of added salt.?” The expression of F' for ionic surfac-
tants in the absence of added salt (i.e., with no y term) was
derived independently by Lessner et al.,?® by including the
counterions in writing the mass action law, and by Wall and
Elvingson,?® using a mixed micellization approach.

In Equation 3.16, ¢ is given by Equation 3.10. The
assumption [A;]*¢ =cmc made above does not hold for ionic
surfactants at concentrations C larger than, say, twice the
cmc, where [A;]®¢ < cmec. [A;]®9 can be obtained at each value
of the concentrations of surfactant and added salt by elec-
trochemical measurements using surfactant ion-specific
electrodes.*® If this setup is not available, fairly accurate
values of [A;]®*¢ can be obtained by solving Equation
3.18:26.27,49

[A ]*9 = eme{l +o(C — [A,]*0)/[A ]eg}1 - /2-)  (3.18)

Thus the approximation [A,]*d=cmc that was made in
many of the early studies of micellar solutions of ionic sur-
factants can be largely avoided, using Equation 3.18 or per-
forming direct measurements of [A,]ed.

2. Micelle Formation/Breakdown

a. Micelle Formation/Breakdown
Through Stepwise Reactions (3.4) Only

Expressions of 1, for ionic surfactant solutions in the presence
of added electrolyte have been reported.26-284345 Reference 26
reports the following expression

1/1, = N2(1 + wARIA][1 + (1 + w)(c2/N)al} (3.19)

where the correcting term pu = (1 + o)?[A,]*¥/[X], [X] is the
concentration of free counterions.

b. Micelle Formation/Breakdown via
Fragmentation/Coagulation Reactions
(3.3) and Stepwise Reactions (3.4)

The inclusion of fragmentation/coagulation reactions
(3.3) to the theory of the dynamics of the micelle forma-
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tion/breakdown process has been carried out by Kahlweit et
al.,284450 after an earlier attempt by Coleen.5! The contribution
of such reactions becomes significant in all systems where the
intermicellar interactions are attractive or very weakly repul-
sive such as nonionic surfactants, ionic surfactants at high
surfactant concentration and/or ionic strength, or in the pres-
ence of divalent counterions and water-in-oil microemulsions.

The treatment of Kahlweit et al.?®4450 makes use of the
fact that since the mass-action law is unaltered, the contri-
butions of reactions (3) and (4) to the relaxation of the system
add in the same manner as parallel resistances:

In Equation 3.20 15, corresponds to reactions (4) and is
given by Equation 3.13, and t,, corresponds to reactions (3),
also referred to as fusion-fission processes, and is given by

1115, = BNa/[1 + (6¥N)al (3.21)

In Equation 3.21 B is a measure of the mean dissociation
rate constant for reactions (3). Its expression is obtained using
DLVO theory. The authors showed that

q1

1ty = Q(IX1/[417) " + Q. (IX1/[X])" (3.22)

Q; and Q, are two constants; [X], is the concentration of
free counterions at the onset of coagulation; and q, and q, are
two positive numbers. As a result, the change in 1/1, with the
concentration of surfactant and/or added salt is expected to
be V-shaped and to level off as [X] tends toward [X],. This
behavior that has been repeatedly reported for concentrated
surfactant solutions and at high salt concentration (see Sec-
tion ITI.C). A similar expression of 1/1, was derived by Hall?!
using the formalism of the thermodynamics of irreversible
processes.

c. Additional Treatments of
Coagulation/Fragmentation Processes

The kinetics of fragmentation/coagulation reactions is
extremely important for the understanding of the rheological
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properties of solutions of the so-called wormlike or threadlike
micelles (see Section III.D and Chapter 9). In their calculations,
Kahlweit et al. assumed that the probability of micelle break-
down was independent of the surfactant concentration, that is,
of the micelle length. This assumption has been criticized.5%53
Besides Kahlweit assumed that reactions (3) involve only the
premicellar aggregates in region 2 in Figure 3.1.

Turner and Cates® assumed an exponential distribution
of micelle lengths and a rate constant of breakdown of a
micelle into two daughter micelles that is proportional to the
mean micelle length <L>. The resulting relaxation time is
given by

1/z, = 2k <L> (3.23)

In Equation 3.23 k, is the rate constant of micelle frag-
mentation (or fission) expressed in (sxunit length).

Waton®? derived the general expression (3.24) for this
relaxation time. This expression applies to different types of
distribution of micelle lengths.53

1/7, = k/[dlogN/dlog(C-cmc)] (3.24)

In this equation k; is the mean rate constant of fission. Equa-
tion 3.24 yields Equation 3.23 in the case of an exponential
distribution of micelle lengths.

C. Relaxation Amplitudes

Expressions for the amplitudes of the fast and slow relaxation
processes characterizing micellar solutions have been derived
for the ultrasonic relaxation techniques for the fast exchange
process®% and for jump techniques (T-jump, p-jump, SF) for
the two relaxation processes.?6:2857-65 [n an effort to save space,
these expressions are not given here. Nevertheless, it is
recalled that the analysis of the amplitudes of the relaxation
signals can be useful in several respects (see Chapter 2, Sec-
tion I1.C). For instance, if the relaxation process responsible
for the observed relaxation signal is identified, the analysis
of the relaxation amplitudes can provide the values of ther-
modynamic quantities characterizing the process. For micel-
lar solutions, the amplitude of the ultrasonic relaxation yields
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the value of the isentropic volume change associated to the
transfer of one surfactant from water to micelle®-%¢ (see Chap-
ter 2, Section I1.D.5). Likewise, the relaxation amplitude of
the slow process as obtained in p-jump and T-jump can be
used to determine the values of the volume change and
enthalpy change, respectively, associated with this process
(see Chapter 2, Sections I1.D.1 and I1.D.2). Further, the anal-
ysis of the relaxation amplitudes measured for the slow pro-
cess by T-jump, p-jump, and SF were shown to provide
information on the changes of the micelle aggregation number
with temperature,®® pressure,?® and concentration,®* respec-
tively.

Just as importantly, the variation of the relaxation ampli-
tude with relevant parameters can permit a choice between
two possible sets of assumptions used in deriving expressions
of the relaxation times and amplitudes. This has been the
case in the early stage of studies of micellar solutions by
chemical relaxation methods. A controversy arose about an
important approximation made in analyzing the relaxation
due to the micelle formation/breakdown.??¢% Chan et al.5860
assumed that during the slow process the micelle aggregation
number retained the value reached at the end of the fast
relaxation, contrary to Aniansson and Wall.?4%° It was later
shown for several surfactants that the relaxation amplitude
of this process, as measured in p-jump experiments with a
conductivity readout, goes through the value zero twice as «a
= (C — eme)/C is increased.®1-%5 Teubner et al.®! recognized that
this behavior is correctly predicted with the set of assump-
tions used in Aniansson and Wall calculations, but not with
that in Chan et al.5"%8

D. Extension to Mixed Micelles

Aniansson? showed that mixed micellar solutions of binary
surfactant mixtures are characterized by three relaxation pro-
cesses: two fast processes associated with the exchange of the
two surfactants between mixed micelles and bulk phase (1,
and 1,,) and a slow process associated with the forma-
tion/breakdown of the mixed micelles (t,). The basic assump-
tions and the methods used to derive the expressions of the
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three relaxation times were very similar to those used for
single-component micelles.?* In particular, the size distribution
curve of the mixed micelles was assumed to be doubly Gauss-
ian. Simulations yielded variations of the relaxation times
qualitatively similar to those for one component micelles: 1/7,;
and 1/1,, increase nearly linearly with concentration, whereas
the variations of 1/t, are complex and depend much on the
characteristics of the narrow passage between oligomers and
micelles proper.

The theoretical aspects of the kinetics of two-component
micelles based on the stepwise association model were later
extended to high surfactant concentrations.?%-66 This model
applies to binary mixtures of nonionic surfactants as well as
to one ionic surfactant, the surfactant ion and its counterion
then being the two components of the system.

The thermodynamics of irreversible processes was also
used to derive very general expressions of the relaxation times
for mixed micellar solutions (two surfactants).?”3! Unfortu-
nately, these expressions are not easy to handle.

E. Other Theoretical Treatments of
Micellar Kinetics

The first theoretical treatment of the exchange process was
of phenomenological character and assumed a simultaneous
exchange of several surfactants between micelles and bulk
phase.!’® The reported expression of T, bears much resem-
blance to Equation 3.9. Sams et al.%” derived an expression of
T, on the assumption that the rate constants for the associa-
tion/dissociation of one surfactant to/from an aggregate A, are
proportional to i. This assumption was later shown to be not
valid. Inoue et al.®® have tried to incorporate the features of
Aniansson and Wall treatment and those of Sams et al. in a
unified theory of the fast exchange. This treatment suffers
from the same shortcomings as that of Sams et al. and yields
unrealistic values of the rate constants k* and k-.

Inoue et al.?® also derived an expression of T, by using
the stepwise association/dissociation reactions (4), including
the counterions and assuming all reaction steps to be fast
except an intermediate step that is slow and rate-limiting.
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This treatment was used to explain the effect of salt on 1, at
a time where the treatments in Section I1.B.2.b had not been
reported.

The relaxation of micellar solutions has been recently
simulated.” The simulated behavior was found to be in good
agreement with that predicted by Aniansson and Wall.?*

I1l.  SURFACTANT EXCHANGE AND MICELLE
FORMATION/BREAKDOWN:
EXPERIMENTAL ASPECTS

This section reviews the main experimental results for the
exchange process and micelle formation/breakdown for solu-
tions of pure surfactants, in the absence of additives other than
salts. The surfactants considered are the conventional surfac-
tants (one head group/one hydrocarbon chain and one head
group/two hydrocarbon chains), the perfluorinated surfactants
(one head group/one perfluorocarbon chain), and the gemini
(dimeric) surfactants (two head groups/two alkyl chains).

A. General Observations

Two relaxation processes were evidenced for a large number
of surfactants by using two relaxation techniques or, in favor-
able instances, a single one. Examples of conventional sur-
factants: sodium dodecylsulfate (shock tube (ST)?% or
ultrasonic relaxation (USR)® and p-jump!’'?); sodium tet-
radecyl- and hexadecylsulfates (ST and p-jump??); alkylpy-
ridinium sulfates (ST and p-jump); alkylpyridinium halides
(ST and p-jump®); alkylammonium halides (ST and p-jump);
surfactants with divalent counterions (T-jump, p-jump, SF);
two-chain surfactants (USR,”® SF, and p-jump?®); nonionic sur-
factants (T-jump’”"8). Examples of perfluoronated surfac-
tants: perfluorononanoate with various counterions (p-jump,
T-jump, and SF7). Examples of dimeric surfactants: the
alkanediyl-o,w-bis(dodecyldimethylammonium bromide) (p-
jump and ST89).

In all instances where it could be measured, the relax-
ation time for the surfactant exchange process was found to
obey Equation 3.9, that is, 1/1, increased linearly with the
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surfactant concentration C close to the cmec. Deviations
showed up at higher concentration. The variations of 1/1, with
C are illustrated in Figure 3.3 for sodium tetradecylsulfate
(STS). The linear variation at low C is obvious, as well as the
departure from linearity at higher C. The origin of this devi-
ation probably lies in the fact that the results are plotted as
1/1, against C whereas, according to Equation 3.9, 1/1, should
be plotted against a, that is C/[A,]*¢ (see Equation 3.10). For
ionic surfactants [A,]® decreases upon increasing C.*® Thus
the curvature toward the ordinate axis seen in Figure 3.3 is
expected to be decreased or eliminated if 1/1, is plotted against
C/[A,]¢e. Unfortunately, this was not done at the time the
results were reported. Other effects may contribute to a non-
linear variation of 1/t, at high C: change of micelle size and
shape, interactions, etc. In the case of anionic surfactants such
as the alkylcarboxylates with alkali metal counterions!6” and
alkylsulfates with tetraalkylammonium counterions®! 1/t
depends only little on the nature of the counterion. However
1/, clearly depends on the nature of the counterion when the
counterion is lyophobic or can be considered as a short sur-
factant ion.82:8 This is, of course, due to the fact that one is
then dealing with systems that are somewhat similar to mixed
micellar systems. 1/t; decreases rapidly upon increasing
length of the surfactant alkyl chain, as would be expected for
the surfactant exchange process.’?> It has been noticed that
for a series of homologous surfactants — for instance, the
sodium alkylsulfates or the potassium alkylcarboxylates —
the 1/1, vs C plots for the different alkyl chains nearly fall on
a single line when plotted in the same graph.?58* 1/1; increases
moderately with temperature (see Figure 3.3 and Reference
17) and in the presence of added salt with the same counterion
as the surfactant.?6:8586 All these variations were shown to be
consistent with an assignment of the fast relaxation process
to the surfactant exchange between micelles and bulk phase.
As a general rule, 1/1, varies in the same manner as [A,]* =
cmce with most of the system parameters, such as the surfac-
tant chain length and concentration, the nature of the coun-
terion, and the salt concentration. 1/1, is little affected by the
presence of a small amount of impurities.
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Figure 3.3 Sodium tetradecylsulfate (STS): variations of 1/1; and
1/1, with the surfactant concentration at different temperatures.
Reproduced from Reference 25 with permission of the American

Chemical Society.
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The reported variations of the relaxation time 1, with
concentration were shown to be very sensitive to the origin
of the sample of surfactant, that is, to the nature and content
of possible impurities, as expected for a process analogous to
a nucleation. This is illustrated in Figure 3.4 by the results
reported for different samples for SDS.111321.87 Folger et al.?!
showed that indeed the presence of a small amount of a
surfactant homologue with a longer chain and also, in the
case of SDS, of dodecanol formed by the hydrolysis of the
surfactant, can dramatically affect the values of 1/1, (see Fig-
ure 3.5). The values of 1, are very much affected by temper-

500 -

400

300 -

11, (571)

200 -

100 -

1 1 1 1
6 7 8 9 10 11 12 13 14
C (mM)

Figure 3.4 Sodium dodecylsulfate: variation of 1/1, with the sur-
factant concentration at 20°C from Reference 21 ([]); Ref. 13(0);
Reference 11 (x), and Reference 87 (A). Reproduced from Reference
21 with permission of Verlag Chemie GmbH.
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Figure 3.5 Sodium dodecylsulfate: variation of 1/1, with the sur-
factant concentration at 25°C in the presence of additives simulating
impurities (STS: sodium tetradecylsulfate; DOH: dodecanol). Repro-
duced from Reference 21 with permission of Verlag Chemie GmbH.

ature, as can be seen in Figure 3.3. It is noteworthy that in
spite of the great sensitivity of 1/1, to the parameters just
discussed, several studies showed that different relaxation
techniques measure the same value of 1/1, when the pertur-
bation is small enough.%27788-90 Also, when monitoring the
slow relaxation using a micelle-solubilized dye and a spectro-
photometric detection (see Chapter 2, Section II.D.1), the
same value of 1, is measured than when using a different
technique, provided that the [dye]/[surfactant] ratio is small
enough.8%90 The variations of 1/1, are also dramatically
affected both qualitatively and quantitatively by additions of
salt, as is illustrated in Figure 3.6 for additions of KBr to
dodecylpyridinium bromide.% The rapid variations of 1/1, in
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Figure 3.6 Dodecylpyridinium chloride: Variation of 1/1, with the
surfactant concentration at 25°C in the absence of KBr (A, T-jump);
in the presence of 0.10 mM KBr (o, Tjump; @ p-jump); and in the
presence of 50 mM KBr (+, Tjump). Reproduced from Reference 88
with permission of the American Chemical Society.

Figure 3.6 can be partly explained by changes of length of
region 2 in Figure 3.1 and of the position of the minimum of
the distribution curve (see the simulations represented in
Figure 3.2) and/or, more likely, by the increased contribution
of fragmentation/coagulation reactions (3) to the micelle for-
mation/breakdown at high concentrations of surfactant and/or
added salt.

Three types of studies confirm the existence of this contri-
bution. First, for the water/SDS/NaClO, system, the different
1/1, vs C plots obtained at various NaClO, contents collapsed
into a single plot when 1/1, was plotted against the total coun-
terion (Na*) concentration in the system (see Figure 3.7), as
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Figure 3.7 Sodium dodecylsulfate: variation of 1/1, with the coun-
terion (Na*) concentration at 25°C in pure water (o) and in the
presence of sodium perchlorate at concentration (O) 10 mM; ((J) 20
mM; (V) 50 mM; (¢) 100 mM and (A) 200 mM. Reproduced from
Reference 44 with permission of Elsevier/Academic Press.

expected on the basis of Equation 3.22.4* Second, correlations
were shown to exist between the variations of the micelle dif-
fusion coefficient D (inversely proportional to micelle size,
obtained from dynamic light scattering experiments), of the
variance v of the micelle distribution (indicative of the micelle
polydispersity, also obtained from dynamic light scattering
experiments), of the rate constant k,,; characterizing the trans-
fer of material between micelles through collisions (obtained
from time-resolved fluorescence quenching; see Chapter 2, Sec-
tion III) and of 1/1, in the case of aqueous surfactant solutions®!
and of ternary surfactant/alcohol/water systems.?? The third
result comes from a stopped-flow study of excimer disappear-
ance when a micellar solution of the nonionic surfactant Triton
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X100 with micelles loaded with a pyrene-labeled diheptadecyl
triglyceride was mixed with an identical Triton X100 solution
containing no probe.? The residence time of the probe in the
micelles was extremely long. The disappearance of the excimer
band after mixing indicated that the micelles were able to col-
lide, fuse temporarily, and then separate. Probe was exchanged
during the time the micelles remained fused. The rate constant
for fusion was estimated to be 1.15x10° M-ls'l. This value is
much lower than for a diffusion-controlled process involving the
micelles (estimated at 6 x10° Ms!). The same experiments
performed with SDS showed no change of excimer intensity over
several months, but excimer disappearance was observed with
SDS solutions in the presence of added NaCl that screens inter-
micellar repulsion and thus permits collisions between
micelles.?* These results show the efficiency of the micelle elec-
trical charge in preventing collisions between micelles.

B. Information Gained from Studies of the
Exchange Process

The linear part of the variation of 1/t, with C, close to the
cme, has been used to obtain the values of the rate constants
k* and k- for the association and dissociation of one surfactant
to/from a micelle and of the distribution width ¢ (see Equation
3.9), using known or estimated values of the mean micelle
aggregation N. Many values of k* and k- have been
reported.2526:62,71-76,78-83,85.86,95-103 Taple 3.1 lists values for rep-
resentative anionic, cationic (including dimeric), nonionic and
zwitterionic surfactants. Note that the values listed in Table
3.1 have been obtained from an analysis of the 1/1; vs. C data
using Equation 3.9 or Equation 3.16, which is more correct
for the ionic surfactants considered here. The two types of
analysis yield data than can differ by much more than the
experimental error, as noted in several studies.”’19L192 Algo
the errors involved in the different methods used for measur-
ing 1, can be very different. The main conclusions are as
follows:

1. For all the listed surfactants, except the entries
38-40 that refer to long-chain dimeric surfactants
discussed below, the values of k* fall, say, between 2
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x 108 and 4 x10° M's7, irrespective of the nature of
the surfactant head group (ionic, nonionic, zwitteri-
onic), chain length (from C;H;; to C,sHj,, in the case
of the alkyltrimethylammonium bromides, entries
22-26, for instance), nature of the chain (hydrocarbon
or perfluorocarbon, as in entries 46—48), and number
of chains (entries 33-35 refer to two-chain surfac-
tants). Such values are close to those calculated for
a diffusion-controlled process. This means that the
rate of association of a surfactant to a micelle proper
is nearly equal to the rate of collisions between free
surfactants and micelles. The energy barrier to asso-
ciation is low, some 1-3 27T depending on the surfac-
tant.

. The values of k- depend mainly on the surfactant

chain length characterized by its carbon number m,
just like the cmc of the surfactant (see entries 1-5,
9, and 13; entries 22—-26; entries 36 and 39; entries
44 and 45). As a general rule k- decreases by a factor
close to 3 per additional methylene group in the alkyl
chain for single-chain surfactants, as can be seen
from the results in Table 3.1 for series of homologous
surfactants having hydrocarbon chains. Recall that
k- is directly related to the residence time of a surfac-
tant in a micelle Ty = N/k-, that is, to the reciprocal
of the slope of the plot of 1/1; vs. a. Since the energy
barrier to surfactant association is low, Equation 3.12
predicts a linear variation of logTy with the alkyl
chain carbon number m that is well verified by the
results plotted in Figure 3.8. The lines for several
surfactant series run parallel. Their slopes yield a
free energy increment per CH, that is close to the
free energy of transfer of a CH, from micelles to
water, obtained from a log cmc versus m plot.

Another important parameter is the nature of the
alkyl chain: for the same m value perfluorocarbon
chains are characterized by much lower cmc and k-
values than hydrocarbon chains (compare entries 2
and 46 or 3 and 48). Recall that in terms of values of
the cmc and of free energy of transfer from water to
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Figure 3.8 Variation of the residence time of surfactants in micelles
with the carbon number m of the alkyl chain at 25°C for sodium
alkylsulfates (A); sodium alkylsulfonates (®); sodium alkylcarboxy-
lates (H); potassium alkylcarboxylates ([]); alkylammonium chlorides
(+); alkyltrimethylammonium chlorides (V); alkylpyridinium chlorides
(O); alkylpyridinium bromides (e); Adapted from Reference 84.

micelle, one CF, group is equivalent to 1.5 CH,, group.
However, a perfluorocarbon surfactant and a hydro-
carbon surfactant having nearly the same cmc value
also have the same k- values within a factor 2 (see
entries 5, 23, 45, and 47 and results in Reference 103).
The effect of the nature of the counterion on the value
of k- is small (see, for instance, entries 6-8, 9—12 and
References 95 and 103). However, some differences
can be seen when the counterion is a small surfactant
ion as in entries 27-31: k- and the cmc decrease by
factors close to 10 and 5, respectively, in going from
the methyl to the pentyl sulfonate counterion.

. The dynamics of the surfactant exchange is little

affected upon increasing the ionic strength of the
solution. Thus k* is slightly increased and k- is
slightly decreased in the presence of a salt having
the same counterion as the surfactant.226.7485,86,101
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4. The substitution of H,O by D,O has little effect on

the surfactant exchange.**1% For instance, for STS,
N decreased from 44 to 31, the cme decreased from
2.21 to 1.94 mM, and k- decreased from 7x105 to 5.76
x10%s! in going from H,0O to D,0.4° The rate constant
k+* is also decreased because the viscosity of D,O is
larger than for H,0, as expected for a diffusion-con-
trolled process.1%4

. The enthalpy of association of one surfactant with a

micelle proper, obtained from the dependence of k- on
temperature, is negative, indicating an exothermal
process.?®

. The values of o, width of the aggregation number

distribution curve permit the calculation of the
micelle polydispersity, defined as the ratio of the
weight-average (N,) and number-average (N,)
micelle aggregation numbers, from: N /N, = 1 +
(o/N)2. For most of the entries in Table 3.1 the micelle
polydispersity is low. This is because most of the
measurements refer to surfactant concentrations
close to the cmc, at which the micelles are generally
small and spheroidal and, thus, of rather low poly-
dispersity.?* For these systems it has been observed
that 6%N is close to unity.?®

. The behavior of dimeric surfactants is quite interest-

ing. The short-chain dimeric surfactants 8-3-8 and 8-
6-8 (entries 36 and 37) show k* values in the 10° M-
sl range like most conventional surfactants. How-
ever, the long-chain dimeric surfactants (entries
38—-40) have k* values much lower than for a diffu-
sion-controlled process. The association is no longer
controlled by diffusion, and the barrier to association
is of about 5kKT. Another interesting feature is the
significant increase of both k* and k- as the length of
the polymethylene spacer (CH,), is increased. This
variation has been attributed to the increased con-
formational freedom of the spacer.°

. The knowledge accumulated on the exchange process

in aqueous surfactant solutions has been used to
investigate the conformation of the alkyl chain of
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10.

bolaform surfactants of the alkanediyl-o,m-bis (trim-
ethylammonium bromide) in the micelles.!% It was
tentatively concluded that the alkanediyl chains
making up the micelle core are folded.

. Data for many other surfactants have been reported:

sodium alkylsulfates;!%6197 sodium hexylsulfate and
hexylammonium chloride in brine solution;!® octylam-
monium chloride, octyltrimethylammonium chloride
and bromide, and sodium and potassium caprylates;'%
sodium p-(1-propylnonyl)benzenesulfonate;'? dode-
cylpyridinium chloride and bromide;'"! heptylammo-
nium chloride;!'? nonionic surfactants C,H,,,,,
(OCH,CH,),OH with various m and n values;!3114
perfluorinated anionic surfactants;!’® and cationic
surfactants with a perfluoroalkylcarboxylate counte-
rion.!16117 Some of these data must be reanalyzed
using Equation 3.9 or, if the required data are avail-
able, Equation 3.16, in order to extract meaningful
rate constants.

Other methods than chemical relaxation methods
have been used to determine the rate constants k*
and k-. ESR (see Chapter 2, Section V) has been used
to investigate the exchange of spin-labeled
surfactants® and lipids.!'® The spin-labeled surfac-
tant was found to have values of the cmc and k- that
did not differ much from those for the corresponding
unlabeled surfactant.’® The values of k* for spin-
labeled lecithins with decyl and dodecyl chains were
found to be 4.8 x10% and 1.2 x 10%® M-ls'!, respec-
tively.!® These values are somewhat smaller than for
the two-chain surfactants, entries 34 and 35 in Table
3.1. The difference may be due to the very large size
of the lecithin head groups. The value of the exit rate
constant k- of surfactant radicals (dodecylsulfate
radical!’?® and 1-(6-dodecylbenzenesulfonate)
radical®') from micelles have been determined by
pulse radiolysis (see Chapter 2, Section III) and found
to be in good agreement with those from chemical
relaxation methods. Time-resolved phosphorescence
quenching (see Chapter 2, Section III) yielded values
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of k* and k- for naphthalene-labeled decyltrimethy-
lammonium bromide that are comparable to those
obtained by chemical relaxation methods for the
unlabeled surfactant considering the bulkiness of the
phosphorescent naphthoyl group label.'?? F NMR
has been used to determine the exit rate constant of
the perfluorooctanesulfonate anion from its
micelles.'?® The result is in good agreement with that
for comparable surfactants obtained from chemical
relaxation studies.”™103115 A gimilar study has been
performed for perfluoroheptanoate salts, perfluoro-
heptanoic acid and its ethoxylated amines,'?* and also
for hybrid surfactants with separate hydrocarbon
and perfluorocarbon chains.!?® In this last study the
authors were able to determine the residence time of
the terminal perfluoromethyl group and of the o-CF,
group in the micelles. In another F NMR study of
the hybrid surfactant C4F,;C;H,CH(C,H,,)OSO5;Na*
the residence time of the surfactant in the micelle, 2
ms, was claimed to be unusually long!?6 However the
cme of this surfactant, 0.34 mM, is smaller than for
sodium hexadecylsulfate and the value 2 ms is not
that unexpected.

The literature shows two studies that report values
of k- and k* that are several orders of magnitude
smaller than for a diffusion-controlled process. The
first study concerns gangliosides, complex surfac-
tants with two very long alkyl chains and a very large
sugar head group. The reported values of the cmc and
k12" yield k* values between 104 and 10 M-'s-1. The
fact that the chains of the investigated gangliosides
melt at about 20°C may explain the reported
results.’?® The second study concerns the perfluori-
nated surfactants C,F,, ,C(OONH(CH,CH,0O) H.'?»°
9F NMR experiments indicated a very slow exchange
between free and micellized surfactants and yielded
a value of about 1.1 s for the mean lifetime of the
surfactant with m = 6 and n = 2. These surfactants
were later shown to form very large aggregates, per-
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haps a cubic phase, characterized by a very slow
surfactant exchange process.!?*

The chemical relaxation studies of micellar kinetics
have been extended to surfactant solutions in water
+ glycerol™ and in pure organic solvents such n-
alkanes®-132 and formamide.!3® In all instances the
characteristics of the exchange process were found to
be similar to those in water with 1/1, increasing lin-
early with C. The analysis of the results on the basis
of Equation 3.9 or (16) yielded values of k*, indicating
a nearly diffusion-controlled association and values
of k- that correlated well with those of the cmc in the
investigated solvents. In organic solvents the changes
of k- with chain length are much smaller than in
water. This is readily explained on the basis of Equa-
tion 3.12. Indeed the free energy of transfer per CH,
group from the micelles to the organic solvent is
smaller than for the transfer to water.

NMR has been used to determine the exchange rates
and lifetimes of phospholipids in reverse micelles
formed in organic solvents in the presence of water.
The residence time of the unsaturated dilinoleylphos-
phatidylcholine molecule in a micelle was found to
be close to that of a monomer in bulk solution in
benzene, around 30 ms.!3* For the saturated dipalm-
itoylphosphatidylcholine, the residence time in a
micelle was about twice as long.

There have been some studies of the dynamics of self-
association of drugs by the USR method as the pro-
cesses are very rapid.!35136 The results were analyzed
in terms of the Aniansson and Wall theory and indi-
cated a diffusion-controlled association.

The surfactant exit rate constant from the aggregates
present in the discontinuous (micellar) cubic phase
formed by some surfactants at high concentration has
been determined by NMR self-diffusion.'3%.138 The
reported values of k- compare well with those
obtained in the case of micellar solutions.
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C. Information Gained from Studies of the
Micelle Formation/Breakdown

As for 7, the relaxation time T, for micelle formation/break-
down has been measured for a large number of surfactants,
under a variety of experimental conditions, using mainly the
T-jump, p-jump, and SF techniques.25-26,28,49,58,62,69,71-74,
76-80,87-89,106,113,115-117.139 The results show that 1, can vary widely,
from tenths of milliseconds to minutes, depending on the com-
position of the system (nature and concentration of the surfac-
tant and additives), the temperature, the pressure, and the
concentration of added salt (see Figure 3.9). Since the micelle
lifetime T, is proportional to N1, (see Equation 3.15), it means
that Ty, also varies in a wide range, from tens of milliseconds
to tens of minutes, depending on the experimental conditions.
Very long lifetimes have been inferred for dimeric (gemini)
surfactant micelles.®°

15 40°

log (1/15)

1.0 35°

0.5 %0

X
25°

0 05 10 15 20 2.
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Figure 3.9 Sodium tetradecylsulfate (STS): variations of 1/1, with
the concentration of added NaCl at different temperatures. Repro-
duced from Reference 25 with permission of the American Chemical
Society.
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As pointed out in Subsection II.A.3, the values of 1, can
be used to obtain information on the premicellar aggregates
A, at the minimum s = r of the micelle size distribution curve
(see Figure 3.1), provided the measurements are performed
on dilute solutions, where micelle formation/breakdown pro-
ceeds via stepwise reactions (4). The data were generally
analyzed under the simplifying assumption that the concen-
tration of the aggregates A, is much smaller than that of the
other species in the narrow passage and k; = k- 25 Equation
3.14 then reduces to

R =~ 1/k[A,] o {[A,]e0)~ (3.25)

On these assumptions, the aggregation number r at the
minimum in Figure 3.1 was obtained from the values of 1, by
various independent methods, particularly from the variation
of 1, with the concentration of added salt (see Figure 3.9).25:73.74
For all of the surfactants investigated, r was found to be in
the range 7 to 10.2573,74.82.83,139 Thig is an extremely important
finding that confirms the validity of theoretical treatments of
micellization.32-34140

Another important result is that [A,] is very small, in the
range of 1010 to 10-1* M, for conventional surfactants.?3:74.8283
This result supports a posteriori the assumption that the
aggregates in region 2 of the size distribution curve (see Fig-
ure 3.1) can be considered to be in a stationary state.?’

The activation enthalpy @H; of 1, is always very large,
up to 200 kJ/mol (see Figure 3.10).25727490 Syuch large values
reflect the fact that r surfactants are involved in forming the
aggregate A. They also indicate that the enthalpy of incorpo-
ration of a surfactant into a premicellar aggregate in region
2 is endothermic, contrary to the incorporation of a surfactant
into a micelle proper (see Subsection II1.B.5). This explains
why the overall heat of micellization, which is an average over
all association steps, is often small.25-82.83

The 1/1, versus C plots usually show a plateau at very
low C, close to the cmc (see Figure 3.3), then a decrease upon
increasing (C21,25.658,106 i golutions of conventional ionic sur-
factants as well as in solutions of ionic gemini (dimeric) sur-
factants.?° However, at a higher value of C, which depends on
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Figure 3.10 Tetradecylpyridinium bromide: effect of additions of
KBr on the value of AHY, activation enthalpy of 1/1,, at surfactant
concentration 8 mM (+); 2 mM (O) and 1.2 mM (A). (e) Value in the
absence of KBr. The broken vertical lines indicate the limiting values
of AH} obtained from nonlinear variations of 1/t, with 1/T. Repro-
duced from Reference 90 with permission of Elsevier/Academic
Press.

the surfactant and on the experimental conditions, 1/1, goes
through a minimum, then increases with C.262843.44¢ The min-
imum is shifted to lower values of C upon increasing ionic
strength?6284344 or with the addition of divalent or trivalent
counterions.”™ The representation of the results in a doubly
logarithmic plot yields a V-shaped curve for the intermediate-
to-high range of concentration (see Figure 3.7). The increase
of 1/, observed at high C was attributed to the fact that
micelle formation/breakdown is now occurring via fragmen-
tation/coagulation reactions (3) rather than via stepwise reac-
tions (4). The overall variation of 1/1, with C is well predicted
by Equation 3.22. The large decrease of @H}, activation
enthalpy of 1/1,, upon addition of salt (see Figure 3.10) sup-
ports the above explanation.™®% The fitting of the plots in
Figure 3.7 to Equations 3.20-3.22 is generally very good and
yields an estimate of the Hamaker constant of the expected
order of magnitude.?® Besides, the fitting of the increasing
branch of the plot yields a value of the mean breakdown rate
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constant 3 (see Equation 3.21) of about 10 s for solutions of
SDS in the presence of added NaClO,.?® Note that at the high
SDS and NaClO, concentrations used in this study, the SDS
micelles were probably elongated and thus polydisperse. It is
shown in the next paragraph that the rate constant for the
breakdown of threadlike (giant) micelles determined from
rheological measurements is also in this range.

Contrary to the complex variation noted for ionic surfac-
tants, the 1/1, versus C plot for nonionic surfactants shows a
somewhat linear increase with C.%1%7%.7® This behavior sug-
gests that micelle formation/breakdown occurs at least partly
via reactions of fragmentation/coagulation. The much weaker
electrostatic repulsion between micelles is probably responsi-
ble for this behavior.** Also, the trough in the size distribution
curve may not be as deep as for ionic surfactants.

The effect of temperature on the values of 1, can be quite
strong, as noted earlier. In contrast, the effect of pressure
appears to be rather weak.!41-142 For instance, for sodium tet-
radecylsulfate at 25°C, 1/, increased from 53 to 89 s! as the
pressure was increased from 10 to about 7000 Pa.42

The amplitudes of the relaxation associated with the
micelle formation/breakdown have been used to study the
dependence of the aggregation number of several surfactants
on temperature,® pressure,?® and concentration of surfactant
or added salt.®* The values of 8logN/dp and of dlogN/S6T
obtained in this manner agreed with reported values obtained
from completely different measurements.

D. Dynamics of Giant Micelles

Many surfactants can form giant micelles also called worm-
like or threadlike micelles (see Chapter 1, Section III.B). In
some conditions the giant micelles can be branched or in the
form of closed rings. The solutions of giant micelles are often
viscoelastic and sometimes display shear-induced viscoelas-
ticity. These two aspects have been much investigated using
rheological methods, and the results are reviewed in Chapter
9. In this section we simply recall some important results and
compare them to the ones discussed in the preceding section.
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We also include some T-jump studies specifically performed
on systems of giant micelles.

Several rheological studies have reported values of the
lifetime of wormlike micelles, that is, the time during which
a wormlike micelle retains its length before breaking into two
daughter micelles. These values generally range between, say,
0.1 and 50 s.143144 their lower range these values are of the
same order as those evaluated for the average rate constant
of micelle fission.*

Coagulation/fragmentation reactions (3) in solutions of
giant micelles of SDS in the presence of NaCl'*> and of CTAB
in the presence of KBr'4¢ has been investigated by T-jump.
Relaxation times in the range of 10 ms to 1 s were reported.
The rate of the reaction of coagulation of two micelles was found
to be in the 10® M1s! range, which is much slower than for a
diffusion-controlled process.*®> The fitting of the relaxation data
using different models of micelle size distribution led to support
a model of elongated micelles where the diameter of the cylin-
drical body of the elongated micelles is smaller than that of the
endcaps.'* The results also showed that when the micelle size
becomes sufficiently large the rate of reversible micelle break-
down controls the rheological properties of the systems.146

The shear-thickening effect observed with some solutions
of giant micelles is still not fully explained, but it has much to
do with the dynamics of the system. The effect is generally
observed after a latency time and is a maximum in terms of
increase of viscosity at a concentration C* close to that where
entanglements start to occur. The latency time depends on the
history of the sample.’*™%° Flow birefringence studies showed
that the shear-thickening transition is associated with the
transformation of the initially anisotropic solution in the qui-
escent state into a strongly oriented phase.® The return to
equilibrium (the disappearance of the anisotropy after cessa-
tion of the perturbation) can be very slow, hundreds of seconds
and more. The effect has been attributed to the formation of
bundles of elongated micelles, mediated by counterions.!?!
Indeed, cryo-TEM showed the formation of such aggregates
upon shearing (see Figure 3.11).152 The critical shear rate would
correspond to the time for debundling. A more fascinating
explanation rests on the existence of interlinked ring micelles
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Figure 3.11 Cryo-TEM image of a solution of the dimeric surfac-
tant 12-2-12 after shear showing giant wormlike micelles and bun-
dles of such micelles indicated by arrows. These bundles were not
seen before shearing. Bar = 1 um. Reproduced from Reference 152
with permission of the American Chemical Society.

in the quiescent state at concentrations below C*.15% Upon
shearing the ring micelles would separate, open, and align in
the flow, rendering the system anisotropic. They may also grow.
The return to equilibrium is, of course, slow as it implies the
reverse of all these processes. The critical shear rate would now
be equal to the time for delinking.

Much work remains to be done on the dynamics of sys-
tems of giant micelles, both from the experimental and theo-
retical viewpoints.

IV. DYNAMICS OF AQUEOUS MIXED
MICELLAR SOLUTIONS

A. Preliminary Remarks

In ideal mixed micellar solutions of two different amphiphiles
(a surfactant or a cosurfactant 1 and a surfactant 2 of longer
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alkyl chain), the theory predicts the existence of two fast
relaxation processes, with the relaxation times 1;; and t,,,
associated with the exchanges of the surfactants 1 and 2 from
the mixed micelles, and of a slower process associated with
the mixed micelle formation/breakdown (see Section
II.C).27,29—31,40,66

In the case where the dissociation rate constants of sur-
factants 1 and 2 fulfill the condition k; >> k,, 1,; is associated
with the exchange of surfactant 1. 1/1,; is given by an equation
similar to Equation 3.9 where ¢ and N are now the variance
and aggregation number of surfactant 1 in the mixed micelles
and a = (C; — Gy 4..)/C, f., C; being the total concentration of
surfactant 1 and C, 4., the concentration of free surfactant 1.
The expression of the relaxation time 1,, associated with the
exchange of surfactant 2 is more complex. It contains the
variance, the aggregation number, the total concentration
and concentration of free surfactants 1 and 2, and also a
term that measures the correlation between the concentra-
tions of surfactants 1 and 2 in the mixed micelles.2930:40.66
Under appropriate experimental conditions and provided the
condition k; >> k, is fulfilled, the available expressions of
1,; and T, can be fitted to the experimental data from chem-
ical relaxation studies to yield meaningful information on
the dynamics of mixed micelles. In the case where k; and
k, are comparable, the expressions of the relaxation times
are extremely complicated.?3%40 Moreover, this corresponds
to an experimental situation where the values of the relax-
ation times can be extracted from the raw data only with
rather large errors. Unfortunately, several of the reported
studies correspond to this situation, owing to the lack of an
adequate theory to use as a guide at the time the measure-
ments were performed.

B. Mixed Systems with Two Surfactants

Studies have been performed using the ultrasonic absorption
relaxation for the study of the surfactant exchange. Mixtures
of sodium nonylsulfate with sodium hexyl- and pentylsulfates
showed more than one relaxation process.'®* However, the
experimental conditions did not permit a determination of the
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relaxation times associated with the exchange of the two
surfactants. Only one relaxation process was observed in mix-
tures of sodium octyl- and nonylsulfates'®* because in this
case k; is rather close to k, and the exchanges of the two
surfactants are strongly coupled (see Table 3.1).

Mixtures of dodecyl- and hexadecyltrimethylammonium
bromides are characterized by one relaxation time,'®® associ-
ated with the exchange of the dodecyl surfactant from the
mixed micelles. Indeed, in this case k; = 10%k, , and the tech-
nique used probed only the faster of the two exchange pro-
cesses. Unfortunately, these data were not analyzed
quantitatively. Similarly, Folger et al.?! observed a single fast
relaxation process in SDS solutions containing small amounts
(mole fraction of 1 to 4%) of STS. The addition of STS
increased the value of 1,. However the addition of the cationic
surfactant dodecylpyridinium chloride to SDS resulted in the
occurrence of a third relaxation process with a very long
relaxation time while the values of 1, and 1, changed only
little. No explanation was given for this result. It is known
that mixtures of oppositely charged surfactants give rise to
very large aggregates, often vesicles. The exchange from ves-
icles may be extremely slow because of the attractive inter-
action between one surfactant and the oppositely charged
ones (see below). Besides vesicles are much more tightly
packed than micelles, and this may further slow down the
exchange.

The ability of alkylpyridinium surfactants (used with the
chloride counterion) to quench the pyrene fluorescence has been
used to obtain the residence time Ty of these surfactants in
various micelles. The residence time of a dodecylpyridinium ion
(DPy*) in micelles of hexadecyltrimethylammonium chloride
was found to be about three times longer than in dodecylpyri-
dinium chloride micelles.'% Although this difference is nearly
within the experimental error, it gives supports to a theory that
predicts a decrease of k- and thus an increase of Ty upon
increasing micelle size.’®” The residence time of the decylpyri-
dinium ion in micelles of Na*,C¢H,,(OCH,CH,);OCH,CO, is
about 20 times larger than in micelles of decylpyridinium chlo-
ride.'®® The difference reflects the effect of electrostatic inter-
actions between the decylpyridinium cation and the micelles,
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attractive with anionic micelles and repulsive with cationic
micelles. The residence time of DPy* was found to be much
larger in lithium dodecylsulfate micelles than in lithium per-
fluorooctanesulfonate micelles.’® The difference reflects the
lesser affinity of the quencher hydrocarbon chain for a perflu-
orocarbon chain than for a hydrocarbon chain.

Studies concerning the micelle formation/breakdown in
mixed micellar solutions are few. Folger et al.?! showed that
small amounts of STS (mole fraction 2-5%) significantly
affected the value of 1, for SDS, particularly at C close to the
cmce (see Figure 3.5). This is expected since micelle forma-
tion/breakdown is similar to a nucleation process. Patist et
al.1% reported that the slow relaxation process in solutions of
SDS became considerably slower upon the addition of alkyl-
trimethylammonium bromides. The largest effect was
obtained with dodecyltrimethylammonium bromide, and the
authors interpreted the results in terms of chain compatibil-
ity. Measurements of the slow relaxation time have been used
to show that solutions of mixtures of some hydrocarbon and
perfluorocarbon surfactants contain two types of mixed
micelles, one rich in hydrocarbon surfactant, the other rich
in perfluorocarbon surfactant.16!

The rate of formation of mixed micelles of two ganglio-
sides was found to be very slow, with a time constant of about
3 hours.’? In these experiments, two micellar solutions of two
different gangliosides were mixed, and the change of scattered
intensity with time reflected the hybridization of the micelles.
Such very large values of 1, are in line with the very small
values of k- reported for gangliosides!??-128 (see Section
III.B.11). When one of the two micellar solutions of ganglio-
side was replaced by a solution of Triton X100, a conventional
nonionic surfactant, the rate of hybridization was very fast.

C. Mixed Systems with One Surfactant and
One Cosurfactant

In most instances the cosurfactant was a medium-chain length
alcohol. The topic has been recently reviewed,%? and only the
main features are presented here. Note that studies of the
dynamics of ternary water/surfactant/cosurfactant systems
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were a prerequisite for the understanding of the dynamics of
the quaternary water/surfactant/cosurfactant/oil microemul-
sions, where the cosurfactant is most often a medium-chain
length alcohol. Most studies were performed using chemical
relaxation methods (ultrasonic relaxation, shock-tube, p-jump,
and T5jump). One study used pulse radiolysis.!2°

Studies that addressed specifically the exchange of the
alcohol used surfactants with an alkyl chain containing 14 or
16 carbons atoms and alcohols not longer than hex-
anol.1%%.164-171 Studies that addressed the effect of the alcohol
on the surfactant exchange used fairly short-chain surfac-
tants (with m = 8-12) and alcohols not longer than hex-
an01‘172,173,174,175

Other studies considered specifically the effect of the
alcohol on the kinetics of micelle formation/break-
down.%2.166,176-182 Spectacular changes of the relaxation time 1,
were evidenced. Note, however, that the three relaxation pro-
cesses expected for a mixed surfactant + alcohol system were
evidenced and investigated for only the tetradecyltrimethy-
lammonium bromide (TTAB)/1-pentanol system.¢6

1. Studies of Surfactant and
Cosurfactant Exchanges

The relaxation time t,; associated with the exchange of the
alcohol was found to be nearly independent of the nature of
the surfactant when using fixed concentrations of alcohol and
surfactant.'%®> The value of 1/1,; was found to increase nearly
linearly with the cosurfactant concentration as theory pre-
dicts (see Figure 3.12).1%4171 Unfortunately, many of the data
reported in the early studies were analyzed using inadequate
theories or the analysis did not yield values of the rate con-
stants.155,164.167-170 Eiyen in studies where the equilibrium data
required for a full analysis of the kinetic data were available,
the interpretation was complicated by the fact that the activ-
ity of the alcohol in the micelles varies rapidly with the num-
ber of alcohol per mixed micelle. The studies where the data
were fully analyzed with existing theories showed behaviors
very similar to those for conventional surfactants. Thus, the
values of the association rate constant k) are in the range of
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Figure 3.12 TTAB/pentanol systems: variation of the relaxation
time associated with the pentanol exchange with the pentanol con-
centration at constant [pentanol]/[TTAB] molar concentration ratio
(+) 0.5; (o) 1.0; and (x) 2. Reproduced from Reference 166 with
permission of Elsevier/Academic Press.

TaBLE 3.2 Values of the Rate Constants for the Alcohol
Exchange

Surfactant?  Alcohol 107k, 109 kf Reference
(s1) (M-1s1)
SDS pentanol 1.9 14 120
SDeSP pentanol 1.2 4.2 172
DTABP pentanol 1.7 7.0 172
CTAB? pentanol 0.84 7.3 172
CTABP hexanol 4 15 171
DeTAB¢ propanol 49 22 173
DeTAB¢ butanol 35 54 173
DeTAB¢ pentanol 17 82 173
TTAB¢ pentanol 100 6 166

2 SDeS and SDS: sodium decyl and dodecyl sulfate; DeTAB, DTAB, TTAB
and CTAB: decyl, dodecyl, tetradecyl and hexadecyl trimethylammo-
nium bromides

b Interpretation of the kinetic data according to Hall’s theory??

¢ Interpretation of the kinetic data according to Aniansson theory?®

109 to 101 M-1s'!, indicating a nearly diffusion-controlled asso-
ciation of the alcohol, whereas the dissociation rate constant
k; decreases upon increasing alcohol chain length (see Table
3.2).163,166,172-174 The values of the rate constant k; determined
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Figure 3.13 Variation of the relaxation time for the TTAB
exchange with the surfactant concentration in water (x); water +
0.2 M butanol (+); and water + 0.1 M pentanol (O) at 5°C. Repro-
duced from Reference 166 with permission of Elsevier/Academic
Press.

using Aniansson theory? or Hall phenomenological theory?’
can be significantly different!63.173 (see Table 3.2). This, how-
ever, does not affect the qualitative conclusions concerning
the exchange of the cosurfactant.

The reciprocal of the relaxation time 1,, characterizing
the surfactant exchange varied linearly with the surfactant
concentration at constant alcohol concentration (see Figure
3.13). The cosurfactant was found to have relatively little
effect on the exchange rate constants k* and k- of the surfac-
tant.166.172-17 Some examples are given in Table 3.3.

2. Studies of the Formation/Breakdown of the
Mixed Cosurfactant/Surfactant Micelles

The length of the cosurfactant alkyl chain (carbon number
m,) has a very strong effect on the relaxation time 1, for the
micelle formation/breakdown. Indeed, the longer the cosur-
factant (alcohol), the more it partitions in the micelles and
the more it affects the micelle size distribution curve. Some
representative results are shown in Figure 3.14 for alcohol
additions to CTAC.1" Similar results were reported for alco-
hol additions to tetradecyl and hexadecylpyridinium
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TaBLE 3.3 Values of the Rate Constants for the Surfactant
Exchange in the Presence of Alcohol?

Surfactant Alcohol 106 k, 108 ki Reference
(s1) (M-1s1)
DeTAB none 300 45 173
DeTAB propanol 140 22 173
DeTAB butanol 110 17 173
DeTAB pentanol 95 15 173
TTAB none 2.4 7 166
TTAB 0.2 M butanol 1.2 5 166
TTAB 0.1 M pentanol 0.76 5 166

2 Interpretation of the kinetic data according to Aniansson theory for mixed
micellization?

0 0.1 02 03 04 05 0.6
[Alcohol] (M)

Figure 3.14 Effect of alcohol on the relaxation time for the micelle
formation/breakdown in 0.3 M CTAC solution: (+) butanol; ((J) pen-
tanol; (x) hexanol; and (e) heptanol. Reproduced from Reference 179
with permission of the American Chemical Society.

chlorides!™ (see Figure 5.2, Chapter 5) and SDS.'7 Short-
chain alcohols up to pentanol induce a monotonic increase
of 1/1,. This increase is very large and can reach a factor of
104 (see Figure 5.2, Chapter 5). Longer chain alcohols show
a more complex behavior, with 1/1, going through a maxi-
mum at an alcohol concentration, which decreases when the
alcohol chain length is increased. Nevertheless, the primary



Dynamics in Micellar Solutions of Surfactants 123

effect of the alcohol, at low alcohol concentration, is an
increase of 1/1,. The relaxation behavior was related to the
solubilization site of the alcohol. Short-chain alcohols at any
concentration and long-chain alcohols at low concentration
are solubilized close at the micelle surface and labilize the
micelles. At higher concentration long-chain alcohols are
solubilized in the micelle core and render the micelles less
labile. They act like oils (see Chapter 5, Section IV.B). The
changes of 1/1, reflect at least qualitatively the changes of
micelle lifetime. Thus the initial effect of the cosurfactant is
to increase the micelle lability.

The explanation of results such as those in Figure 3.14
is rather complicated because alcohols are known to effect all
micellar properties: cmc, micelle aggregation number and ion-
ization degree, etc.'® Besides, the addition of alcohol to a
micellar solution may result in a bimodal distribution of
aggregate size, with a population of alcohol-rich micelles coex-
isting with a population of surfactant-rich micelles.'® This
possibility is supported by dynamic light scattering studies
performed on closely related systems, which showed consid-
erable changes of micelle size and polydispersity.®>17” These
observations combined suggested that alcohol additions can
greatly affect the aggregates A, at the minimum of the size
distribution curve and also the contribution of fragmenta-
tion/coagulation reactions to the micelle formation/breakdown
process. A time-resolved fluorescence quenching study!®°
directly revealed the occurrence of fragmentation/coagulation
reactions at a microsecond time scale, that is, much faster
than in the chemical relaxation studies.!™ It was suggested
that chemical relaxation methods probe fragmentation/coag-
ulation reactions between submicellar aggregates whereas
time-resolved fluorescence quenching reveals reactions
between a micelle proper and a submicellar aggregate.” The
labilizing effect of short-chain alcohols may be of importance
when using surfactant solutions for solubilizing water-insol-
uble compounds or when performing chemical reactions using
micelles as microreactors.

Section IV in Chapter 5 provides further details on the
dynamics of cosurfactant/surfactant mixed micelles.
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V. DYNAMICS OF SOLUBILIZED SYSTEMS

Solubilized systems refer to surfactant solutions in which the
micelles have solubilized compounds (solubilizates) that are
generally poorly soluble in water. Most studies address the
rate constants for the exchange of the solubilizate. A few
studies examine the effect of solubilizate other than cosurfac-
tants on the surfactant exchange and micelle forma-
tion/breakdown.

A. Rate Constants for the Exchange
of the Solubilizate

Time-resolved luminescence quenching,!85-1% flash photoly-
sis,191-1% time-resolved optical spectroscopy,'®® and electron
spin resonance!®1% have been extensively used to measure
the exit rate constants kg of many solubilizates from micelles.
The determination of the rate constant k§ for the association
(entry) of the solubilizate into micelles requires the additional
measurement of the solubilizate binding constant to the
micelles. A number of values of k§ and kg for conventional
solubilizates are listed in Table 3.4. The last five entries in
this table give data for more special solubilizates.209-20¢ The
trends in the values of k§ and kg are qualitatively similar to
those for the exchange of surfactants.

Table 3.4 shows that the association (entry) of aromatic
solubilizates in micelles is very close to being diffusion-con-
trolled, as indicated by the entries 1, 2, and 7-16 for which
k§ isin the 10°-10'° M1s'range. The k§ values are somewhat
smaller for compounds having an alkyl chain as in entries
18-20 but remain close to those for a diffusion-controlled
process. The difference may reflect the detail of the solubili-
zation process: aromatics are solubilized close or at the micelle
surface, in the palisade layer, whereas compounds with an
alkyl chain must have this alkyl chain penetrating in the
micelle core.

Nevertheless, values of k§ both much larger and much
smaller than for a diffusion-controlled process have been
reported. Thus Moroi et al.?% reported for naphthalene and
pyrene values of k§ in the range of 102 and 10! M-!s'!, respec-
tively. These values are in strong disagreement with reported
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ones for the same compounds.!®5.186 The difference may result
from the different surfactant used (dodecylammonium triflu-
oroacetate instead of SDS), but it may also be associated with
the solubilization model used for the quantitative analysis of
the data. The entries 35 and 37 show k* values lower than
for a diffusion-controlled process. These lower values are the
result of electrostatic repulsion between the dye and the
micelles that slows down the dye incorporation.

Table 3.4 shows that the exit rate constant varies very
much with the hydrophobicity of the solubilizate whether it
is aromatic (compare entries 1, 2, and 5; entries 6 and 24) or
aliphatic (see entries 30, 32, and 33) or is aromatic with an
increasing aliphatic moiety (see entries 10, 11, and 23). The
results indicate that an additional methylene group to the
aliphatic part results in a decrease of ks by a factor close to
3, as in the case of surfactants. For a given solubilizate, kg
decreases as the micelle radius increases (see entries 13, 14,
and 16 for xanthone; entries 24-26 for the benzyl radical;
entries 28-31 for the ESR probe). This effect has been
accounted for theoretically by Almgren.'” Entries 1-3 show
a strong decrease of ks upon attaching a bromine or chlorine
atom to naphthalene, again as for surfactants. In many of the
studies performed by TRLQ or FP, the measured exit rate
constant referred to the triplet state of the solubilizate or of
a radical arising from the solubilizate. However, it has been
verified that the values of the partition coefficient of the sol-
ubilizate in the triplet state and in the ground state are
equal.’® It is thus likely that the values of the exchange rate
constants are also the same. Besides the exit rate constant
for toluene (entry 27) and the benzyl radical (entry 25) from
SDS, micelles are nearly equal.1%

The values of k§ and ks have been shown to depend sig-
nificantly on the isomerism of the solubilizate. Thus, ks val-
ues of 2.8 x108, 0.9 x10% and 0.2 x 108 s'! have been reported
for the exit of the 2-, 3-, and 4-nitrophenol, respectively, from
SDS micelles.2%

A detailed analysis of the fluorescence decay of 2-ethyl-
naphthalene in micelles of cationic surfactants has shown
that the probe constantly exchange between the micelle core
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and the head group region with a characteristic time of 5-10
ns.207

The exit rate constants for cyclohexane and p-xylene from
the micelles present in the cubic phase of the sodium
octanoate/octane/water system have been measured by com-
bining TRLQ and NMR self-diffusion data on the system.37
The value found for p-xylene compares well with that deter-
mined on the basis of solubility measurements.18¢

The entry/exit rate constants of alkylpyridinium ions
into/from hexadecyltrimethylammonium chloride and acetate
(CTAC and CTAAc) micelles have been determined by
TRLQ.2°¢ The nature of the surfactant counterion was found
to have only a slight effect on the values of the rate constants.
The effect of the chain length of the alkylpyridinium was
important, and the results showed the usual decrease of ks
by a factor close to 3 per additional methylene group. The rate
constant k§ was around 10° M-'s™! irrespective of the counte-
rion and the alkyl chain length.

The above results suggest that the order of magnitude
of the exit rate constant of a solubilizate from a given surfac-
tant micelle can be estimated from the partition coefficient or
the binding constant K =k§/ksof the solubilizate to the
micelles taking fork§ a value of, say, 3 x10° M-s!. This
method that replaces complex kinetic measurements by sol-
ubility measurements was first proposed by Almgren et al.!86
and shown to yield correct estimates of kg .

The solubilizates considered thus far were of relatively
small size. Some interesting results have started to accumu-
late for solubilizates that are extremely large and very hydro-
phobic. In this case the micelle dynamics can limit the rate
of intermicellar exchange of the solubilizate. We alluded to
this when discussing the occurrence of fragmentation/coagu-
lation processes at the end of Section III.A. The pyrene-labeled
diheptadecyl triglyceride probe is so hydrophobic that it can-
not be exchanged between micelles via the aqueous phase. It
is transported from one micelle to another attached to a small
premicellar aggregate that breaks away from one micelle and
fuses with another one.?3%* These previous stopped-flow stud-
ies have been extended to other nonionic surfactants, the
Synperionic A7 and A50, using the same probe in addition to
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the octyl and dodecylpyrene.??® The reported values of the
incorporation rate constants do not depend on the probe and
are in the range 10° to 106 M-1s'1. These values are in the same
range as those obtained from TRFQ. A rigorous theory of the
use of the stopped-flow method for studies such as those just
discussed has been reported.2!0

Several years earlier in a little-quoted paper it was sug-
gested that pyrene migrates between SDS micelles in the
aqueous phase under the form “clumps” of pyrene with asso-
ciated monomeric surfactants.?!! These clumps can be consid-
ered as premicellar aggregates. Supporting these ideas,
evidence has been reported that the redistribution of dode-
cylpyrene between SDS micelles takes many hours at room
temperature.?!?

Thus the literature has considered only two limiting
cases of solubilizates, those of low to medium hydrophobicity
and those of extremely high hydrophobicity. For the first ones,
the association is close to diffusion-controlled. For the second
one, the association is completely controlled by the dynamics
of the micelles. No exchange may take place even at the time
scale of months (the case of the pyrene diheptadecyltriglycer-
ide probe in SDS solutions?®%) if fragmentation/coagulation
processes do not occur in the system. Note that such processes
may not occur spontaneously but may take place in the pres-
ence of pyrene. It would be interesting to investigate probes
of strong hydrophobicity with exit rate constants comparable
to the rate of fragmentation. This can probably be best done
by using a series of alkylpyrenes.

B. Effect of Solubilizates on the
Micelle Dynamics

There have been few investigations of the effect of aromatic
or alkyl solubilizates on the micellar dynamics. Alkanes have
been found to have almost no effect on the value of the relax-
ation time 1, for the surfactant exchange in micellar solutions
of sodium heptylsulfate and hexylammonium chloride.%®
Likewise, cyclohexane has very little effect on the exchange
in micellar solutions of sodium octylsulfate.?!® In these studies
the amount of solubilizate was relatively small. In contrast,
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a complex variation of 1/t, with the concentration of benzene,
toluene, and p-xylene was reported, with the presence of a
maximum and sometimes also of a minimum in the represen-
tative plots.2!3 It is tempting to relate these variations to the
known solubilization sites of these compounds. Alkanes are
solubilized in the micelle core and would only slightly affect
the exit/entry of the surfactant. The aromatic compounds are
solubilized first in the palisade layer (surface layer of the
micelles) and then in the micelle core once this region is
saturated. The effect of aromatics on t; resembles that of
alcohols on 1, (see Section III.C.2).

The effect of oils on the micelle formation/breakdown
has been essentially performed on mixed alcohol + surfac-
tant micelles in order to be able to solubilize a sufficient
amount of oil in the system.%2.179.180 These studies are
reviewed in detail in Chapter 5, Section IV.B. Here, it will
only be stated that additions of alkanes to mixed alcohol +
surfactant micelles always result in a large decrease of 1/7,,
an effect opposite to that of alcohol additions to pure sur-
factant solutions (see Chapter 5, Figure 5.3). This effect was
attributed to the formation of an oil core and a decrease of
the micelle polydispersity that prevented the occurrence of
fragmentation/coagulation processes. Additions of toluene
resulted in a plot of 1/1, against the toluene concentration
showing a maximum. The initial increase of 1/1, was attrib-
uted to a surface solubilization of toluene at low
concentration. At higher concentration toluene is solubilized
in the core and has an effect similar to that of alkanes. The
maximum was not observed with butylbenzene.'” This inter-
pretation was supported by TRFQ and dynamic light scat-
tering studies of similar systems.9%180

VI. DYNAMICS OF
POLYMER/SURFACTANT SYSTEMS

A. Reminder on Polymer/Surfactant Systems

Surfactants can bind to water-soluble polymers.?4216 In many
instances the binding occurs only when the surfactant con-
centration is larger than a certain value referred to as critical



Dynamics in Micellar Solutions of Surfactants 131

aggregation concentration, or cac, and when the molecular
weight of the polymer is larger than a minimum value corre-
sponding to a degree of polymerization above, say, 20.216 The
cac is generally lower than the cmc. The polymer/surfactant
interaction is cooperative, and the surfactant binds to the
polymer under the form of aggregates that can be referred to
as polymer-bound micelles. The capacity of a polymer to bind
a surfactant is restricted. Generally the investigations show
that above a certain concentration, often referred to as C,,
free micelles appear in the polymer/surfactant system. In the
early studies and in some recent ones as well, the concentra-
tion C, was taken as that where the polymer is saturated by
the bound surfactant. However, it was later shown that the
polymer can still bind a small amount of additional surfactant
at C > C,.217218 The stoichiometry of the binding (amount of
bound surfactant per gram of polymer) has been reported for
a number of systems.

The characteristic of the interaction between a surfactant
and a polymer (occurrence and stoichiometry of the binding,
value of the cac, value of the surfactant aggregation number,
and value of the ionization degree of the bound aggregates,
for instance) depend very much on the nature of both the
surfactant and polymer.214-216 Thus hydrophilic polymers such
as PEO (poly(ethylene oxide)) or PVP (poly(vinylpyrrolidone))
clearly interact with anionic surfactants. However, their inter-
action with nonionic or cationic surfactants is very weak or
absent. Strongly hydrophilic polyelectrolytes interact strongly
with oppositely charged surfactants but only weakly or not
at all with nonionic surfactants or surfactants having a like
charge. A progressive increase of the polymer hydrophobicity
results in dramatic changes in these behaviors.?!6 The inter-
action becomes progressively less cooperative, and a suffi-
ciently hydrophobic but still water-soluble polymer
(hydrophobically modified polymer or polysoap) will bind any
type of surfactant irrespective of its charge and nature.

Polymers and surfactants are simultaneously present
in many formulations used for cosmetics, paints, food, deter-
gents, mineral processing, and enhanced oil recovery, to cite
but a few. Indeed, the polymer is frequently introduced for
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controlling the viscosity of the formulation or the process in
which the formulation is used. An understanding of the
mechanism of interaction between polymer and surfactant
can thus be important in the basic and applied aspects of
these systems. Given the close relationship that exists
between dynamics of surfactant solutions and their proper-
ties that are important in applications such as foaming,
wetting, emulsification, solubilization, detergency, and thin
film stability,?19220 it is not surprising that the dynamics of
surfactant aggregates bound to water soluble polymers has
been much investigated.

Most of these investigations were performed using
chemical relaxation methods, ultrasonic absorption relax-
ation for the exchange process and T-jump, p-jump, or
stopped-flow for the micelle formation/breakdown. More
recently, NMR methods have started to be used for the same
purpose.

At the outset it must be pointed out that several of the
reported investigations involved polymer/surfactant systems
that contained free and polymer-bound micelles (surfactant
concentration above C,). The interpretation of the data is then
difficult, if at all possible, as the relaxation signals are then
complex weighted averages of the signals from the different
micellar species. Another difficulty is that the aggregation
number of the polymer-bound micelles depends much on the
composition of the system and vary fairly rapidly with the
concentration of both the polymer and surfactant. A correct
analysis of the kinetic data for polymer/surfactant systems
thus requires fairly accurate values of the stoichiometry of
the binding and of the aggregation number of the bound
micelles. Unfortunately, in all reported studies one or both
sets of data were not available.

B. Surfactant Exchange from Polymer-Bound
Micelles

The first study mainly involved mixed solutions of PVP or
poly(vinyl alcohol) and sodium octylsulfate.??! No information
on the binding stoichiometry and on the aggregation number



Dynamics in Micellar Solutions of Surfactants 133

of the bound aggregates was reported. The relaxation time
for the exchange process was obtained from ultrasonic absorp-
tion relaxation. It was not affected much by the presence of
PVP in the range where free micelles were present in the
system. The authors concluded that polymer addition had
little effect on the kinetics of the surfactant exchange. Nev-
ertheless, a relaxation process was observed at concentration
below the cmc that is less clearly seen in the absence of PVP.

The next study involved the PVP/sodium hexadecylsul-
fate system and reported both kinetic and equilibrium bind-
ing data.??2 The much longer-chain surfactant used
permitted easier and more accurate measurements of the
relaxation time t, by means of p-jump than in Reference
221. The main relaxation observed above the cac of the
system was attributed to the exchange process. In some of
the reported experiments, the surfactant concentration
exceeded C, but the occurrence of free micelles in the system
did not show on the plot of 1/1, vs a (see Equation 3.9). From
the analysis of the results the authors concluded that the
phenomenological theory for the kinetics of the surfactant
exchange??? provided a better fit of their results than Anians-
son et al. treatment.?4?> This conclusion was based on the
fact that the phenomenological theory gave a single plot for
the kinetic data obtained using two different PVP concen-
trations (see Figure 3.15) whereas two distinct plots were
obtained when plotting 1/1, vs a as suggested by Aniansson
et al. treatment. The slope of the plot in Figure 3.15 yields
k/N = 1.8 x102 s'! and, thus, k- = 8 x104 s'1. This value is
relatively close to that reported for sodium hexadecylsulfate
in aqueous solution.?®

The next studies involved kinetic and binding studies
and used PVP or PEO and various alkylsulfate surfac-
tants.??4225 The value of k/N was found to be independent of
the polymer concentration and molecular weight and to be
rather close to those in the absence of polymer??> when taking
into account the smaller value of N for the polymer-bound
micelles, as compared to free micelles. The association of a
surfactant with a polymer-bound micelle was found to be
diffusion-controlled.??4225
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Figure 3.15 Sodium hexadecylsulfate/PVP system: variation of
the backward rate R, with the amount of polymer-bound surfactant
at 35°C and PVP concentration of 0.01 wt% (¢) and 0.025 wt% (+).
Reproduced from Reference 222 with permission of the Royal Society
of Chemistry.

Subsequent ultrasonic relaxation studies?26-229 also
involved the PVP/SDS system. The reported results are very
different from those on the same system given in Reference
225, in the sense that in the binding range the value of 1/1, is
claimed to be nearly independent of the surfactant concentra-
tion. This is apparently true for the data in References 226 and
227 (PVP/SDS systems) but certainly not for the results
reported in Reference 228 for several other polymer/surfactant
systems. There it is clearly seen that 1/, is nearly constant
over a very short range of concentration but increases linearly
with C in the binding range determined from ultrasonic velocity
measurements,??® as predicted by Equation 3.9. Besides in Ref-
erence 226 to Reference 228, the range where 1/1; is nearly
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constant always corresponds to values of the relaxation times
that are clearly below the time window used in these studies,
particularly for the PVP/SDS system, and are thus affected by
large errors irrespective of the mathematical method used to
extract the value of 1/t,. Moreover, the reported cac values are
much larger than reported in other studies. Last, these studies
did not report any of the equilibrium data required for their
quantitative interpretation. Because of these problems, it is felt
that the results in References 226 to 229 cannot be given a
meaning other than the fact that they confirm the linear
increase of 1/t, with C.

In References 226 to 228, an additional ultrafast relax-
ation process was observed that was assigned to polymer
stretching,??6 later on to counterion binding,?*” and still later
to the detachment of the bound aggregates from the polymer.?28
This changing assignment of the ultrafast relaxation reflects
the lack of data about this process and also the difficulty in
separating processes associated with the polymer/surfactant
interactions from other processes.

In several studies a relaxation process was evidenced at
concentration below the cac.??1226-228 Tt has been attributed to
the binding of isolated surfactants on the polymer, occurring
before the cooperative binding stage, a behavior similar to the
binding of surfactant to surfaces. However, a similar process
has been reported to occur also in surfactant solutions in the
absence of polymer, although less pronounced.??! It may there-
fore not be associated with polymer/surfactant interactions.
More work on this process is required before any definite
statement can be made about its origin.

A fast exchange of the surfactant (sodium alkylbenzene-
sulfonate) between water and micelles bound to hydrophobi-
cally modified poly(acrylamide) with different substitution
degrees was inferred from 'H NMR studies.??* More recently,
9F NMR has been used to study the dynamics of the exchange
of SDS or cesium perfluorooctanoate between the aqueous
phase and micelles bound to a hydrophobically modified
poly(sodium acrylate) bearing C,F,;CH, pendent groups.?*!
The results showed that the exchange of both surfactants was
fast on the NMR time scale, that is, with characteristic times
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well below 1 ms. The investigated polymer is able to form
small hydrophobic microdomains through the self-association
of several pendent alkyl chains. The time characterizing the
exchange of a pendent chain between the aqueous environ-
ment and the environment provided by the hydrophobic
microdomains was found to be of a few microseconds, a value
consistent with those reported for regular micelles.?3!

In conclusion, the results reported in Reference 224 and
Reference 225 are the most valuable ones for understanding
the kinetics of the surfactant exchange process involving poly-
mer-bound micelles. These results clearly show that the kinet-
ics is little affected by the binding. The polymer simply shifts
the ecmc to a lower value, i.e., the cac. This results in lower
values of 1/1,, as if the surfactant alkyl chain was longer and
its cmc lower. This explains why the 1/1, versus C plot shows
no peculiarity when the surfactant concentration becomes
larger than C,. This is the same behavior as that observed
when plotting the 1/t,versus C data for a series of surfactants
of increasing chain length (see Section III.A). All data points
also nearly fall on a single straight line. Nevertheless, more
studies should be performed on systems where 1; can be mea-
sured accurately at as many concentrations of polymer and
surfactant as possible. This requirement suggests the use of
long-chain surfactants and of the p-jump or T-jump tech-
niques. Measurements of micelle aggregation numbers and
equilibrium binding studies should be performed on the same
systems in order to permit a quantitative interpretation of
the data.

C. Kinetics of Formation/Breakdown of
Polymer-Bound Micelles

Most studies dealt with the kinetics of micelle forma-
tion/breakdown in systems containing PVP or PEO and
sodium alkylsulfates and were performed using jump meth-
ods (T-jump or p-jump).?22-238 In all of these studies, the
presence of the polymer was found to strongly decrease the
value of the relaxation time 71, associated with the micelle
formation/breakdown. At the outset, it must be pointed out
that most of these studies were performed in conditions
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where the system may have included free and polymer-bound
micelles. Even then, the polymer was often found to have a
large effect on the value of 1,. This is illustrated in Figure
3.16 for the SDS/PEO system.23* The 1/1, vs. PEO concen-
tration plots show a break while the relaxation amplitude
vs. PEO plots show a minimum at a certain polymer concen-
tration, in experiments performed at constant surfactant
concentration. The composition of the systems at the break
or minimum has been shown to correspond to that where
the polymer is nearly saturated by surfactant (concentration
C, discussed earlier). At above the break concentration, the
larger the polymer concentration, the larger the increase of

2000

1500

(1) (57

1000

500

[PEO] ( wi%)

Figure 3.16 SDS/PEO system: influence of the PEO (M, =
10,000) concentration on the value of 1/t, and on the amplitude of
the relaxation (lines without symbols) in experiments performed
at constant SDS concentration of 35 mM (A); 45 mM (O); and 70
mM (+). Reproduced from Reference 234 with permission of the
American Chemical Society.
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1/t,. Similar results were reported for the SDS/PVP sys-
tem.?32 These variations are probably related to the decrease
of the surfactant aggregation number upon increasing poly-
mer concentration and the corresponding changes in the
micelle size distribution curve when the surfactant aggre-
gates on the polymer.23® The submicellar aggregates at the
minimum of the distribution curve may be stabilized when
forming on the polymer.

D. Miscellaneous Studies

The study of the lithium perfluorononanoate/PVP system by
F NMR showed separate resonance lines corresponding to
free and polymer-bound micelles at 12°C.?4° These lines coa-
lesced at 27°C indicating a time of exchange between free and
bound micelles of the order of 0.1 ms.

There has been some preliminary chemical relaxation
investigations of the kinetics of protein/surfactant sys-
tems.232241 Both studies involved the bovine serumalbu-
mine/SDS system and used the p-jump with conductivity
detection. The introduction of the protein in the micellar solu-
tion of SDS was found to result in an increase of 1/1,, a result
similar to that obtained with regular polymers. This effect
probably also reflects changes in the micelle size distribution
curve. The surfactant aggregates bound to proteins are also
smaller than in the absence of protein.

Narita et al.?*? investigated the kinetics of binding of a
surfactant to a weakly cross-linked gel of poly(2-acrylamido-2-
methylpropanesulfonic acid). The penetration of the surfactant
into the gel was shown to be extremely slow, stretching over
hours.

VII. DYNAMICS OF VARIOUS PROCESSES
OCCURRING IN MICELLAR SYSTEMS

A. Counterion Exchange Kinetics

Counterions bound to the micelles are only electrostatically
attracted by the oppositely charged micelle surface.?43244 For
instance, alkali metal counterions bind to micelles with a
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negligible loss of hydration water.245246 This also appears to
be the case, to a large extent, for divalent counterions, since
not even an outer-sphere complex is formed by a bound diva-
lent counterion and a head group at the micelle surface.?*” As
a result, the exchange between free and bound counterions is
always extremely rapid, as systematically observed in NMR
studies.?#3

Most quantitative studies of counterion exchange have
been performed using TRFQ.248-255 All these studies used
counterions that can quench the fluorescence of a micelle
solubilized probe, most often pyrene. Table 3.5 lists some
values of the rate constants ki and k¢ for the association and
dissociation of a counterion to/from a micelle. Large errors
may affect the listed values as they are often obtained as the
difference between two large numbers. Nevertheless, it is seen
that the association is close to being diffusion-controlled. The
dissociation rate constant clearly decreases as the ion charge
is increased, but for a given ionic charge the value depends
relatively little on the nature of the counterion. This of course
reflects the fact that the counterions are not complexed by
surfactant head groups. In agreement with the large values
of k¢, a relaxation process with a characteristic time of about
50 ns has been seen in solutions of cetylpyridinium iodide
using the E-field jump method and assigned to iodide disso-
ciation from micelles.?56

The dissociation rate constant of all quenching counteri-
ons has been found to increase slightly with the surfactant
concentration and more with the concentration of an added
salt that does not quench the fluorescence.?*8-255 This effect
was first attributed to the occurrence of intermicellar colli-
sions, during which some quenching counterions are trans-
ferred from one micelle to another by a hopping mechanism.
Later Alonso and Quina?** explained this effect using the
pseudophase ion exchange model, which assumes that the
counterion dissociation rate constant is determined by the
potential at the micelle surface. They reported an equation
that related k¢ to the concentration of nonquenching counte-
rion in the aqueous phase. An example of fit of variation of k¢
with the counterion concentration is shown in Figure 3.17.
This new interpretation appears to provide a more reasonable
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TaBLE 3.5 Exchange Rate Constants for Counterions in Different
Micellar Systems from TRFQ Studies®

Surfactant/probe Counterion 10?2 k¢ 108 k¢ Reference
(M-1s1) (s1)
DTAC/pyrene I 50 2.4 248
CTAC/pyrene I 0.25 250
CTAC/methylpyrene I 26 3.6 250
SDS/pyrene TI+ 29 7.6 251
SDS/pyrene Ag* <16 8.0 251
SDS/pyrene Cs* 20 2 251
SDS/pyrene Cu? 2.9 0.5 252
SDS/methylpyrene Cu?* 0.2 253
SDS/pyrene Cu?* 0.1 255
SDS/pyrene Ni2+ 1 0.1 251
SDS/pyrene Co? 1 0.1 251
SDS/pyrene Eus+ <0.1 <1 251
SDS/pyrene Cr3+ <0.1 <1 251

2 The listed values of k; correspond to low surfactant concentration or ionic
strength.

explanation of the overall results than the hopping mecha-
nism. Indeed, some values of the calculated rates of collision
between micelles with counterions hopping were extremely
large, in the 108 to 10° M-1s'! range, and did not appear rea-
sonable for the ionic micelles used.

Although their study does not deal with counterion
exchange, Hedin and Furo?7 recently confirmed that counte-
rions diffuse very rapidly on the micelle surface.

B. Micellar Kinetics at the Approach of a
Critical Point

Poly(oxyethylene) monoalkylether nonionic surfactants show
clouding and phase separation when the temperature is
increased.?®® It is now agreed that the clouding is mainly
associated with large fluctuations of composition that occur
at the approach of a critical point.??® Micelle growth also
contributes but to a much lesser extent.?®® Two studies used
the T-jump method with light-scattering detection to investi-
gate the effect of the approach of the critical point on micellar
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Figure 3.17 Variation of the rate constant for Cu?* escape from
SDS micelles with the concentration of sodium ions in the aqueous
phase from Reference 253 (o) and Reference 254 (O). The solid line
going through the data from Reference 253 is a fit based on the
pseudophase ion exchange model. Reproduced from Reference 254
with permission of the American Chemical Society.

kinetics.?60.261 The two studies agreed that the method used
can distinguish between critical fluctuations and micellar
kinetics. Indeed, composition fluctuations give rise to rapid
relaxation effects with wavelength-dependent time constants.
In contrast, the time constants associated with micellar kinet-
ics are independent of the wavelength.?6! An ultrasonic
absorption study!!4 also permitted a clear distinction between
relaxations due to composition fluctuations and to surfactant
exchange in solutions of poly(oxyethylene) monoalkylether
nonionic surfactants.

C. Micellar Kinetics in the Presence of
Cyclodextrins

Cyclodextrins are known to form various types of complexes
with surfactants. Verrall et al.262-264 investigated the effect of
complexation on the surfactant exchange kinetics, using the



142 Zana

ultrasonic relaxation method. The results revealed multiple
relaxation both in the presence and absence of micelles, indi-
cating that the molecular dynamics of the cyclodextrin/surfac-
tant complex was detected in the ultrasonic time scale used.
For systems containing micelles, the authors separated the con-
tribution resulting from the dynamics of the cyclodextrin/sur-
factant complex from that resulting from the monomer/micelle
exchange. The analysis of the contribution arising from the
surfactant exchange by means of Aniansson and Wall theory
led the authors to conclude that the kinetics of this process was
not affected by the cyclodextrin/surfactant complex.

D. Dynamic Surface Tension and Micelle
Formation/Breakdown Kinetics

The dynamic surface tension (DST) at long time Y(?), ... for sur-
factant solutions at concentrations above the cmc has been
related to the relaxation time for micelle breakdown 1, according
t0265

) 12
RzT 7 (3.26)

'Y(t)t%oo = qu +

In Equation 3.26, T" is the equilibrium surface excess, C
the bulk concentration, ¢ the time, and D the surfactant mono-
mer diffusion coefficient. Eastoe et al. have measured the time
dependence of the DST and the relaxation time 1, for solutions
of many surfactants: nonionic, dimeric, and zwitterionic.266.267
In all instances the fitting of the data to Equation 3.26 with
the experimentally determined value of 1, was poor. The
authors concluded that the micelle dissociation may have an
effect on the measured DST only if the concentration of mono-
meric surfactant in the subsurface diffusion layer is limiting
or when the micelle lifetimes are extremely long. No surfac-
tant for which this last condition is fulfilled was evidenced by
the authors. They also concluded that the rapid dissociation
of monomers from micelles present in the subsurface was not
likely to limit the surfactant adsorption and thus the DST.
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VIII. RELEVANCE OF MICELLAR KINETICS
TO PRACTICAL ASPECTS OF
SURFACTANT SOLUTIONS

In a series of recent studies summarized in two review
papers.219220 Shah et al. have shown that whereas the relax-
ation time for micelle formation/breakdown of SDS micelles
goes through a maximum at a concentration around 200 mM,
many properties involving liquid/gas, liquid/liquid, and
solid/liquid phenomena go through a maximum or a minimum
at the same SDS concentration (see Figure 3.18). These exper-
imental results are certainly sound. However, the model used
to explain the maximum of 1, in terms of increased micellar
stability upon decreasing intermicellar distance and vice versa
is open to criticism. The SDS micelles grow moderately with
concentration in a very continuous fashion in the 0.02 to 0.8
M range, with no discontinuity or peculiarity in the aggregation
number versus concentration plot.?%®8 They grow because the
packing parameter3* of SDS is slightly larger than 1/3 or
become so as the concentration is increased. The maximum in
1, reflects the fact that the process of fragmentation/coagulation
starts contributing to the micelle formation/breakdown,
thereby shortening the micelle lifetime. This occurs because
the micelles become progressively more polydisperse and the
intermicellar repulsion is reduced by the increased ionic
strength of the system. With the occurrence of this process
monomers become more rapidly replaced if consumed by some
process involving them in any of the properties represented in
Figure 3.18. It is then easily accepted that this property may
go through a maximum or minimum as the surfactant concen-
tration is increased.

A recent theory of the rate of solubilization into micellar
solutions involves the dynamics of the solubilizate exchange
between the micelles and the continuous phase.?6°

IX. CONCLUSIONS AND SUMMARY

Our understanding of the dynamics of micellar solutions (sur-
factant and counterion exchange, micelle formation/break-
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Figure 3.18 Liquid/gas phenomena (bottom) and liquid/liquid and
liquid/solid phenomena (top) exhibiting a maximum or a minimum
at an SDS concentration of 200 mM. Reproduced from Reference
219 with permission of Elsevier/Academic Press.
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down) has now reached a fairly satisfactory level. For
conventional surfactants with alkyl chains not longer than,
say, 14 carbon atoms, the entry of the surfactant in a micelle
is nearly diffusion-controlled while the exit rate depends on
its chain length. The ratio of the two rate constants k* and k-
is equal to the cmc, which thus appears as the most funda-
mental characteristic of a surfactant. For longer surfactants
the entry rate constant is smaller than for a diffusion-con-
trolled process and becomes increasingly controlled by various
factors, among them steric hindrance due to the more compact
packing of the head groups at the micelle surface and the
increased bulkiness of the alkyl chains. With gemini (dimeric)
surfactants with a dodecylchain, the surfactant entry in
micelles is already much slower than for a diffusion-controlled
process. For dilute solutions of ionic surfactants, the micelle
formation/breakdown proceeds via a series of association/dis-
sociation reactions involving one surfactant at a time. At
higher surfactant concentrations or upon the addition of an
electrolyte or in the case of nonionic surfactants, another
process sets in: the so-called fragmentation/coagulation, by
which a micelle can break into two daughter micelles or two
small aggregates associate into a larger one. This process can
increase the rate of micelle formation/breakdown by orders of
magnitude.

The behavior of mixed micelles conforms to existing the-
ories. A remarkable effect of alcohols on the relaxation asso-
ciated with micelle formation/breakdown has been shown and
attributed to the effect of alcohol on the size distribution
curve. The possibility of a coexistence of two populations of
micelles, one alcohol-rich and the other surfactant-rich, may
explain the observed kinetic behavior. Small alcohol-rich
micelles may play the role of carrier between surfactant-rich
micelles.

The exchange of a solubilizate between micelles and bulk
phase has been shown to present the same characteristics as
the surfactant exchange.

The dynamics of polymer-bound surfactant aggregates
has not been sufficiently investigated. Nevertheless, it
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appears that the surfactant exchange is little affected by the
binding while the micelle formation/breakdown can be con-
siderably modified.

Last, the importance of micellar kinetics in various tech-
nological processes that all use surfactants has been clearly
demonstrated.

In the course of this chapter, areas where additional
studies appear to be required have been pointed out. However,
the present trend is to move toward more complicated systems
such as microemulsions (see Chapter 5), vesicles (see Chapter
6) and lyotropic mesophases (see Chapter 7).
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I. INTRODUCTION

Amphiphilic copolymers are obtained by the copolymerization
of two (or more) monomers. They can be synthesized with an
enormous variety of structures of the block type, graft type,
comb type, alternating type, or random type.! Within each
type of structure, the chemical diversity of the monomers that
can be used to generate copolymers is very large and
restricted only by the ability of the polymer chemist to syn-
thesize the monomers and perform the polymerization
required for obtaining the desired copolymer with the desired
structure. This diversity, together with the possible changes
of composition, molecular weight, and architecture of the
copolymers, underlines the large number of parameters that
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are going to determine the equilibrium as well as the dynamic
properties of amphiphilic copolymers in solution.

This chapter deals mainly with block copolymers. Block
copolymers are made up of two or more polymeric blocks. The
most common block copolymers are of the diblock Ay By, and
triblock Ay,By Ay,or By, ANABNB types. N, and Ny are the
degrees of polymerization ot the blocks of monomers A and B.
Block copolymers are intrinsically amphiphilic whenever A
and B are of sufficiently differing nature because of the large
values of N, and Ny, usually tens to hundreds of units and
more. Consider for instance the poly(styrene)-poly(isobuty-
lene) copolymer, where the two blocks are hydrophobic, in the
usual sense of this word. Nevertheless, this copolymer forms
micelles in the organic (hydrophobic) solvent cyclohexane
which is a “good” solvent for the poly(isobutylene) block but
a “bad” solvent for the poly(styrene) block at temperatures
above 34.5°C, the so-called theta temperature of the poly(sty-
rene)/cyclohexane system. This example can be generalized,
and it may be stated that block copolymers greatly extend the
concept of amphiphilicity with respect to small amphiphilic
molecules. For the latter, the difference in nature between A
and B must be more pronounced. Another important fact is
that small amphiphilic molecules are generally surface active,
while a block copolymer characterized by large values of N,
and Ny may display little surface activity. This behavior is
observed when the isolated copolymer molecule (referred to
as unimer) can form a monomolecular micelle where the block
with the least affinity for the solvent forms a compact coil.?¢
In this conformation the contacts between solvophobic repeat-
ing units and solvent are largely prevented. The coiling of the
block with the most affinity for the solvent may further help
in preventing such contacts. Monomolecular micelles can
form, however low the copolymer concentration. In this con-
formation the unimer may not adsorb at interfaces, being in
a state of lower energy with respect to the adsorbed state.
Indeed, upon adsorption the copolymer must undergo a con-
formational reorganization that can be costly in free energy.
Amphiphilic block copolymers that form micelles in aqueous
solution but that do not affect the surface tension of water
have been reported.”
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Throughout this chapter the A block is supposed to be
solvophilic (hydrophilic) and the B block solvophobic (hydropho-
bic). The A and B blocks are also referred to as soluble and
insoluble blocks, respectively. Diblock copolymers Ay, By, are
the equivalent of conventional surfactants with one alkyl chain
and one head group. Triblock copolymers By Ay, By,are the
equivalent of gemini (dimeric) surfactants; triblock copolymers
Ay By, Ay, the equivalent of bolaform surfactants, and multi-
block copolymers Ay, By Ay By, ...... the equivalent of
oligomeric surfactants.

In a selective solvent of one of the blocks, copolymers can
form micelles that contain from one to a very large number of
copolymer molecules. The micelle core is made up of insoluble
blocks and is surrounded by a corona made up of soluble blocks.
As for surfactants the concentration above which micelles form
is referred to as critical micellization concentration (cmc). The
cmc of amphiphilic copolymers is often not easy to determine
because it can be so small as to be beyond the range accessible
with the available methods and/or stretch over a not-so-narrow
range of concentration owing to the polydispersity in composi-
tion and molecular weight of the copolymer (see below).6 As for
surfactants, the cmc and micelle aggregation number of
amphiphilic copolymers are expected to depend on the nature
and length of the blocks and on the quality of the solvent. The
solvent can be water, an organic solvent, a water/organic solvent
mixture, or a mixture of two organic solvents. Fluorescence
probing methods where the fluorescent probe can be extrinsic
(pyrene in the case of aqueous copolymer solutions) or intrinsic,
that is, attached to the copolymer molecule, and scattering
methods (light, x-ray, neutron) have been much used to detect
the formation of micelles in block copolymer solutions.8

Similarly to surfactant micelles, amphiphilic block copol-
ymer micelles are not frozen objects, at least when the copoly-
mer molecular weight is relatively low. The same processes as
those discussed in Chapter 3 — that is, exchange of surfactants
between micelles and bulk phase and micelle formation/break-
down — also occur in micellar solutions of copolymers. In view
of the structure of amphiphilic copolymers, it is readily realized
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that these processes are going to be considerably more complex
and also probably much slower than with surfactants. In fact,
it is shown later in this chapter that copolymers often give rise
to kinetically frozen systems.

For copolymers in aqueous solutions, the most widely used
hydrophilic block is the poly(ethylene oxide), referred to as
EOygo)- Other hydrophilic blocks are poly(sodium acrylate),
poly(methacrylic acid), poly(sodium methacrylate), and
poly(vinylpyridine). Commonly used hydrophobic blocks are the
poly(propylene oxide) referred to as POy, poly(1,2-butylene
oxide), and poly(styrene). The triblock copolymers poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide)
EOx&0/POnpoEOxEo) have been by far the most investigated, for
both their equilibrium and dynamic properties, although they are
not the simplest ones from the structural viewpoint.! These copol-
ymers are relatively easily prepared with a wide range of compo-
sition and molecular weight and are commercially available.'?
They may be obtained from companies manufacturing them (ICI,
Serva, BASF) under various trademarks: Synperionic®, Polox-
amer®, Pluronic®. They have found many applications and uses.?

Some basic differences that exist between surfactants
and amphiphilic block copolymers must be pointed out. First,
the length of a surfactant alkyl chain or of its head group, if
it is a poly(ethylene oxide) group, is much shorter than the
length of the blocks making up a copolymer. Whereas the alkyl
chain of a surfactant is short and nearly linear, in copolymers
both blocks are sufficiently long to adopt a more or less coiled
conformation. In the nonmicellar state, this may result in the
formation of a unimolecular or unimer micelle as mentioned
earlier. Besides, in the core of a plurimolecular micelle the
chains of the insoluble block are entangled. These two effects
will have a significant impact on the micellar dynamics. A
second and extremely important difference concerns the
nature of the insoluble block. In surfactants this moiety is an
alkyl or alkylaryl hydrocarbon chain or a mixed hydrocar-
bon/fluorocarbon chain. These chains are totally hydrophobic,
over their whole length. In copolymers the hydrophobic (sol-
vophobic) monomer often contains atoms or groups of atoms,
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such as ether or ester oxygen atoms or amino groups that are
partly hydrophilic (solvophilic). As a result the hydrophobic
(solvophobic) character of such moieties is less clearly defined
because these atoms or groups of atoms may very well carry
water (solvent) within the copolymer micelle core. A third
difference concerns the purity of the samples. Surfactants can
be obtained in an extremely pure form if one is willing to
spend the time required by the purification procedure. In
contrast, block copolymers can never be obtained with a com-
parable degree of purity. They often contain homopolymers
that affect the determination of basic properties such as emc
and aggregation number.1%!! If the homopolymers are elimi-
nated, there still remains the polydispersity in block length.
This introduces some variability that is difficult to control,
even in copolymers prepared by identical methods of synthe-
sis. This polydispersity can be extremely large.

This chapter is organized as follows. This introduction is
followed by a section that reviews the available theories and
simulations for the dynamics of block copolymer micelles. Sec-
tion III reviews historical and general aspects of the dynamics
of block copolymer micelles. Sections IV and V review experi-
mental results for the EOygo/POynwpoEOxgo, triblock copoly-
mers in aqueous solution and for other block copolymers in
hydro-organic or organic solution, respectively. Section VI deals
with the dynamics of the exchange of solubilizates between
block copolymer micelles and bulk phase. Section VII reviews
dynamics in solutions of associating polymers. Section VIII
reviews the dynamics of miscellaneous processes involving
copolymers. Section IX gives some general conclusions.

Il. THEORETICAL ASPECTS OF THE DYNAMICS
OF MICELLES OF BLOCK COPOLYMERS

The first experimental studies of the dynamics of block copol-
ymer micelles all invoked the theory of Aniansson and Wall
(AW).12-14 and its extensions by Kahlweit et al. (K)!*-1® that
were developed for micellar solutions of surfactants. Later on,
theories specific to amphiphilic block copolymers were devel-
oped that drew much from AW and K theories (referred to as
AWK theory below), at least for the mechanisms by which
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surfactants are exchanged between micelles and by which
micelles form and break down. In this section the main fea-
tures of AWK theory are first recalled. Analytical
treatments'®?° and Monte Carlo simulations?’?? specific to
amphiphilic block copolymers are presented next.

A. AWK Theory for the Dynamics of Surfactant
Micelles and Main Conclusions Drawn from
Results for Surfactant Solutions

The central assumption in the AW treatment'?>!* is that
micelles form and break down via a series of stepwise asso-
ciation/dissociation reactions (4.1) where one surfactant S at
a time associates to aggregate S, ; or dissociates from aggre-
gate S, (s and s-1 are the numbers of surfactant making up
aggregates S, and S, ;). These reactions are also referred to
as entry/exit or insertion/expulsion’ reactions:

k+
S.,+S = S, (4.1)
K

In AW treatment, reactions (4.2) of fusion/fission of
aggregates are excluded on ground that such reactions are
unlikely because of the low concentration of aggregates S; and
S;. Reactions (4.2) are also referred to as fragmentation/coag-
ulation or merger/splitting reactions.??

Si + SJ <:> Si+j (4.2)

AW theory predicts that a micellar solution responds to
a rapid perturbation with two time constants or relaxation
times, in agreement with a large number of experimental
observations (see Chapter 3, Section III.A). The short relax-
ation time T, corresponds to the fast process by which the
aggregates adjust to the perturbation by gaining or losing a
small number of surfactants via exchange reactions (4.1), but
their number remains constant during this process. At the
end of the fast process, the system is in a state of pseudo-
equilibrium because oligomers and micelles are not yet in



168 Zana

equilibrium with each other. This equilibration takes place
via a slower process, with a relaxation time 7,, during which
the concentration of the aggregates varies, i.e., micelles form
or break down. The rate of this process is determined by the
concentration [S,] of the aggregates S, at the minimum of the
micelle size distribution curve that occurs at s =r (see Chapter
3, Figure 3.1). The quantity 1/k’[S,] was shown to be equiva-
lent to a resistance opposing the flow of matter between the
range of oligomers and the range of micelle proper. In this
range the rate constants k* and k- are assumed to be inde-
pendent of the aggregation number s. AW theory applies to
dilute micellar solutions of nonionic surfactants at concentra-
tion close to the cmyg, i.e., to systems where the micelles are
nearly spherical and monodisperse. The expression of T, is
given by Equation 4.3 (see Chapter 3, Sections II.A and
I1.B).1314 It has been used to analyze kinetic data for micellar
solutions of block copolymers.

/7, = (k/0?) + (k/N)X (4.3)

In Equation 4.3 N is the average micelle aggregation
number, that is, the average number of surfactants making
up a micelle. 6 characterizes the micelle polydispersity (62 is
the variance or second moment of the aggregation number
distribution function [S,] = f(s)). X is the reduced surfactant
concentration (C — emc)/cme, where C is the total surfactant
concentration. Thus 1/1; should increase linearly with C pro-
vided that all other quantities in Equation 4.3 are indepen-
dent of C. From such plots, one can obtain k-and o2, provided
that N is known. The average residence time of a given sur-
factant in the micelle is Ty = N/k-whereas 1/k- is the average
time between two successive exchange reactions. The entry
rate constant k* can be obtained from!

k* = k/emce (4.4)
Aniansson! also derived Equation 4.5:
k- = N(D/I,?)exp[-AG°/KT] (4.5)

In Equation 4.5 D is the diffusion coefficient of a free
surfactant, /, is a molecular distance close to 0.13 nm, and
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AG?® is the activation energy for the transfer of a surfactant
from the micellar to the free state. AG® is close to AG?, free
energy of transfer of a surfactant from a micelle proper to the
aqueous phase. AG®, varies linearly with the alkyl chain
carbon number m and can be expressed as

AG®, = am + B with o = 1.1 kT (4.6)

AW theory assumes that at low surfactant concentration
micelles form and break down via a series of stepwise reac-
tions (4.1) that involve one surfactant at a time. This gives
rise to a peculiar dependence of the associated relaxation time
1, on C, with 1/1, decreasing on increasing C (see Chapter 3,
Section III). At high C and/or ionic strength for ionic surfac-
tants Kahlweit et al. postulated that reactions (4.2) of
fusion/fission start contributing to the micelle forma-
tion/breakdown.!5-18 Indeed, repulsion between ionic micelles
is screened out and the micelles are polydisperse. This makes
reactions (4.2) more likely to occur. Since the initial state (free
surfactant) and final state (micellized surfactant) are identi-
cal in both reactions (4.1) and (4.2), the micelle forma-
tion/breakdown remains characterized by a single relaxation
time 1,. The expression of 1, was derived by Kahlweit et al.15-18

The conclusions drawn from the analysis of the chemical
relaxation data for surfactant solutions are detailed in Chapter
3, Section III. The three main conclusions of these studies are
recalled. First, the value of the entry rate constant k+ of a
surfactant in a micelle is large, in the range of 10° M-1s7, that
is close to the value for diffusion—controlled processes, irrespec-
tive of the nature and alkyl chain length of the surfactant.
However, surfactants with very long alkyl chains, with 16 or
more carbon atoms, and dimeric (gemini) surfactants are char-
acterized by values of k* smaller than for a diffusion-controlled
process. Second, the value of k-is very sensitive to the surfac-
tant chain length and decreases by a factor of about 3 per
additional methylene group in this chain. The variation of k-
with the alkyl chain carbon number m reproduces that of the
cmc and is well predicted by Equations 4.5 and 4.6. The free
energy increment per methylene group inferred from the vari-
ations of the cmc and of k- with m are nearly equal. Third, at
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low concentration of ionic surfactant the micelle forma-
tion/breakdown proceeds by a series of stepwise reactions (4.1),
as postulated by Aniansson and Wall.1>12 At higher surfactant
concentration and/or ionic strength fragmentation/coagulation
reactions (4.2) set in and rapidly become the main process by
which micelles form and break down. This results in a variation
of 1/1, with C that is V-shaped as predicted by AWK theory (see
Chapter 3, Figure 3.7). For nonionic surfactants, 1/1, increases
with C in the whole range of concentration. This suggests that
fragmentation/coagulation predominates at all concentrations
owing to the weak intermicellar repulsion in these systems.

B. Analytical Treatments of the Dynamics of
Block Copolymer Micelles

The first theoretical treatment is that of Halperin and Alex-
ander.!® This theory considers block copolymers Ay By solu-
bilized in a highly selective solvent of block Ay, in which
block By, is insoluble. The copolymer gives rise to spherical
micelles with a core made up of By, blocks and a corona (shell)
made up of Ay, blocks. Two limiting cases are considered: that
of micelles with thin dense corona (N, << Npy) and that of
starlike micelles with stretched corona (N, >> Ny). The core
is assumed to be at a temperature above the glass transition
temperature (melted state). Based on a qualitative argument
(steric repulsion between coronas of two approaching block
copolymer micelles) and a semi-quantitative argument that
considers the energy of the “activated state” in micelle forma-
tion/breakdown, the authors conclude that block copolymer
micelles form and break down probably via the AW mecha-
nism, that is, by a series of stepwise association/dissociation
reactions (4.1). The theory assumes a fast perturbation of very
small amplitude of the system (relaxation condition). The
authors picture the expulsion of a copolymer from a micelle
as a two-stage process. First, the insoluble block progressively
leaves the core, forming what the authors call a spherical
“bud” (collapsed state, as postulated in a unimolecular
micelle). In a second stage that takes place once the insoluble
block is completely out of the core and the budding process
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completed, the expulsion of the entire copolymer from the
corona occurs. The authors then make use of the Kramers
theory of rate constants in the high viscosity limit and prop-
erly adapted to block copolymers to obtain the expressions of
the exit rate constant k- and of the relaxation time 1, for the
exchange process in the case of solutions of diblock copoly-
mers. The expressions of k- are given by Equation 4.7 for
micelles with a dense and thin corona (N, << Ny) and Equa-
tion 4.8 for starlike micelles (N, >> Npy), respectively:

k- ~ Ny 2exp(-Ny2*ya2/kT) 4.7)
k- ~ N225N,, 95exp(-Ny23ya/kT) (4.8)

In Equations 4.7 and 4.8, ¢ is a typical monomer size
and v is a surface tension in which are lumped all pair inter-
actions. As noted by the authors, 1, depends on the lengths
(polymerization degrees) of the soluble and insoluble blocks
for the starlike micelles but does not depend on the length of
the soluble block for micelles with a thin corona. The compar-
ison of the exponential factors in Equation 4.5 and in Equa-
tions 4.7 and 4.8 shows that o is the equivalent of ya? and
that the variation of k- with the chain length of the insoluble
block (m or Np) is slower for block copolymers than for sur-
factants. The Ny?3 factor in Equations 4.7 and 4.8 reflects the
assumed collapsed conformation of the insoluble block of the
copolymer. The interaction of the insoluble block with the
solvent and the soluble block occurs at the surface of the
spheroid formed by the collapsed insoluble block in the unimer
state. It is thus proportional to the surface of this block that
scales as Np?3.

The above theory was extended by Dormidontova?® to
larger deviations from equilibrium and as to include the time
for the disentanglement of the insoluble block from the micelle
core as well as micelle fusion/fission processes. The insoluble
(hydrophobic) block in free copolymers is assumed to be in a
collapsed state as in Reference 19. The author first derived
scaling laws for the energetic barriers to the different pro-
cesses: unimer insertion/expulsion and micelle fusion/fission.
The Kramers theory of rate constants in the high viscosity
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limit was then used to obtain expressions for the rate con-
stants of these processes. The expressions were further used
to solve numerically the kinetic equations corresponding to
the initial micellization. When only unimer exchange occurred
(no fusion/fission), the initial micellization was found to start
by fast unimer association that yielded oligomers (especially
dimers but also some trimers and tetramers). This fast process
rapidly exhausted the supply of unimer because unimer
expulsion from existing micelles was very slow. As a result,
the association process froze and during a significant period
of time the system remained in a state of quasi-equilibrium
until the release of unimer by micelles became significant.
The association process then resumed. The increase of the
aggregation number of micelles with the largest concentration
was gradual, going successively through dimers, trimers, tet-
ramers, i-mers until the true equilibrium was reached.

A very different scenario emerged in the case of simul-
taneous unimer exchange and fusion/fission. No quasi-equi-
librium was observed and association proceeded quickly. Odd
i-mers never prevailed and dimers turned into tetramers,
then hexamers, octamers, and so on. At the beginning of the
micellization process, the micelle fusion mechanism was prac-
tically the only active one, until unimer expulsion from
micelles became active. It is only toward the end of the process
that unimer exchange became significant, in conjunction with
micelle fusion, particularly between unequal micelles.

C. Dynamic Monte Carlo Simulations

Dynamic simulations revealed that micellization occurs in
two steps with different time scales.?! First the free chains
equilibrate rapidly with aggregates of all sizes. Then in a
slower step, the aggregates equilibrate with one another. This
behavior was demonstrated by arbitrarily selecting one chain
as a “tracer” and monitoring the number of chains in the
aggregate to which the tracer belongs.?!

The method was later extended to identify the mecha-
nisms by which chain exchange occurs and study their relative
contributions to the overall dynamics of block copolymer
micelles.?? The simulations were run on a cubic lattice and
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involved block copolymers Ay, By of low molecular weight.
The pairwise interaction parameters for species in the lattice
were taken as e = e, = epgvent > 0 and all other pair interac-
tion parameters set equal to zero. The authors noted that e
is proportional to the Flory-Huggins interaction parameter,
x. It is also related to the quantity o in Equation 4.6 and ya?
in Equations 4.7 and 4.8. The dynamic simulations permitted
the authors to follow each chain during a long time span and
to reveal three types of exchange mechanisms: (a) chain inser-
tion/expulsion (entry/exit); (b) micellar merger/spitting (frag-
mentation/coagulation); and (¢) micellar spanning. In process
(c) a chain can transfer from one micellar core to another
without ever being a free chain when the exteriors of the core
of the two micelles are separated by a distance shorter than
the length of the fully extended insoluble B block. The num-
bers of transitions per unit time (transition rates) were
obtained by counting the number of transitions of each type
that occurred during a specified number of Monte Carlo steps.
Figure 4.1 (top) shows that chain insertion/expulsion is pre-
dominant at low concentration but that micelle merger/split-
ting governs the dynamics at high volume fraction, whereas
process (c) contributes little throughout. Figure 4.1 (bottom)
shows the pronounced effect of the pair interaction parameter
on the kinetics: a larger e value makes chain expulsion slower.
No transition appears to occur at values of e > 0.5. At lower
values of e the contributions of processes (a) and (b) are first
very close and much larger than that of process (c). At still
lower e values process (b) becomes predominant, process (c)
remaining unimportant. The simulations showed that the
effect of an increase of e is not compensated by a decrease of
N; that leaves the product eNy constant. A kinetic scheme
was postulated and the eigenvalues (e reciprocal relaxation
times) calculated. In all cases three nonzero eigenvalues were
found on two times scales differing by about one order of
magnitude. The two smaller eigenvalues are quite close and
are mainly due to micelle merger/splitting while the larger
eigenvalue originates from insertion/expulsion. The difference
decreases with an increase of the copolymer volume fraction
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Figure 4.1 Variation of the number of transition via chain inser-
tion/expulsion (a); micelle merger/splitting (b); and micelle spanning
(c) with the copolymer volume fraction ¢ (top; Ny = Ny = 10; e = 0.45)
and the pairwise interaction parameter e (bottom; N, = Ny = 10; ¢ =
0.05). Number of Monte Carlo steps: 35,482. Reproduced from Refer-
ence 22 with permission of the American Chemical Society.
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and of the interaction parameter, and with decreasing length
of the insoluble block.

Chain exchange was shown to be dominated by chain
insertion/expulsion at low concentration and by micelle
merger/splitting at higher concentration. This is much remi-
niscent of the behavior noted for micellar solutions of surfac-
tants.

There is a very narrow range of e-values (at around 0.48
+ 0.02) where the exchange is dominated by copolymer inser-
tion/expulsion and still occurs at a measurable rate.?? At lower
e values chain insertion/expulsion and micelle merger/split-
ting are both important. The authors related the occurrence
of micelle merger/splitting at lower e-values to a less well
organized (fuzzy) and dynamically active core interface.
Encounters of micelles with such interfaces permit chain
exchanges via micellar merger/splitting.

Ill. DYNAMICS OF BLOCK COPOLYMER
MICELLES: HISTORICAL ASPECTS,
METHODS OF INVESTIGATION AND
GENERAL OBSERVATIONS

The first information on the dynamics of block copolymer
micelles was obtained by means of gel permeation chroma-
tography (GPC)?3-28 and ultracentrifugation (sedimentation
velocity).?? For instance, a GPC study of poly(styrene)-
poly(isoprene) copolymers in dimethylacetamide, which is a
bad solvent for poly(styrene), showed the presence of two
separate peaks associated with micelles and free copoly-
mers.?? This suggested that the time required for the estab-
lishment of the unimer/micelle equilibrium was long with
respect to the time required for the experiments, that is,
hours.?? A similar observation made in a GPC study of a
EOx&0/POnwpo)EOxEo) copolymer was interpreted as indicat-
ing a residence time of the copolymer in the micelles of several
hours and an extremely long micelle lifetime.?> As noted by
Tuzar and Kratochvil.?? such conclusions must be considered
with caution because GPC and ultracentrifugation are indi-
rect methods and the interpretation of the results in terms of
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kinetics of the micelle/unimer equilibrium is often controver-
sial. Positive adsorption of the unimer on the column can result
in a complete misinterpretation of the results. For instance, a
GPC study of poly(ethylene-stat-butene)-poly(styrene) copoly-
mer in dioxane/heptane mixtures first concluded that the time
for micelle kinetics was in the range of 10 min to hours.?® Later
on it was realized that the unimer adsorbed positively on the
material filling the GPC column.?” The results were reanalyzed
and the time required for micelle formation was calculated to
be 4.5 ms.?” In the GPC studies in Reference 28 and probably
also in Reference 25, the mobile phase did not contain copoly-
mer. This can cause serious problems.

The first reliable results concerning the dynamics of
block copolymer micelles in aqueous solutions were obtained
by means of essentially three techniques: ultrasonic absorp-
tion relaxation for studying processes with characteristic
times between 1 ns and 1 ps;3! temperature-jump with light-
scattering detection that permits the study of processes with
relaxation time between 10 us and 1 s332; and stopped-flow
or simple mixing with light scattering?® or fluorescence
detection® that can be used for the study of reactions with
half-life between 10 ms and hours (see Chapter 2, Section II).
Some fluorescence studies made use of the nonradiative
energy transfer (NRET).3%34 In these studies the block copol-
ymer was labeled with either an energy donor D or an energy
acceptor A. Two micellar solutions of the same block copoly-
mer at the same concentration, one of the A-labeled copolymer,
the other of the D-labeled copolymer, were mixed and the
fluorescence emission of the donor and/or that of the acceptor
measured as a function of time. The time dependence of the
intensity reflects the progressive hybridization of the two
differently labeled micellar populations. However, such stud-
ies do not provide a direct measure of the rate constant of
exit of a copolymer from the micelles.?* Nevertheless, they
give much information on the time scale of the exchange
process and on the effect of various parameters on the rate
of this process. Besides, the NRET fluorescence technique
can be used for copolymer solutions in organic solvents as
well as in water.?%34 Other fluorescence studies simply mixed
a micellar solution of the unlabeled copolymer and a unimer
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solution of the same copolymer but labeled.?> More recently
the kinetics of block copolymer micelles has been followed by
small angle neutron scattering (SANS) after mixing two copol-
ymer micellar solutions differing only by the degree of deu-
teration of the copolymer.?¢ The kinetics of block copolymer
micelles has also been investigated by means of static and
dynamic light scattering in conjunction with temperature
quench.?” Such studies were possible because the rate of
unimer exchange between micelles was very slow.

These studies revealed an enormous difference in behav-
ior between micelles of poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) copolymers in aqueous solution
and of other copolymers in solution in water or in organic
solvent. For the former, the micellar kinetics can be quite fast,
often in the subsecond time scale, even for micelle forma-
tion/breakdown. For the other copolymers, the kinetics is often
much slower, stretching over hours or possibly days, even for
the exchange process. Kinetically frozen systems are often
encountered when water or water/organic solvent mixtures
are used as solvent. To a large extent, these differences arise
mainly because of the nature of the insoluble block in the two
types of copolymers. Differences in molecular weight also play
an important role.

IV. DYNAMICS OF MICELLES OF
POLY(ETHYLENE OXIDE)-POLY (PROPYLENE
OXIDE)-POLY (ETHYLENE OXIDE) BLOCK
COPOLYMERS IN AQUEOUS SOLUTION

A. Qualitative Features

The dynamics of micelles of EOy 0 /POypo/EEOxgo, block copol-
ymers in aqueous solution has been investigated by means of
ultrasonic absorption relaxation,3!:38-40 T-jump,31:3241-46 and
stopped-flow**47 with light-scattering detection. The reported
results have given rise to discussions and controversies, and
the situation in the literature may look quite confusing. For
this reason, it was felt useful to first critically review the main
qualitative features of the reported results before going into
quantitative aspects.



178 Zana

The first study was performed by Hecht and Hoffmann32
by means of T-jump with light-scattering detection of the relax-
ation. It concerned the copolymers F127, P123, and F88 (see
molecular weights, M, and EO contents listed in Table 4.1).
The relaxation of the system resulted in an increase of intensity
of scattered light, as expected in view of the fact that the cmc
of EOyx0/POnwpo/EOxEo) copolymers decreases and the amount
of micellized copolymer and micelle molecular weight increases
upon increasing temperature.® A single relaxation process was
observed and assigned to the copolymer exchange. However,
even though the authors used small perturbations, the relax-
ation signals were not fully single exponential. This may be
due to the polydispersity in composition of the samples that
were “used as received.” The average relaxation time fell in the
0.1 to 10 ms range. A much slower relaxation was observed at
concentrations below the cmc?? and a similar observation
reported for another copolymer.?! This slow process disap-
peared at a temperature above which all the copolymer was
micellized and it was attributed to premicellar aggregation.3?
Another and perhaps more likely explanation is that this pro-
cess is associated with the presence of hydrophobic impurities,
mainly a diblock copolymer, that aggregate below the cmc or
cmT of the triblock copolymer (emT = critical micellization
temperature: temperature above which micelles form in a solu-
tion of block copolymer of a given concentration C; at the cmT,
cmc = C). The presence of such impurities has been shown in
several studies, and they give rise to an anomalous light scat-
tering below the cmc or emT.1%1 Above the cmc or cmT the
impurities are dispersed among triblock copolymer micelles
and the relaxation associated with their aggregates disappear.
Nevertheless, these impurities can affect the kinetics of the
copolymer exchange process.*?

Two main relaxation processes were evidenced by Mich-
els et al.3! in a study of solutions of the block copolymers L.64
and PF80 (see characteristics in Table 4.1). The ultrasonic
absorption relaxation method revealed for L64 solutions a
main relaxation process with a relaxation time in the 0.1 to
1 us range. Faster processes of much smaller amplitude were
detected and attributed to conformational changes or hydra-
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tion of the copolymer. The concentration dependence of the
relaxation amplitude of the main relaxation process did not
conform to what would be expected for a conformational equi-
librium, contrary to what was postulated in an earlier study.®
Besides, the comparison of the results for the .64 and PF80
copolymers indicated that the composition fluctuations occur-
ring at the approach of the critical point of LL64 cannot be
responsible for the observed relaxation. Indeed, the phase
diagram of copolymer PF80 shows no critical point, but PF80
solutions show the tail of an ultrasonic relaxation process.
This led the authors to assign the main ultrasonic relaxation
process to copolymer exchange.

The study of L.64 solutions by T-jump with light-scatter-
ing detection®' revealed two relaxation processes. Examples
of relaxation signal are given in Figure 4.2. The increase of
intensity of scattered light associated with the faster process
yields a relaxation time 7, that is dependent on the scattering
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Figure 4.2 Time dependence of the relative change of intensity of
the light scattered by a 1.5 wt% 164 solution at a final temperature
of 40°C after a T-jump of 0.3°C. (A) scattering angle 90°; relaxation
times: 30 £ 10 us and 1.40 £ 0.15 ms; (B) scattering angle 20°;
relaxation times: 170 + 60 us and 1.37 £ 0.15 ms. Reproduced from
Reference 31 with permission of the American Chemical Society.
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angle. A similar behavior was reported for another low molec-
ular weight copolymer, the P84 (see Figure 4.3 and Table
4.1).3° The scattering angle dependence was explained on the
basis of the fact that in T-jump relaxation with light-scatter-
ing detection, the shortest relaxation time that can be mea-
sured is not the temperature rise time (that can be made very
short by increasing the electrolyte content of the solution) but
the time characterizing the fluctuations of concentration of
the scattering particles. These fluctuations are affected by the
copolymer exchange.3! This explanation permitted the authors
to account nearly quantitatively for the dependence of the
short relaxation time on the scattering angle.?! Note that 1,
was found to depend on the scattering angle only when its
value was below 100 ps (see Figure 4.3) and thus comparable
to the time characterizing the fluctuations of micelle concen-
tration. This occurs for copolymers with relatively low molec-
ular weight and at relatively low copolymer concentration.
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Figure 4.3 Temperature dependence of the relaxation times 1, for
the fast process (0, *) and 1, for the slow process (e, +) for a 2 wt%
P84 solution at scattering angle 90° (O, o) and 20° (*,+). The angle
dependence is observed only for the fast process and at small values
of 1,. Reproduced from Reference 39 with permission of Academic
Press/Elsevier.
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The second (slow) relaxation process seen by T-jump is
characterized by a decrease of light intensity (see Figure 4.2)
and a relaxation time independent of the scattering angle for
L6431 and P84 (see Figure 4.3). The slow relaxation was
attributed to copolymer micelle formation/breakdown. Indeed,
immediately after the T-jump the micelles absorb free copol-
ymer molecules in order to permit the required diminution of
cmc. This process is much faster than the formation of addi-
tional micelles by stepwise association of free copolymers and
occurs with very little variation of the number of micelles.
Then in a much slower process the larger micelles progres-
sively adjust their size to the new equilibrium conditions and
equilibrate with the oligomers. As for surfactants, this process
involves a change of micelle number. The slow relaxation was
not observed for the high molecular weight copolymer PF80,3!
as in the Hecht and Hoffmann study.32

Relaxation signals very similar to those represented in
Figure 4.2 were reported in another study of several copoly-
mers using a laser T-jump apparatus with light-scattering
detection.*! The authors did not investigate the angle depen-
dence of the fast process and they directly identified the time
constant of the fast relaxation to the relaxation time of the
copolymer exchange.*! The slow process was attributed to the
micelle formation/breakdown. The authors also noted that
this slow relaxation was not always observed, given that its
amplitude was very small in a fairly large range of tempera-
ture and concentration. In subsequent studies they reported
on the effect of impurities on the relaxation behavior of 1L.64
solutions*? (see Figure 4.4) and criticized*?** the earlier
assignment by Michels et al.3! of the fast ultrasonic relaxation
process to copolymer exchange. They assigned this process to
the relaxation of composition fluctuations in spite of the
results concerning the copolymer PF80 that shows no critical
point.3! This point demands further investigation. Besides, on
the basis of a variation of the amplitude of the relaxation
signal from negative to positive (see Figure 4.4, bottom) they
claimed that a third relaxation process occurred in L.64 solu-
tions at a temperature above 45°C. This process was assigned
to micelle clustering into larger aggregates*®4* Stopped-flow
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Figure 4.4 Temperature dependence of the relaxation time (a)
and relaxation amplitude (b) of the second and postulated third
relaxation processes measured for a 2.5 wt% L64 solution. The effect
of impurities can be seen by comparing the results for the relaxation
times for a purified .64 (m, A); an industrial L64 (O, A) and a mixture
of L64 and L61 (0.25 wt%) (+,¢). Adapted and reproduced from
Reference 42 with permission of the American Chemical Society.

experiments that used very large perturbations apparently
confirmed the existence of this third process. However, the
time constants measured in T-jump and stopped-flow experi-
ments were quite different.*’
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This postulated third relaxation process was shown to
have no real existence.*® Theoretical calculations of the effect
of temperature on the amplitude of the relaxation associated
with the micelle formation/breakdown showed that this
amplitude must go from negative to positive as the temper-
ature is increased, as experimentally observed, without the
need to invoke an additional relaxation process.*5#¢ This
directly results from the fact that the cmc of
EOx£0/POxwpo)EOxEo) copolymers decreases rapidly upon
increasing temperature and that the number of micelles
remains nearly constant during the exchange process.
Besides, new experimental results led to the same conclu-
sion.*> Figure 4.4 shows the relaxation time and amplitude
data on the basis of which the existence of the third relax-
ation process was postulated.?>43 The laser T-jump technique
used in these studies was apparently not sensitive enough
for measurements in the temperature interval separating
the ranges of existence of the second relaxation (micelle
formation/breakdown) and of the postulated third relaxation
(micelle clustering), where the relaxation amplitude is small.
Such measurements were possible with the Joule-effect T-
jump apparatus used in Reference 45. The results repre-
sented in Figure 4.5 clearly show that there is continuity
between the results below and above the zero amplitude
temperature that correspond to the second process and the
postulated third process, respectively. These results demon-
strate that the second and third relaxation processes arise
from a single and the same process, the micelle forma-
tion/breakdown.

In conclusion, the two main relaxation processes detected
in micellar solutions of triblock EOyg0,POypoEONEo) copoly-
mers are associated with copolymer exchange (fast process) and
micelle formation/breakdown (slow process), as for micellar
solutions of surfactants. The slow process is often not detected
because of its small amplitude in T-jump experiments with
light-scattering detection. The fast process can be convoluted
by the relaxation of the fluctuations of micelle concentration
through diffusion when its relaxation time is very short (case
of low molecular weight polymers). When this process is slow
enough, it can be conveniently investigated by T-jump.
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Figure 4.5 Temperature dependence of the relaxation time (m)
and relaxation amplitude (O), expressed as relative change AI/I of
the scattered intensity I, for the micelle formation/breakdown in a
5 wt% L64 solution in the presence of 50 mM KCIl. The results show
the complete continuity of these variations as the relaxation ampli-
tude goes from negative to positive. Reproduced from Reference 45
with permission of the American Chemical Society.

B. Quantitative Features
1. Exchange Rate Constants

The determination of the exchange rate constants k* and k-
makes use of Equation 4.3 and Equation 4.4 and requires
experimental values of the relaxation time 1, as a function of
the copolymer concentration C. References 32, 40, and 42
report such data that concern the copolymers L64, P123, F88
and F127. Figure 4.6 illustrates the variations of 1/1; with C
for the three last copolymers.3? The plots are not as linear as
for conventional surfactants owing to the fact that the relax-
ation signals were not fully single exponential.?? Nevertheless
these results were used to extract the values of k* and k- listed
in Table 4.1, assuming N = 25.32 Values of 1, have been also
reported for other copolymers at a given temperature3! or in
the form of plots of 1, versus T — ¢cmT at a given concentra-
tion.??4! These data have been used to extract the values of
the rate constants, using for this purpose the cmT and cmc
values reported for the copolymers*® and assuming N = 2532
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Figure 4.6 Variations of the relaxation time for the exchange pro-
cess with the copolymer concentration at the temperature of 21.1,
21.4 and 40.0°C for F127, P123, and F88, respectively, where most
of the copolymer is in the micellar state. Reproduced from Reference
32 with permission of Elsevier.

and 6%N = 1, as was often found for surfactants (see Chapter
3, Section III.B). The calculations made use of the largest
values reported for 1;, which correspond to the lowest values
of C and of T — emT. This procedure minimized possible errors
on 1, values arising from the convolution of the relaxation
signal by the temperature rise time and also the time char-
acteristic of the fluctuations of micelle concentration (see
above). It should be stressed that the errors on the values of
k+ and k- are probably quite large. For instance, for P85 the
values of k* calculated from the results reported at 32 and
37.7°C in Reference 41 differed by a factor 7. Nevertheless,
as expected, the largest value of k* was found for the higher
temperature. Also the values of k* and k- listed in Table 4.1
do not refer to the same temperature. This means that the
discussion of the results that follows is only of semi-quanti-
tative or qualitative character.

The values of k* are all in the range between 2.4 x10° and
2.4 x108 M1s71, if we eliminate the value found by the ultrasonic
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relaxation method since it may be affected by a very large error
or irrelevant.® This immediately leads to the conclusion that
the incorporation of a EOyg0/POypoEOxgo) copolymer into a
micelle is slower to much slower than for a diffusion-controlled
process, contrary to surfactants with not-too-long alkyl chains.
Another important difference with surfactants is the fairly
rapid decrease of k* upon increasing molecular weight of the
copolymer. The residence time of the copolymer (calculated as
N/k’) varies widely, but remains rather small. This result was
confirmed in studies of EOyg0,POxpoEEOxEo) copolymers by
dynamic light scattering® and high frequency (300 kHz) bulk
modulus measurements® that yielded for the residence time
of a EOyg0POxnpoEONEo copolymer into micelles values
shorter than 3 ms*® or of the order of 1 us.?® This result and
those in Table 4.1 clearly do not support the conclusion reached
in a GPC study that the residence time of the copolymer
EOyPOgEO,, in micelles is of the order of hours.?

The results in Table 4.1 show that k* and k- decrease
when the length of the PO block is increased at constant
length of the EO block — compare the results for P85 and
P104 for which N(EO) = 26; or the results for F88 and F127
for which N(EO) is around 100. Figure 4.7 shows the varia-
tions of k* and k-with the number of PO units, N(PO). Straight
lines can be drawn through the data points corresponding to
k* and k-. Recall that for surfactants the variation of log k-
with the number of methylene groups in the surfactant alkyl
chain yields the free energy of transfer per methylene group
from micelle to water, AG°,(CH,). Similarly, the log k- versus
N(PO) plot in Figure 4.7 yields the value of the free energy
of transfer per propylene oxide unit from micelle to water,
AG°,(PO) = (0.12 = 0.03) £T. A similar value was obtained
from the log k* versus N(PO) plot in Figure 4.7. However,
Equations 4.7 and 4.8 suggest that for copolymers log k-
should be plotted against N(PO)%3, when neglecting the pref-
actor in these equations. This plot (see Figure 4.8) yields
AG°,(PO) = 0.65 kT. The situation is more complicated if one
wants to take into account the prefactor in Equations 4.7 and
4.8, which apply to micelles with a dense core and thin corona
(N, << Np) and to starlike micelles (N, >> Np), respectively.
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Figure 4.7 Variations of the exit rate constant k- (0, see text) and
the entry rate constant k+ (M) with the number of propylene oxide
units for triblock EOy g0/ POypoEONEo, copolymers. The solid lines
are the best fit of the data.

Indeed, the investigated copolymers satisfy neither one nor
the other condition since the values of N, and Ny are all within
one order of magnitude. An attempt has been made to fit the
data to an expression of k- with the prefactor N(PO)*¥">N(EO)
09 that is a geometric average of the prefactors in Equations
4.7 and 4.8. The experimental values of k-, =
N(PO)5¥N(EO)%°k- have been plotted against N(PO) or
N(PO)#3. The quality of the plots was similar to those in
Figure 4.7 and Figure 4.8 and their slopes yielded values of
AG°,(PO) close to those given above. The value AG°.(PO) =
0.3 T has been reported.®! Besides, the reported log cmc
versus N(PO) plot for EOygo/POywpoEONgo) copolymers
yielded the value AG°,(PO) = 0.16£T.52 The value of AG°,(PO)
obtained from Figure 4.7 is thus in the right range, but not
that from Figure 4.8, however inaccurate both values are.
Recall that the dependence of log k- on N(PO)?? is based on
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Figure 4.8 Variation of the entry rate constant k- with N(PO)%3
as suggested by Halperin and Alexander theory!® for triblock
EOy50)POnwpo)EONEo) copolymers. The solid line is a best fit of the
data.

the assumption of a compact conformation of the PO block in
the free state. It thus appears that such may not be not the
case for EOyg0/POxnpoEEOxEo) copolymers.

The results in Table 4.1 reveal no clear trend for the
effect of the length of the hydrophilic poly(ethylene oxide)
block on the values of k* and k. For instance, the results for
P84, P85, and F88 for which N(PO) is close to 40 show a
decrease of k* and k-by factors of about 3 and 25, respectively,
as N(EO) is increased from 19 to 103. However, the compar-
ison of the results for the copolymers P123, P104, and F127
that have nearly the same N(PO) value of 65 + 4 shows that
the increase of N(EO) from 19 to 100 brings about a decrease
of k* by a factor of about 4 and an increase of k- by a factor
of about 2. The decrease of k* consistently observed upon
increasing length of the hydrophilic block may simply reflect



190 Zana

the increased steric hindrance experienced by the hydropho-
bic block when it enters a micelle with a thicker corona.

The results reviewed here concerned aqueous solutions.
Only one study reported on the kinetics of copolymer exchange
in reverse micellar solutions of a EOygo,/POypo)EOxEo) copol-
ymer in an organic solvent. It concerns the L.64 copolymer (see
Table 4.1) in solution in xylene, in the presence of water.>® The
authors reported the lower bound values k* = 6.3 x10°> M-1s!
and k- = 1.9 x10* s'.. These values appear to be much too small
in view of the rather large cmc value of LL64 in xylene, about
33 mM. More work remains to be done to achieve a better
understanding of the dynamics of EOygoPOxpoEONEo)
micelles in organic solvents.

Note that the theories and simulations reviewed in Sec-
tion II concern diblock copolymers while the experimental
results discussed above refer to triblock copolymers. It is not
clear how this difference can affect the above discussion. How-
ever, diblock poly(ethylene oxide)-poly(propylene oxide) copol-
ymers have a lower cmc than triblock copolymers of the same
composition and molecular weight.52 Thus, they will probably
be characterized by a slower micellar dynamics. Also the the-
ories and simulations of the dynamics of block copolymer
micelles assume that in free copolymers the insoluble block
is in a collapsed state.!®2022 This may not be the case for the
EOy&0/POxnwpoEOxEo) copolymers due to the weak hydropho-
bic character of the poly(propylene oxide) block.

2. Micelle Formation/Breakdown

The relaxation time 1, associated with the formation/break-
down of micelles of EOygo,POxpo)EONEo) copolymers (i.e., the
slow relaxation process detected by T-jump) has often been
found to go through a minimum upon increasing tempera-
ture.39424345 Thig is probably due to the fact that the ecmc of
these copolymers is a very rapidly decreasing function of
temperature while the micelle aggregation number increases
with temperature. Owing to this effect, it was not possible to
obtain the activation energy of the micelle formation/break-
down process.
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More importantly, at a given temperature, 1/1, has been
found to increase with the copolymer concentration C for
164,314 P843°, and P85% (see Figure 4.9). This behavior has
been interpreted as indicating that the micelle formation/break-
down occurs via fragmentation/coagulation reactions (2).31:3943
Such an assignment would support the predictions of Dormid-
ontova’s theoretical treatment?® and of the dynamic Monte Carlo
simulations.?? It should be recalled that in Aniansson and Wall
theory a special type of distribution of the micelle aggregation
number can result in an increase of 1/1, with C.* However, this
behavior is obtained for unrealistic values of 6%/N (see Reference
14, Figure 6, plot 6) and this possibility can therefore be dis-
carded. The occurrence of fragmentation/coagulation as the
dominant process in micelle formation/breakdown probably
results from the fact that, in the absence of electrical charges,
the intermicellar interaction is too weakly repulsive to prevent
collisions between EOyg0,/POypoEOxro) micelles. Recall that in
solutions of the nonionic poly(ethylene glycol) monoalkylether
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Figure 4.9 Variation of the relaxation time for micelle forma-
tion/breakdown with the concentration of the P84 (e) and P85 (A)
copolymers at 36°C. Reproduced from Reference 39 with permission
of Elsevier.
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surfactants, micelle formation/breakdown also occurs via frag-
mentation/coagulation reactions (see Chapter 3, Section III.C).

C. Conclusions

The exchange of copolymer between micelles in solutions of
EOy&0/POxnwpo)EOxEo) copolymers is slower than for a diffu-
sion-controlled process. Besides, the rate constants for copol-
ymer exit and entry decrease as the length of the hydrophobic
poly(propylene oxide) block increases. Nevertheless, the
exchange process remains relatively fast, with rate constants
for the association increasing from 2 x 108 to 2 x108 M-1s! as
the copolymer molecular weight decreases from about 15,000
to 3,000. This behavior reflects the low free energy cost for
transferring a propylene oxide unit from the micelle core to
water, 0.16 to 0.3 kT, as compared to 1.1 2T for the transfer
of a methylene group. The micelle formation/breakdown
appears to take place via fragmentation/coagulation reactions
under the experimental conditions used in the reviewed stud-
ies that all concerned copolymers of relatively low molecular
weights. The results in Figure 4.7 suggest that a considerable
slowing down of the micellar kinetics may be observed when
using triblock copolymers with a much larger poly(propylene
oxide) block and when going from a triblock to a diblock
copolymer of the same molecular weight and composition.

V. DYNAMICS OF MICELLES OF COPOLYMERS
OTHER THAN EOy50,POy 0, EOn o, IN AQUEOUS
SOLUTION AND IN ORGANIC SOLVENT

A. General Considerations

The results in the preceding section showed that low molecular
weight EOy g0/ POxpo/iOxko) copolymers are characterized by
relatively labile micelles. Two questions arise immediately:
What about other copolymers with a more hydrophobic block?
What about copolymers in other solvents?

Some part of the answer to the first question can be
found by considering the hydrophobicity of the repeating
units. Propylene oxide is the least hydrophobic repeating
unit, with a reported free energy of transfer from the micelle
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core to water AG°,(PO) of about 0.16 to 0.3k£7.5152 Other
repeating units in the order of increasing hydrophobicity
are: lactide < methylene < oxybutylene < styrene = styrene
oxide.?? The reported cmc values permitted us to obtain the
values AG° (butylene oxide) = 1.5kT%? and AG°, (lactide) =
0.7kT.5* The e-caprolactone repeating unit is reported to be
characterized by a AG®°,, value intermediate between those
of styrene and butylene oxide.5? A precise value of AG®,, could
not be determined for styrene and styrene oxide but appears
to be at least twice larger than for butylene oxide, that is,
above 3kT. Some results indicate that in the free state
poly(styrene)-poly(ethylene oxide) diblock copolymers form
unimolecular (unimer) micelles.’>%¢ The same appears to
occur for poly(butylene oxide)-poly(ethylene oxide) copoly-
mers at a higher degree of polymerization of the butylene
oxide block.?556 This last result is an important one because
it will have a strong bearing on the micellar dynamics. The
values of AG®,, of other repeat units (methyl methacrylate,
for instance) that have been much used in copolymers are
unfortunately not available.

Turning to the second question, it is obvious that the
effect of the solvent can be extremely important. Results for
the conventional surfactant cetyltrimethylammonium bro-
mide (CTAB) provide a good example of this effect on the
equilibrium and dynamic properties of surfactant micelles.
The reported cmc and micelle aggregation number of CTAB
are respectively about 0.9 mM and 100 in water5” and 100
mM and less than 10 in formamide.?® The residence time of
a cetyltrimethylammonium ion in its micelle can be estimated
to be of the order of 0.1 ms in water and 0.1 pus in formamide
(see Chapter 3, Section III). Block copolymers are expected to
show comparable changes.

B. Dynamics of Copolymer Micelles in Aqueous
and Hydro-Organic Solution

Many studies of aqueous micellar solutions of block copoly-
mers reported that the exchange equilibrium was extremely
slow and often frozen, with no exchange occurring on the
time scale of weeks and even months. This situation has
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been encountered with poly(styrene)-poly(methacrylic
acid),?®%% poly(methyl methacrylate)-poly(acrylic acid) when
the hydrophobic poly(methyl methacrylate) block contains
70 repeating units,®! poly(1,2-butadiene)-poly(ethylene
oxide),%? poly(styrene)-poly(acrylic acid),®® poly(styrene)-
poly(ethylene oxide) at room temperature when the styrene
block contains more than 10 repeating units,%4%% and poly(¢-
butylacrylate)-poly(2-vinylpyridine),®® for instance. Note
that most of these studies involved copolymers of relatively
low molecular weights, say below 20,000. It is most likely
that the copolymer exchange is frozen for all block copoly-
mers that are insoluble in water and for which aqueous
micellar solutions are prepared by first solubilizing the
copolymer in an organic solvent in which the block copolymer
is molecularly dispersed and replacing the organic solvent
by dialysis against water. The mechanism of micelle forma-
tion and of rapid freezing of the copolymer exchange during
this procedure has been well described.® The freezing occurs
over a fairly narrow range of composition, a result that
supports the conclusion of dynamic Monte Carlo
simulations?? (see Section II.C). Indeed, these simulations
predicted that the micelle/monomer exchange equilibrium
occurs predominantly via reactions (4.1) only for a very nar-
row range of value of the pair interaction parameter e, and
therefore also for a narrow range of solvent composition.??
Most of the above-mentioned studies were performed at
a temperature that was below the glass transition temper-
ature of the hydrophobic block, poly(styrene), or poly(methyl
methacrylate). This led the authors to attribute the freezing
of the copolymer exchange to a very strong hindrance of the
motion of the hydrophobic chains in the glassy micellar
core.346467.68 However, two recent studies®?%9 clearly showed
that the absence of exchange kinetics or its great slowness
may also have a thermodynamic origin. The effect then
arises from the large difference in free energy of the block
copolymer in the free and micellar states. In one study, Rager
et al.%? showed that additions of the cosolvent methanol or
dioxane to aqueous solutions of poly(methyl methacrylate)-
poly(acrylic acid) diblock copolymers promoted the micelle
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formation/breakdown. However, these additions left the rate
of chain exchange practically unaffected, while the glass
transition temperature was probably much affected. The
authors concluded that the block copolymer micelles must
remain very stable even near their disintegration limit and
that the range of solvent composition in which exist dynamic
micelles must be very small. This last point is again in
agreement with the theoretical prediction of dynamic Monte
Carlo simulations.?? The addition of p-xylene, which is a good
solvent for poly(methyl methacrylate) and thus significantly
affects its glass transition temperature, was also found to
have little effect on the kinetics of chain exchange.%® More
complicated results were obtained upon the addition of dim-
ethyladipate that promotes the copolymer association but
they led to the same conclusion.® The second study involved
poly(butadiene)-poly(ethylene oxide) copolymers.®? The glass
transition temperature of poly(butadiene) is —12°C, well
below the temperature at which the experiments were per-
formed. The authors investigated by small angle neutron
scattering (SANS) solutions of a mixture of two copolymers
of differing molecular weight and composition. They showed
that the SANS pattern for a solution prepared by simply
mixing solutions of the two copolymers and equilibrated for
8 days was identical to the pattern that could be calculated
from the spectra of solutions of the isolated copolymers. Thus
no copolymer exchange took place after 8 days. The SANS
pattern was very different from that of an aqueous solution
of an intimate mixture of the same two copolymers prepared
by solubilizing the copolymer mixture in chloroform and
evaporating the solvent. The investigated micelles are in a
frozen state because of the hydrophobicity of the poly(buta-
diene) block.

Nevertheless, some aqueous and hydro-organic block
copolymer solutions showed a slow copolymer exchange and
values of k- were reported. These studies used labeled copol-
ymers and the exchange was detected by NRET. Thus copol-
ymer exchange occurred in solutions of poly(styrene)-
poly(ethylene oxide) copolymers at 60°C with a rate constant
k- of about 10 s1.95 At room temperature the same copoly-
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mers showed no exchange even after several days. Similar
observations were reported for the diblock copolymers
poly(styrene)-poly(sodium methacrylate) and poly(z-butyl-
styrene)-poly(sodium methacrylate).’”® The copolymer
exchange was frozen at room temperature but was detected
at 60°C (time scale: 1 hour). In both studies this behavior
was attributed to the fact that the glass transition temper-
ature of the polystyrene block, even though of relatively low
molecular weight, was below room temperature. At 60°C the
value of k- for the poly(styrene)-poly(sodium methacrylate)
was much larger, in the range of 103 s-1, than that reported
for the poly(styrene)-poly(ethylene oxide) copolymer,® probably
because this last study used a larger styrene block. Also, the
value of k- was about three times larger for the poly(styrene)
than for the poly(z-butylstyrene) copolymer (1.85 x 103 s'1
against 0.51 x10-3 s'1), as expected on the basis of the weaker
hydrophobic character of the former.”” The copolymer
exchange kinetics was investigated in solutions of di- and
triblock copolymers of (dimethylamino)alkyl methacrylate
and sodium methacrylate of differing molecular weight, com-
position, alkyl chain length, and architecture (see Table 4.2
and Figure 4.10).7172 The cmc values are all within a factor
of 5 while the k- values are all within a factor of 17 (see
Table 4.2). These differences are small in view of the drastic
changes in the different parameters characterizing the copol-
ymers when going from one copolymer to the other and
particularly when considering the two copolymers SC495
and SC 704, which have reversed architectures. A possible
explanation for these results is that all the investigated
block copolymers form unimolecular micelles in the free
state. In such a case differences in molecular weight, struc-
ture, composition, and architecture between the different
copolymers have much less impact on the cmc and k-values.
Indeed, unimolecular micelles have a core made up of the
collapsed (dimethylamino)alkyl methacrylate block and a
more or less extended corona of sodium methacrylate. The
contacts between the hydrophobic block and the solvent are
thus largely eliminated. Both the cmc and k-values will vary
as Ng% (N = number of repeating units of the hydrophobic
block) with & < 1. For instance, the cmc of block copolymers
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TABLE 4.2 Characteristics of the Sodium Methacrylate-
(Dimethylamino)alkyl Methacrylate Block Copolymers
Investigated in References 71, 72

Polymer M. x, MY x/y cme (uM) 103 xks1)
(Dimethylamino)ethyl Methacrylate-Sodium Methacrylate
SC184 3600, 7000 23/49 11.2 2.43
SC240 2400, 2900 15/20 2.8 1.48
SC495 3500, 3600 23/25 10.8 0.50
SC704 1800, 7000 11/49 14.2 1.28

(Dimethylamino)propyl Methacrylate-Sodium Methacrylate

SC367 2600, 4300 15/30 3.8 1.35

[2-(Dimethylamino)-1-methyl]ethyl Methacrylate-Sodium
Methacrylate

SC32B 3500, 5300 20/37 2.8 0.32

SC31B 1500, 5500 9/39 2.8 0.13

M,* and M,y are the molecular weights of the (dimethylamino)alkyl meth-
acrylate and sodium methacrylate blocks, respectively, and x and y their
degrees of polymerization (see Figure 4.10).

has been predicted to vary as Nz 3,6 while the rate constant
k- has been predicted to vary as Nyz?%3.1 The copolymer
exchange kinetics was also observed for poly(methyl meth-
acrylate)—poly(acrylic acid) copolymer when the degree of
polymerization of the methyl methacrylate block was
N(MMA) = 20 or 40, in the time scale of 25 hours. The
exchange was frozen even over weeks for N(MMA) = 70.61.69
In this study additions of NaCl were found to result in a
considerable slowing down of the exchange.

Tian et al.%8 used sedimentation velocity measurements
to study the rate of micelle hybridization when two micellar
solutions containing micelles made up from two different di-
or triblock copolymers of styrene and methacrylic acid are
mixed. Dioxane/water mixtures were used as solvents. In con-
trast to results reported in References 71 and 72, the exchange
kinetics was found to depend very strongly on the composi-
tion, molecular weight, and architecture of the copolymer and
also on the quality of the solvent (thermodynamic control).



Zana

198

£39100G [BITWOY) UBILIOUIY 9} JO UOISSTULIO 1M ), 90UaI9foy wody peonpoadey

‘gL PUR T S90UdIoJy Ul pajeSrysoAur stowA[odoo Joo[q oY} JO SUOTJRIAdIqQE PUk SaInjoni)g (OT'F oInSLy

fLim € A SLim € ®HQ HO *HQ HO
HO ®HO HO ®HO HO ®HO N/ N
/Z\ /Z\ /Z\ . 2 . 2
| | | HY HY
(®H0) (®H0) (®H0) €4D-HD €4D-HD
| | | | |
¢ M 9 O S S S
0=0 0=0 0=0 0=9 0=0 0=0 0=0 0=0 0=0
RV R\ S Loy Loy Lo N o L vy L v L
H_T HO ﬂu HO H_T HO _o| HO _0| HO ﬂu HO H_T HO _ou HO _ou HO

HO °HO HO HO ffo ¥ /fo °HO °HO HO

¥0.0S G610S a1€08s

€ €

HO ®HO

40 ®Ho ®H0 ®HO N

N4 N/ N

) ) H

%Io_v NANIo_v fo-zw

moo 9 o e

0=0 0=0 0=0 0=0 0=0 0=0

A/ | x/ | £/ | x/ | £/ | x/ |

n_TNIo “_uufo ﬂufo n_TNIo _oufo n_TNIo
’HO EHO EHO ’HO EHO EHO
19€0S 0v2os g¢e0S



Dynamics in Micellar Solutions of Amphiphilic Block Copolymers 199

Exchanges were frozen or extremely slow in 70/30 or 55/45
v/v dioxane/water mixtures but were seen in the 80/20 v/v
dioxane/water mixture. As in other studies,?% hybridization
(exchange) was found to occur only in a relatively narrow
range of solvent composition. Too a high content of dioxane
gave rise to molecularly dispersed solutions while the
exchange was frozen at too a high content of water. The
authors assumed, and the results supported, this assertion
that the exchange involves the exit of a copolymer from a
micelle and its association with another micelle. A similar
effect of the solvent quality was reported in a study of hybrid
copolymer micelles with a poly(styrene) core and a mixed
poly(methacrylic)/poly(ethylene oxide) shell.”? The micelles
were kinetically frozen in aqueous solution whereas the
micelle/unimer equilibrium was observed in a 80/20 v/v diox-
ane/water mixture but no rate constant was reported.
Unimer exchange was evidenced on the time scale of one
day upon mixing aqueous micellar solutions of poly(styrene)-
poly(acrylic acid) and of poly(styrene)-poly(aminopropyleneg-
lycol methacrylate).” The authors claimed that the poly(sty-
rene) cores of the two types of micelles were frozen and that
exchange occurred because of the affinity of the coronas of the
two types of micelles, because the soluble block was much
longer than the insoluble styrene block and also because the
compactness of the styrene core was low. As such this result
stands against others that have shown that at 25°C the
exchange is frozen in aqueous copolymer micelles with an
important styrene core.%-% The authors’ assumption of frozen
styrene cores was based on the known values of the glass
transition temperature for pure poly(styrene) of molecular
weight comparable to the ones they used. However, it is far
from sure that the glass transition temperature of such a
short poly(styrene) block remained above 25°C when it is
covalently bonded to another block that is in the melted state.
The effect of various additives on the exchange kinetics
of the diblock copolymers poly(styrene)-poly(sodium meth-
acrylate) and poly(¢-butylstyrene)-poly(sodium methacrylate)
was investigated by NRET.”® Addition of dioxane or toluene
in a mole ratio additive/copolymer of 1/1 to the poly(z-butyl-
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styrene)-poly(sodium methacrylate) copolymer resulted in an
acceleration of the exchange kinetics and a value of the rate
constant k-at room temperature close to (dioxane addition) or
about three times larger (toluene addition) than at 60°C in
the absence of additive. Surfactants (anionic sodium dodecyl-
sulfate and nonionic Triton X100) were also found to strongly
accelerate the copolymer exchange. These effects were dis-
cussed in terms of the Flory-Huggins interaction parameters
between the additive and micelle core.

In conclusion, the exchange kinetics of copolymers other
than EOyg0,POxpo)EOxEo) in aqueous and hydro-organic
solution is often frozen and, when detectable, quite slow even
for copolymers with a relatively short insoluble (hydropho-
bic) block. The exchange process can be frozen either for
thermodynamic reasons or because the micelle core is in the
glassy state (strong steric hindrance for chain motion). The
reported values of the copolymer exit rate constant k- are
extremely small, many orders of magnitude smaller than for
surfactants. This was expected because the insoluble blocks
are always much larger in copolymers than in surfactants.
Some studies reported k-values that are very dependent on
the insoluble block molecular weight, architecture, and com-
position of the block copolymer as well as on the quality of
the solvent. Other studies showed only little dependence.
These seemingly contradictory behaviors indicate that the
exchange kinetics is system-dependent to a great degree. An
important result is that when the quality of the solvent is
modified by the addition of a cosolvent the range of solvent
composition in which the exchange equilibrium occurs is
rather limited. Too good a solvent gives rise to molecularly
dispersed solutions whereas a decrease of the solvent quality
rapidly leads to frozen systems. This is in agreement with
the results of simulations of copolymer exchange kinetics.
The literature does not report on the kinetics of the micelle
formation/breakdown process. In view of the slowness of the
copolymer exchange, it is likely that this process is so slow
that it cannot be detected on the time scale of laboratory
experiments (weeks or months).
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C. Dynamics of Copolymer Micelles
in Organic Solutions

The use of organic solvents permits a fine-tuning of the rate
of copolymer exchange and micelle formation/breakdown in
block copolymer solutions. Indeed, the quality of the solvent
can be adjusted in a more progressive manner than in aque-
ous/organic solvent mixtures. If the block copolymer does not
contain a polyelectrolyte block, it is in principle easier to find
an organic solvent, pure or mixed, in which the exchange is
detectable. Nevertheless, there have been reports of frozen
exchanges even for block copolymer solutions in organic sol-
vents. The solutions of poly(isoprene)-poly(methyl methacry-
late) in acetonitrile, which is a modest solvent for the
poly(methyl methacrylate) block, are an example.”®> The
degree of polymerization of the poly(isoprene) block was rel-
atively large, but the experiments were performed above its
glass temperature. Other examples are the solutions of
poly(ethylene-alt-propylene)-poly(ethylene oxide) in dimeth-
ylformamide at room temperature?®; of poly(styrene)-poly(iso-
prene) and poly(styrene)-poly(ethylene-co-propylene) in
decane at 21°C7%; and of poly(styrene)-poly(acrylic acid) in
aqueous dioxane with more than 11% water.”” In these inves-
tigations the molecular weight of the insoluble block was
generally fairly large.

NRET has often been used to investigate the exchange
dynamics in micellar solutions of block copolymers in organic
solvent.33-3578-81 However, as discussed by Wang et al.,?* this
method measures relaxation times that are related in a com-
plex and still unclear manner to the exchange rate constants
k* and k- for the copolymer exchange. Nevertheless, it permits
the study of the effect of various parameters on the copolymer
exchange rate. Liu™ has discussed the experimental condi-
tions in which NRET experiments must be performed in order
to yield values of the exchange rate constants. Other methods
such as GPC,2627 stopped-flow,?® sedimentation velocity,”®
static and dynamic light scattering,3”8283 small angle neutron
scattering,?® and electron microscopy®+8® have also been used
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to study the dynamics of block copolymer micelles. The main
results are summarized as follows:

1. In most instances, regardless of whether the pertur-
bation applied to the system was small (system close
to equilibrium)34-36788081 or very large3337.8283 and
irrespective of the method used, the block copolymer
solution gave rise to relaxation signals that were not
single exponential. These signals could be fitted by a
double exponential function, thus yielding two relax-
ation times. It has been noted that “the two exponen-
tial terms are used as a reasonable approximation of
a probably continuous relaxation spectrum of relax-
ation times.”?378 Such a spectrum may arise from the
unavoidable polydispersity in composition and molec-
ular weight of the copolymer samples. Recall that the
relaxation signals reported in a T-jump study of
EOy&0/POnwpo)EOxEo) copolymers were also not sin-
gle exponential.3? The values of the two relaxation
times were often within a factor of 10, and in several
instances the authors based their discussion on an
average relaxation time.34788081 One study reported
a single relaxation time but the relaxation signals
clearly show systematic deviations that reveal the
presence of a slower relaxation process or the exist-
ence of a spectrum of relaxation times.?®* Neverthe-
less, some authors argued that the existence of two
relaxation times may indicate that in addition to the
copolymer exchange via entry/exit reactions (4.1),
exchange may occur via a still unidentified second
mechanism.3436

2. The relaxation process observed by NRET,34357880,81
SANS,?¢ and sedimentation velocity™ (systems close
to equilibrium) has been attributed to the copolymer
exchange. The results showed that the copolymer
exchange rate is extremely sensitive to the solvent
quality and to the temperature. This is illustrated in
Figure 4.11 for solutions of poly(styrene)-poly(hydro-
genated isoprene) in dioxane/heptane mixtures in
which micelles form with a poly(styrene) core.®! A
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Figure 4.11 Variations of the average relaxation time associated
with the copolymer exchange in solutions of poly(styrene)-
poly(hydrogenated isoprene) (Kraton G-1701) in dioxane/heptane
mixtures. Left: effect of temperature at heptane volume fraction
100% (0) and 95% (A). Right: effect of the heptane volume fraction
at 298 K. Reproduced from Reference 81 with permission of Elsevier.

similar effect of the solvent quality was noted for the
copolymer exchange rate when increasing the water
content in solutions of poly(styrene)-poly(ethylene
oxide) in methanol/water mixtures.?* At 30°C the
average relaxation time was increased by a factor
close to 30 when the water content of the system was
increased from 5 to 10 volume %. An extreme sensi-
tivity of the exchange rate to temperature was noted
in a study of mixtures poly(styrene)-poly(ethylene-co-
propylene) and poly(styrene)-poly(isoprene) in
decane.”® The exchange was frozen at 20°C and was
very fast at 35°C. It could be investigated at the
intermediate temperature of 29°C.

. A fairly comprehensive study was reported for the

copolymer exchange rate in micellar solutions of
poly(styrene)-poly(2-cinnamoylethyl methacrylate)
(PS-PCEMA) in tetrahydrofuran/cyclopentane
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(THF/CP) where micelles form with a PCEMA core.8°
The exchange rate was little affected by the polymer
concentration but increased significantly with
increasing temperature and content of THF, a plas-
ticizer of the PCEMA core. The exchange rate
decreased as the length of the PCEMA block
increased. Similar results were reported for other
copolymers. Surprisingly, the exchange rate also
increased with the length of the soluble PS block. The
authors explained this result by the fact that as the
PS block in the corona becomes longer, repulsion
between neighboring PS chains become larger, that
may result in an increased uptake of THF by the
PCEMA core. In turn, this may increase the copoly-
mer exit rate.

. Values of the copolymer exchange rate constants k+

and k- were reported only for solutions of
poly(methyl methacrylate)-poly(methacrylic acid) in
ethylacetate/methanol mixtures where micelles
form with a poly(methyl methacrylate) core when
the ethyl acetate volume fraction is above 80%.3°
The rate constants k* and k- were found to be inde-
pendent of the copolymer concentration and to be
around 2 x103 M-1s! and 5 x10 s, respectively, in
the 90/10 (v/v) ethyl acetate/methanol mixture. Both
rate constants were increased by a factor of about
2 when the methanol volume fraction was increased
to 15%. The values of k* are much lower than for a
diffusion-controlled process, by several orders of
magnitude. Thus there is significant barrier oppos-
ing the entry of the copolymer into the micelle, prob-
ably arising from the poly(methacrylic acid) corona
that must be crossed by the insoluble block.

. An interesting result was reported in a sedimentation

study of the hybridization of micelles of poly(styrene)-
poly(isoprene) (PS-PI) and poly(styrene)-poly(ethyl-
ene-co-propylene) (PS-PEP) in decane that is a poor
solvent of the poly(styrene) block.” The hybridization
takes place by the exit of unimers from one micelle
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and incorporation into another micelle. The authors
showed that the transport of unimers from the PS-
PI micelles into PS-PEP micelles is much faster than
the reverse process. A similar result was reported for
solutions of poly(styrene)-poly(methacrylic acid) in
water/dioxane mixtures.®

6. The reported values of the relaxation time associated
with the copolymer exchange are often quite large,
hours to days. However, the hybridization of micelles
of poly(styrene)-poly(4-vinylpyridine) in solution in
toluene, where micelles form with a poly(4-vinylpy-
ridine) core, took place in less than 10 s.8¢ This result
may look surprising, but it can be probably explained
in terms of the quality of the solvent toluene for the
“insoluble” poly(4-vinylpyridine) block. If the solvent
is not very bad, it may penetrate to a more or less
greater extent in the core, thereby greatly facilitating
the exchange.

7. Very large perturbations were used in a study by
stopped-flow with light-scattering detection of micel-
lar solutions of poly(styrene)-poly(hydrogenated iso-
prene) in dioxane/heptane mixtures in which micelles
form with a poly(styrene) core at high dioxane con-
tent.33 Very short relaxation times, in the 0.1 s range,
were measured when forming micelles by a 1/1 v/v
mixing of a unimer solution in a dioxane/heptane
mixture (60/40 v/v) with dioxane and when dissoci-
ating micelles by a 1/1 v/v mixing of a micellar solu-
tion in dioxane with heptane. The authors assumed
that the fast micelle dissociation was due to a rapid
influx of heptane into the micelle core and a subse-
quent rapid separation of the copolymers by diffu-
sion. The average relaxation time for the association
process was proposed to mainly reflect the growth of
associated species with low aggregation number into
the final micelles. The authors noted that such exper-
iments cannot be directly compared with experiments
performed in a near-equilibrium situation. Such
experiments were performed using NRET and
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labeled polymers and yielded much longer relaxation
times, in the range of 100 s.78

. Studies of the dynamics of micelle formation/break-

down that used very large perturbations were also
performed on poly(a-methylstyrene)-poly(vinylphen-
ethyl alcohol) in benzyl alcohol where micelles form
with a poly(o-methylstyrene) core.?782 The processes
were very slow, on the time scale of half an hour to
tens and hundreds of hours. Thus they could be fol-
lowed by static and dynamic light-scattering mea-
surements of the apparent molecular weight, radius
of gyration, and hydrodynamic radius of the micelles,
M, o0 R apps and Ry, respectively. The micelle for-
mation and breakdown were induced by temperature
variations from the unimer to the micellar range
(temperature decrease) and vice versa (temperature
increase). A study that examined the micelle forma-
tion induced by a quenching from 60°C (unimer state)
to 35°C evidenced two well-separated relaxation
times.?” The results were interpreted following the
Aniansson and Wall model, taking into account the
information revealed by the simultaneous variations
measured for M ., R, .., and R, ... The fast process
was assumed to correspond to the self-association of
unimers into micelles with an aggregation number
close to but not equal to that of the equilibrium
micelles. The number of micelles increased until the
unimer concentration reached a value around the
cmce. Then a slow micelle growth to the equilibrium
size took place by micelle formation/breakdown via
unimer entry/exit reactions (1). Reactions of
fusion/fission (2) were excluded. Figure 4.12 schemat-
ically represents the various stages of micelle forma-
tion, according to this model. The main difference
with AW mechanism is that one starts with a system
that contains no copolymer micelles.

In a second study of the same system, smaller tem-
perature variations were used to study micelle for-
mation and breakdown.? The effect of the amplitude
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Figure 4.12 Schematic representation of the shape of the micelle
size distribution curve (w is the fraction of micelle of aggregation
number P; t is the time) during the first and second relaxation
processes (see text). Reproduced from Reference 37 with permission
of the American Chemical Society.

of the quench of temperature on the micelle formation
was twofold. First, only the slowest of the two relax-
ation processes evidenced in Reference 37 was
observed because at the starting temperature (40 or
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45°C) the solution already contained micelles. Sec-
ond, the measured relaxation times were larger. In
the micelle breakdown experiments a temperature
increase was applied to a solution equilibrated at
35°C, which contained micelles. The final tempera-
ture was also in the micelle range. This temperature
jump gave rise to variations of M, and R, ,,, going
through a minimum as time elapsed, on the time
scale of up to 200 hours. These variations, together
with the effect of surfactant concentration on the
relaxations, indicated that the number of micelles
and their aggregation number first decreased
(micelle decomposition), then increased (micelle
recovery). As noted by the authors, this process is
quite complex but fits in AW mechanism. The effect
of the amplitude of the perturbation is clearly seen
in Figure 4.13 that represents the variations of the
relaxation times with the copolymer concentration.

In conclusion, the reviewed studies of the dynamics of
micelles of block copolymers other than EOy g0,/ POypoEOxEo)
in aqueous and organic solutions have permitted us to clarify
the main parameters that control the rate of copolymer
exchange and of micelle formation/breakdown. The Aniansson
and Wall model appears to also apply to these systems with
the appropriate changes for the fact that block copolymers
and not surfactants are involved. Far too few studies report
values of the exchange rate constants k* and k-. Most reported
studies used either too large perturbations of the system or
methods that only give access to relaxation times that are not
directly related to the rate constants. More work based on the
same method as in Reference 35 should be performed on
copolymers with varying molecular weight, composition, and
architecture as this method affords the determination of val-
ues of copolymer exchange rate constants. This method is
based on NRET. It involves the difficult synthesis of appro-
priate copolymers that are appropriately labeled and the use
of the appropriate solvents. This is probably why it has not
been more widely used yet.
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Figure 4.13 Variations of the relaxation time with the concentra-
tion of the poly(o-methylstyrene)-poly(vinylphenethyl alcohol) copol-
ymer. Left: relaxation time for the micelle formation process at a
temperature of 35°C, for a starting temperature of 60°C (o, the solu-
tion contains only unimers) and of 45°C (e, the solution contains
unimers and micelles). Right: relaxation times for micelle recovery
Ty (o) and breakdown 1}, (A) measured after a temperature jump from
35°C to 45°C; (0) relaxation time for micelle formation measured at
35°C following a temperature quench from 60 to 35°C. All relaxation
times are expressed in hours. Reproduced from Reference 82 with
permission of the American Chemical Society.

VI. DYNAMICS OF EXCHANGE OF
SOLUBILIZATES IN MICELLAR SOLUTIONS
OF BLOCK COPOLYMERS

These studies were performed in aqueous solutions and used
block copolymers containing at least one hydrophobic block:
poly(propylene oxide), poly(styrene), poly(methyl methacry-
late), or poly(e-caprolactone), for instance. As for surfactant
micelles, compounds that are sparingly soluble in water
(because of their pronounced hydrophobicity), can be solubi-
lized in the hydrophobic core of block copolymer micelles. This
raised the possibility of using block copolymer micelles as car-
riers for the delivery of hydrophobic drugs. This possibility is
enhanced by the fact that the core of block copolymer micelles
can be large and/or in the glassy state. Both properties are
expected to result in an increased retention of solubilizates into
micelles and, thus, in a much longer solubilizate residence time
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in the micelles. This is a distinct advantage of block copolymer
micelles with respect to surfactant micelles or vesicles. The
residence time of a solubilizate in such assemblies is generally
short and the assembly itself either has a limited lifetime
(micelle) or is easily destroyed in vivo (vesicles). Also, the very
low cme of block copolymers ensures that they are not destroyed
and that their content is released by simple dilution, as would
be the case for surfactant micelles. Last, block copolymers can
be made to be biocompatible and/or biodegradable.

Although this section is concerned with the dynamics of
solubilizate exchange, a reminder is necessary concerning
micellar solubilization. The solubilization of water-insoluble
compounds by micelles, whether of surfactants or block copol-
ymers, is generally characterized by the partition coefficient of
the solubilizate between micelles and intermicellar solution.
With surfactant micelles, the partition coefficient of a given
solubilizate depends relatively little on the nature of the sur-
factant when it is referred to the micelle core volume because
the nature of the micelle core is always the same, being gen-
erally made up of alkyl chains. Such is not the case with block
copolymer micelles, where cores of very differing nature can be
used.%6-87-91 Ag a result, the partition coefficient of a given solute
can vary by two orders of magnitude and more, depending on
the copolymer used (see values of the partition coefficient of
pyrene in various copolymer systems listed in Reference 91).
Recall that the partition coefficient can be related to the solu-
bility parameter of the solubilizate and of the block making up
the micelle core. To a first approximation, the highest value of
the partition coefficient will be found when the values of the
solubility parameter of the solubilizate and the core-forming
block are nearly the same.’® Other parameters that permit a
tuning of the value of the partition coefficient are the nature
and length of the hydrophilic block.

Many of the reported studies concern solubilizates of
aromatic character such as pyrene and its derivatives as their
entry into and exit from micelles can be easily monitored
using UV absorption or fluorescence (sometimes involving
NRET). The results obtained in these studies probably apply
to more complex solubilizates such as drugs. Only typical
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results are presented next, and no attempt is made to give a
comprehensive review of all reported studies.

A. Rate of Release (Exit) of Solubilizates from
Block Copolymer Micelles

Several studies showed that the release (exit) of solubilizates
from block copolymer micelles occurs in two steps.87-8991-94
This is illustrated in Figure 4.14 for the release of pyrene
from triblock poly(methacrylic acid)-poly(styrene)-poly(meth-
acrylic acid) copolymers in aqueous solutions.®” The copolymer
was loaded with enough pyrene that pyrene excimer emission
occurred. The release of pyrene upon dilution of the system
resulted in a decrease of the excimer fraction and thus in a
decrease of the intensity ratio Ie/Im (excimer over monomer).
This behavior differs from that observed for the release of
solubilizates from surfactant micelles, both qualitatively and
quantitatively. Indeed, the exit of solubilizates from surfac-
tant micelles usually takes place in one step, which is gener-
ally fairly rapid. Thus the residence time of pyrene in micelles
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Figure 4.14 Time dependence of the ratio of the intensity of exci-
mer to monomer fluorescence emission associated to the release of
pyrene from pyrene-loaded micelles of poly(methacrylic acid)-
poly(styrene)-poly(methacrylic acid). Reproduced from Reference 87
with permission of the American Chemical Society.
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of a surfactant such as sodium dodecylsulfate is of the order
of 0.2 ms.? Figure 4.14 shows that the largest part of the
release occurs over hours. Thus, the residence time of pyrene
in the block copolymer micelles used is in this range, which
is some 7 to 8 orders of magnitude longer than in surfactant
micelles. Even the fast release (time scale 10—20 min) is still
much slower than the release from surfactant micelles. The
authors explain their results by assuming that pyrene is sol-
ubilized in the poly(styrene) core and also in the inner part
of the corona of poly(methacrylic acid). The pyrene solubilized
in the corona is released fairly rapidly. Pyrene solubilized in
the core diffuses out extremely slowly because the poly(sty-
rene) core is in the glassy state at room temperature.

Other studies include the release of phenanthrene and
pyrene from poly(styrene)-poly(methacrylic acid) diblock
copolymer micelles?®92 and of other copolymers such as poly(¢-
butyl acrylate)-poly(2-vinylpyridine)8?; the release of benzopy-
rene and Cell-Tracker CM-Dil from poly(caprolactone)-
poly(ethylene oxide) micelles®!; the release of pyrene and
estradiol from micelles of a EOy 0 POxpoEONEo) copolymer
grafted with poly(acrylic acid).?

A theory was developed to account for the slow solubili-
zate release from the micelle core in terms of diffusion.8%9293
Figure 4.15 shows that the amount of solubilizate released
during the slow process increases nearly linear with (time)"2
as expected from a diffusion theory.?929 Such plots yielded
the diffusion coefficient Dy of the solubilizate in the core. The
values of Dg were in the range of 10-!® to 10-16 cm?/s for micelles
formed by a copolymer with a glassy poly(styrene) core.8%2
The values of Dg were several orders of magnitude larger for
other block copolymers such as those used in References 91,
93, and 94.

A very different behavior was reported for the release of
bromoacetophenone from micelles of poly(styrene)-poly(ethyl-
ene oxide).’8 The exit rate constant was directly determined
from measurements of luminescence intensity in the presence
of increasing amount of quencher. The same method had been
used to determine exit rate constants of solubilizates from
surfactant micelles.?> The value of k- was very large, 9 x10°
s, indicating a very fast release of the probe from the micelle,
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Figure 4.15 Time dependence of the fraction of benzopyrene
released from benzopyrene-loaded poly(caprolactone)-poly(ethylene
oxide) micelles. Reproduced from Reference 91 with permission of
the American Chemical Society.

in the millisecond time scale.88 Besides, the values of k-showed
only little dependence on the micelle size and copolymer archi-
tecture (diblock or triblock). This last result was interpreted
as indicating that the probe was mainly located in the
corona,®® very near to the micelle surface. This explanation is
supported by the fact that pyrene is known to interact with
poly(ethylene oxide).? If such is the case, the peculiar behav-
ior noted in Reference 88 would be specific to copolymers with
a poly(ethylene oxide) block. Moreover, one cannot exclude
that previous investigations failed to detect this very fast
release of pyrene simply because the experimental procedures
used had dead time of tens of seconds. More studies by means
of the method used in Reference 88 should be performed to
check on a possible very fast release such as that observed
with bromoacetophenone. Note that the value of k- for bro-
monaphthalene exit from sodium dodecylsulfate micelles is
around 3 x10* s71.% Bromonaphthalene is chemically close to
bromoacetophenone and has a similar solubility in water.
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Creutz et al. reported that no pyrene diffuses out
poly((dimethylamino)alkyl methacrylate) block copolymer
micelles over a period of up to 2 hours.”>" This result differs
from that in References 87 and 89 where part of the pyrene
was shown to be released fairly quickly. This peculiar behavior
may reflect the existence of a strong interaction between
pyrene and the core.

There have been many reports of kinetics of release of various
compounds of biological importance from biocompatible block
copolymer micelles, as for instance indomethacin release from
EOy&0/POnpoiOxEo)-poly(caprolactone) micelles,” doxorubicin
from poly(benzylaspartate)-poly(ethylene oxide) micelles,”® or
clonazepam from poly(benzylglutamate)-poly(ethylene oxide)
micelles.”” In the three studies, the release was extremely slow
(time scale of many days) and incomplete.

B. Rate of Entry of Solubilizates into Block
Copolymer Micelles

The rate of association (also referred to as capture or entry)
of various solubilizates to block copolymer micelles has been
investigated,3-20.100-03 often by means of fluorescence tech-
niques. All of these studies showed that the association is slow
compared to what is found with surfactant micelles. However,
the difference is not as large as in the case of the release (exit)
of solubilizates. In most instances, the capture was found to
occur in two steps, just like the release of solubilizates from
block copolymer micelles. This reflects a fast penetration of
the solubilizate in the corona, followed by its slow penetration
in the micelle core.

The increase of fluorescence intensity with time associ-
ated to the capture of pyrene by poly(styrene)-poly(meth-
acrylic acid) micelles8%19 or the capture of perylene by poly(2-
cinnamoylethyl methacrylate)-poly(acrylic acid) micelles®
revealed a two-step process. For the first system, the analysis
of the slow process (probe penetration in the micelle core)
using the same diffusion equation as for the release process
yielded a value of the diffusion coefficient close to that inferred
from the release of pyrene by the same micelles.?®
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Poly(styrene)-poly(methacrylic acid) copolymers (PS-
PMMA) tagged with a fluorescent probe or containing a sol-
ubilized fluorescent probe were used to investigate the rate
of incorporation of quenchers of the probe®” or of compounds
that give NRET with the probe.°? Carbon tetrachloride was
found to quench the fluorescence of micelle-solubilized pyrene
in 10-15 s, indicating its rapid incorporation into the micelles
owing to its small size.’” The effect of dimethylaniline was
much slower (time scale: 10 s). The difference with the results
for CCl, is in part (factor of about 10), due to the much lower
solubility of this compound in water. Note that the fluores-
cence emission of the pyrene/dimethylaniline exciplex was
biphasic.8” The penetration of 5-(N-octadecanoyl)amino fluo-
rescein into PS-PMMA micelles became much faster as the
pH was increased, that is, as the corona expands (about 1 s
at pH 9.3 and 400 s at pH 7.1).11

The rate constant of entry of bromoacetonaphthone into
poly(styrene)-poly(ethylene oxide) micelles was reported to be
in the order of 102 M'1s'l, a value 100 to 1000 times larger
than for a diffusion-controlled process.’® The authors con-
cluded from this result that when the probe exits from a
micelle it nearly always reenters the same micelle.

Briefly summarizing this section, the rates of entry/exit
of solubilizates into/from block copolymers micelles have
been found to be many orders of magnitude slower than for
surfactant micelles. Entry and exit occur in two steps: a first
step that corresponds to the entry in or exit from the micelle
corona and a much slower step corresponding to the diffusion
of the solubilizate into/out of the micelle core. There may
also be a third and very fast step that would correspond to
an association of the solubilizate to the micelle surface or to
the outer part of the corona. More work is required to confirm
the existence of this very fast process. One cannot discard
that in fact these discrete relaxation times should be
replaced by a spectrum of relaxation times. Nevertheless,
the reported results have well established the interest of
using block copolymer micelles for solubilizing strongly
hydrophobic (poorly water soluble) drugs and slowly releas-
ing them in vivo.
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VII. DYNAMICS IN AQUEOUS SOLUTION OF
ASSOCIATIVE POLYMERS

Associative polymers are water-soluble polymers made up of
a hydrophilic backbone and a few hydrophobic groups (hydro-
phobes). The hydrophobes can be located at the ends of the
hydrophilic chain, forming a telechelic polymer that can be
considered as a triblock copolymer with two short hydrophobic
blocks. The hydrophobes can also be randomly attached to the
chain, forming a comb polymer that can be considered to be
a random copolymer.'®* The hydrophobes have a tendency to
self-associate intra- and intermolecularly, giving rise to
micelle-like objects. Intermolecular associations result in the
formation of transient networks, with the micelles acting as
junctions between polymer chains. These systems display
interesting rheological properties such as viscoelasticity,
shear-thickening and shear-thinning. Gel formation is often
observed at sufficiently high concentration. Associative poly-
mers are used for controlling viscosity at different shear rates
(rheology) in paints and cosmetics, for instance.

Various dynamic processes occurring in solutions of
associative polymers explain to a large extent their rheolog-
ical behavior. Most studies have been performed using rheo-
logical methods (see Chapter 2, Section VI, and Chapter 9)
and NMR (see Chapter 2, Section IV). Results for telechelic
and for comblike associative polymers are examined succes-
sively.

A. Telechelic Polymers

Most studies refer to associative polymers made up of a
poly(ethylene oxide) backbone terminated at both ends by
alkyl chains with 8 to 20 carbon atoms. In many instances, a
diisocyanate group separates the poly(ethylene oxide) chain
from the hydrophobe.

Several rheological studies showed that solutions of
telechelic polymers submitted to oscillatory shear exhibit a
Maxwellian behavior (single relaxation time).105-198 Thig
behavior was explained by assuming that the main stress
relaxation mechanism is the exit of one hydrophobe from the
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micelle-like junction in which it is embedded. As the polymer
chain is freed at one end, it can rapidly relax the stress
through Rouse modes. The relaxation time was found to vary
exponentially with the hydrophobe carbon number (see Figure
4.16). The slope of the plot in Figure 4.16 yielded an increment
of free energy per methylene group of 1.03 k7T, a value that
is very close to that for the free energy of transfer of a meth-
ylene group from a surfactant micelle to water. This result
strongly supports the assignment of the observed relaxation.
Mixtures of two polymers with different hydrophobe length
were shown to relax with two relaxation times. This result
indicated that the chains relax independently.’®® Note that
the relaxation time for the exit of a hydrophobe from a junc-
tion is much longer than the residence time of the same alkyl
chain in a surfactant micelle. This may reflect the fact that
the microviscosity of the hydrophobic microdomains present
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Figure 4.16 Variation of the relaxation time for hydrophobe exit
in a 4 wt% solution of a telechelic poly(ethylene oxide) of molecular
weight 35,000 with the hydrophobe carbon number at 298 K. Repro-
duced from Reference 105 with permission of the Society of Rheology.
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in solutions of associating polymers or of polysoaps has been
found to be much higher than that of surfactant micelles.1%?
Also, the diffusive motion of a hydrophobe out of a junction
is hindered (slowed down) because it is tethered to the hydro-
philic polymer chain.

However, other rheological studies reported the exist-
ence of two relaxation processes.!'0-112 Reference 112 pre-
sented an interpretation of the results that is very different
from that in References 105-108. The slow process, which
is that discussed in References 105-108, is now attributed
to the network relaxation while the faster of the two pro-
cesses, not seen in these references, is attributed to the exit
of a hydrophobe from a junction. One of the difficulties with
this interpretation is that the lifetime of a hydrophobe in a
junction would increase with temperature.'’> The authors
state that nonionic surfactants show such a behavior. Unfor-
tunately, the references cited to back this point do not really
refer to dynamic studies of micelles of nonionic surfactants.
Such studies have been performed and show that the resi-
dence time/lifetime of nonionic surfactants in micelles
decreases as the temperature is increased,!'®1* just as for
ionic surfactants. Thus at the present time there appears to
be no good evidence for the assignment of the fast relaxation
observed in Reference 112 to the exit of a hydrophobe from
a junction. In contrast, the available experimental results
seem to indicate that it is the slow relaxation that is asso-
ciated with this process.

B. Comblike Polymers

Rheological studies of random copolymers of sodium acrylate
(NaAA) or sodium 2-acrylamido-2-methylpropanesulfonate
(NaAMPS) and methacrylate substituted with HO(CH,CH,
0),C,Hy; (DEnMA, with n = 2, 6, 25) have been reported.!!5
This study showed the enormous importance of the chemical
structure of the copolymer on the dynamics of the system.
The relaxation time was found to decrease very much upon
increasing m for the two types of copolymers. It was very
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small and independent of concentration for the NaAPMS-
DEnMA copolymers but became concentration dependent and
quite large, reaching 102 s, for the NaAA-DEnMA copolymers
with n = 2 and 6. This difference of behavior was attributed
to the possible existence of an interaction between methyl
groups of NaAPMS and hydrophobes. Such interaction cannot
occur with NaAA-based copolymers, favoring interchain inter-
actions and slowing down motions.

Comblike polymers made up of a poly(sodium acrylate)
backbone with various fluorocarbon or hydrocarbon pendant
hydrophobes were studied by means of 13C and *F NMR.116.117
A preliminary study showed that the hydrophobes were
slowly exchanging between the free and associated states and
the hydrophobe lifetime in the associated state was reported
to be longer than 1-10 ms, depending on the hydrophobe.!16
A more detailed study of similar polymers with
C(O)NHCH,C,F,; pendant groups showed that two processes
spontaneously occurred in the system: a very fast one associ-
ated to the exit of hydrophobe from micellar junctions between
polymer chains (time scale: 1 us) and a much slower process
corresponding to the association/dissociation of a whole poly-
mer chain to/from an aggregate of polymer chains (time scale:
> 1 s). This mechanism is similar to the AW model for the
relaxation in micellar solutions of surfactants. The difference
between the two time scales reflects the fact that the disso-
ciation of a whole polymer chain from an aggregate requires
the near simultaneous exit of all the hydrophobes on this
chain from the aggregate. Obviously the value of the life-
time/residence time of a hydrophobe in a junction is much
shorter than for a telechelic polymer (1 ms against 1 us for a
dodecyl chain or its equivalent). This large difference may be
partly due to the different chemical structures of telechelic
and comblike polymers.

In conclusion, the above results clearly call for more
studies of solutions of associating polymers for reaching a
better understanding of the dynamics of these systems that
are so important in applications.
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VIII. DYNAMICS OF MISCELLANEOUS
PROCESSES OCCURRING IN BLOCK
COPOLYMERS SYSTEMS

This section reviews studies that deal with the dynamics of
various processes in solutions of block copolymers.

The time dependence of the pH in aqueous solutions of
poly(styrene)—polymethacrylic acid upon addition of NaOH
has been found to stretch over tens of days. This behavior has
been interpreted as indicating that the inner part of the
poly(methacrylic acid) corona is not easily accessible to OH-
ions because it is very compact.®® This result supports those
obtained for the dynamics of exchange of solubilizates in aque-
ous block copolymer solutions (see Section VII).

Yusa et al.!8 showed that the random copolymer of 11-
aminododecanoic acid and sodium 2-(acrylamidopropane-
sulfonate) forms unimolecular micelles in water at pH < 5. At
pH > 5 the unimolecular micelle conformation is transformed
into an open-chain conformation. Pyrene fluorescence mea-
surements showed that the transformation is completed in
less than 6 min (dead time of the measurements).

The poly(styrene)-poly(acrylic acid) copolymers with a
short poly(acrylic acid) block (crew-cut copolymers) are capa-
ble of forming aggregates of different shapes, particularly
spherical and rodlike micelles and vesicles.®” The sphere-to-
rod, rod-to-sphere, and rod-to-vesicle transformations can be
induced in dioxane-water mixtures by solvent jumps (addi-
tion of water induces the phase sequence: sphere — rod —
vesicle). The kinetics of these transformations was investi-
gated for the (styrene); (acrylic acid);, copolymer. The
sphere-to-rod transformation induced upon increasing water
content was shown by means of transmission electron
microscopy to first involve sticky collisions between spherical
micelles that give rise to irregular pearl necklaces. The neck-
laces then reorganize into smooth rods (see Figure 4.17).119
The rod-to-sphere transformation was induced by addition
of dioxane. It proceeds via the breaking off of spherical
micelles from the ends of the rods (see Figure 4.17).119 The
time scale of these processes is in 1000-2000 s. Rodlike
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Figure 4.17 Micrographs showing the aggregates at different time
points during the sphere-to-rod transformation (¢op) and the rod-to-
sphere transformation (bottom) occurring in a 1.0 wt% solution of
styrenes, acrylic acid,, in dioxane—water mixtures. The sphere-to-rod
transformation is induced by increasing the water content from 12
to 13.5%. The rod-to-sphere transformation is induced by decreasing
the water content from 12 to 11.5%. Reproduced from Reference 119
with permission of the American Chemical Society.

micelles transformed into vesicles by first flattening into
irregularly shaped or circular lamellae that closed into ves-
icles in a time scale of 1000-2000 s.120

In a later study, the kinetics of increase/decrease of ves-
icle size induced by an increase/decrease of the water content
of the solvent mixture water/dioxane were investigated for
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the (styrene),;(acrylic acid),g copolymer by stopped flow with
turbidity detection.!?! The size changes were shown to occur
via vesicle fusion or fission. The relaxation time characteriz-
ing the vesicle fusion increased with the water content of the
system (time scale: 100-500 s).

Polymersomes are giant vesicles of varied shape, from
spherical to tubular, formed by block copolymers in aqueous
solution'?? and in organic solvent.!?? Poly(butadiene)-poly(eth-
ylene oxide) tubular polymersomes in water have been shown
to undergo beading upon a temperature quench.?* Phase con-
trast microscopy showed that beading occurred from the ends
to the center on the time scale of a few hours, following a
temperature quench. Beading is an intermediate state
between tubular and spherical polymersomes.!??

The kinetics and mechanisms of disorder-to-order phase
transitions have been investigated in concentrated solutions
of block copolymers in selective solvents by small angle x-ray
scattering (SAXS) or optical techniques as the kinetics was
generally very slow. Two illustrative examples are cited with-
out comment due to lack of space. First, the kinetics of the
transition between hexagonally packed cylinders and the
cubic gyroid phase of a poly(styrene)-poly(isoprene) block
copolymer in di-n-butylphthalate, a selective solvent of
poly(styrene), were investigated by SAXS.!25 Second, the
kinetics of the transition between micelles and the body cen-
tered cubic phase of the copolymer poly(styrene)-poly(ethyl-
ene-co-butylene)-poly(styrene) in mineral oil were
investigated by time-resolved SAXS.'?6 In both studies, the
time scale for the transitions was in the range of about 1
hour!?$ to tens of hours.!?> The transition was found to occur
in at least two stages and the results permitted the authors
to gain some insight into its mechanism.

IX. GENERAL CONCLUSIONS

This chapter reviewed the dynamics of micellar solutions of
amphiphilic block copolymers. The reported studies show that
the triblock copolymers poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) behave similarly to conventional
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surfactants. The copolymer exchange as well as the micelle
formation/breakdown have been evidenced and investigated
fairly completely. The entry of the copolymer into the micelles
is slower than for a diffusion-controlled process and becomes
increasingly slower as the length of the poly(propylene oxide)
block is increased. The micelle formation/breakdown appears
to occur via reactions of fragmentation/coagulation, as in the
case of aqueous solutions of the nonionic poly(ethylene oxide)
monoalkylether surfactants. The free energy of transfer of a
propylene oxide unit from the micelle to the aqueous phase has
been found to be in the range of values that can be inferred for
this quantity from the variation of the cmc with the number
of propylene oxide units. To a large extent, the Aniansson-Wall-
Kahlweit model proposed for surfactant micellar solutions
appears to hold for EOy 0, POypoEOxEo) copolymer micelles.

The situation is very different for other copolymers in
solution in water and in hydroorganic or organic solvents.
The copolymer exchange process is then very often frozen
for copolymers where the insoluble block is long (thermody-
namic freezing) or at a temperature below the glass transi-
tion temperature (kinetic freezing). The copolymer exchange
can nevertheless be observed by selecting the proper solvent
or solvent mixture. The range of solvent composition in
which the dynamic equilibrium between unimers and
micelles can be observed is generally relatively narrow, in
accordance to dynamic Monte Carlo simulations. Whenever
observable, the exchange process is much slower than for
surfactants, by up to 10 orders of magnitude, owing most
likely to the large size of the insoluble block making up the
micelle core. Note that the relaxation signals associated with
the copolymer exchange are in most instances not single
exponential. This probably reflects the unavoidable polydis-
persity in composition and molecular weight of the copoly-
mers. The lifetime of block copolymer micelles under near
equilibrium conditions remains to be investigated. It is
expected to be extremely long in view of the slowness of the
copolymer exchange process.



224 Zana

In the case of aqueous solutions, the main reason for the
strongly differing behaviors reported for the dynamics of
micelles of EOy g0/ POxpoEOxgo) copolymers and of other
copolymers appears to be the extremely weak hydrophobic
character of the poly(propylene oxide) block.

Studies of the dynamics of exchange of compounds solu-
bilized in the core of aqueous block copolymer micelles showed
that the residence time of solubilizates in the core of block
copolymer micelles is orders of magnitude longer than in
surfactant micelles. This together with the long lifetime of
block copolymer micelles are factors much in favor of the use
of block copolymer micelles in drug delivery.
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I. INTRODUCTION

Microemulsions, unlike classical emulsions, are usually trans-
parent and thermodynamically stable systems requiring a
significant amount of surfactant. The addition of a cosurfac-
tant, although not always required, often appears to be nec-
essary so that microemulsions in their simplest compositions
are ternary or quaternary systems. Microemulsions are thus
some sort of swollen micellar systems in which the core of the
droplets accommodates a more or less important amount of
dispersed oil (or water in the case of reverse micelles).
Research concerning such systems, which were first men-
tioned by Hoar and Schulman,! literally exploded in the late
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1970s and early 1980s because of their important potential
for tertiary oil recovery,?? in relation to their ability to produce
very low interfacial tensions. Since that time, many efforts
have been made to fully understand the complex nature of
these systems and to explore their applications. Many types
of formulations have been tested, which were accompanied by
the characterization of the corresponding phase diagrams.

A number of review articles?? and books!?-6 have been
devoted to microemulsions. The reader should refer to these
publications (and to references therein) for more information
regarding aspects of these systems that are not treated in this
chapter and that extend from chemical formulation to phys-
ical properties, going through theoretical aspects, applications
in analytical science and separation, biotechnology, pharma-
cology, chemical reactivity, polymer synthesis, and so forth.

The literature concerning the structural aspects of micro-
emulsion systems is much more abundant than that devoted
to their dynamic behavior. Scattering methods have been exten-
sively used for this purpose, and the information that has been
gained is very important for understanding the dynamic pro-
cesses, even though they will not be reviewed here.

Far from having a totally static molecular organization,
microemulsion systems are strongly dynamic in the sense that
the constituting components can show different kinds of dif-
fusion or exchange processes, and the cooperative fluctuations
of the molecules constituting the amphiphilic film may result
in droplet coalescence/decoalescence, percolation phenomena,
etc. These dynamic processes probably play a major part in
the stability of microemulsions, and they have significant
implications regarding the use of these systems for applied
purposes.

The dynamic behavior of microemulsions controls the
exchange of solubilizate between droplets, and it has a strong
impact on the chemical reactivity in such microheterogeneous
systems. The latter aspect is reviewed in Chapter 10 of this
book. We will try here to go from the macroscopic observations
to their significance at the molecular level and from the global
motions of the droplets to the dynamics of the individual
components and of the interfacial film. Some of the implica-
tions of the dynamic behavior of microemulsions in specific
domains will be discussed briefly.
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Il.  GENERAL POINTS CONCERNING
MICROEMULSIONS STRUCTURE, PHASE
BEHAVIOR, AND DYNAMICS

The essential features responsible for the transparency of
microemulsions is the small size of the droplets, whose diam-
eters are typically from 5 to 50 nm, i.e., only a small fraction
of the wavelength of visible light. However, the word “micro-
emulsion” includes different kinds of systems depending on
whether we are dealing with water-rich, oil-rich, or interme-
diate compositions. The continuous passage from the first one
to the second one occurs through the formation of bicontinu-
ous structures.!” This implies a change of curvature of the
amphiphilic film, which can be induced as well by a compo-
sition change as by a temperature change.

For compositions outside the monophasic microemulsion
domains of the phase diagrams, polyphasic systems are
obtained for which the Winsor terminology is widely adopted
(see Chapter 1, Section IV)'%1° In this terminology a homoge-
neous single-phase microemulsion is called Winsor IV. When
excess oil separates from an oil-in-water (O/W) microemul-
sion, the diphasic system obtained is called Winsor I, whereas
Winsor II refers to the reverse situation, in which excess water
separates from a water-in-oil (W/O) microemulsion. A Winsor
III describes a triphasic system in which a bicontinuous
microemulsion is in contact with both excess oil and excess
water. With ionic surfactant systems, an increase of salinity
progressively changes the partitioning of the surfactant, ini-
tially in the aqueous phase, in favor of the organic phase. This
may result in a Winsor I — Winsor III — Winsor II transition.
A temperature change will generally have a similar effect in
the case of nonionic surfactants.

Winsor systems are extremely useful for studying trans-
fer processes from one phase to another. Due to the existence
of well-defined liquid-liquid interfaces, they have been used
to examine how solubilizates can be transferred in and trans-
ported by microemulsion droplets.2%-21

Many physicochemical techniques are sensitive to the
dynamics, including some techniques that are more specifically
adapted to the study of structural aspects or particle size mea-
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surements, like, for instance, quasi-elastic light scattering. The
dynamic processes occurring in microemulsions are so varied
that they can take place on very different time scales. Several
techniques are therefore required to cover all that variety of
motions. Table 5.1 lists the main existing processes, their char-
acteristic times, and the type of techniques best adapted to
investigate them. These techniques are essentially the NMR,
the fast chemical relaxation techniques (ultrasonic absorption;
temperature-jump (T-jump); pressure-jump (p-jump); electric-

TaBLE 5.1 Characteristic Times of Dynamic Processes Occurring
in Microemulsion Systems

Dynamic Process Characteristic Technique Reference
Time
Alkyl chain motions in ps to ns NMR 24, 54
the aggregates
Tumbling of the whole ns to us NMR 25-28

droplet (rotational
correlation time)

Exchange of short order of Ultrasonic 47, 48
chain alcohol 10 ns absorption
(cosurfactant)
between aggregates
and bulk

Exchange of surfactant order of Ultrasonic 47, 48
between aggregates 100 ns absorption

and bulk water (in
o/w microemulsions
in the presence of

cosurfactants)

Droplet coalescence us to ms Time-resolved 105-109
fluorescence 99-101
quenching and
stopped-flow

Clustering of order of ms Time-resolved 117-119

aggregates luminescence
quenching
Dissolution of water ms to min Stopped-flow 132-134
(oil) in w/o (o/w) (depending
microemulsions on mixing
efficiency)
Change of film from 100 ms  T-jump 126, 145

curvature to us
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field jump (E-field jump); stopped-flow techniques), and time-
resolved luminescence quenching techniques (see Chapter 2).
A few other techniques also proved to be useful in the approach
of the dynamics of microemulsion systems: electron paramag-
netic resonance spectroscopy (EPR) gave some insight into the
motions of probe molecules, and electrical conductivity has
been widely used to study droplet percolation phenomena (see
Section VI). Rheological measurements can also provide infor-
mation on the dynamic behavior, but this constitutes a special-
ized field not considered here. These aspects have been recently
reviewed.8

I1l. DIFFUSION AND ROTATION OF
MOLECULES AND AGGREGATES

A. Global Motions of the Individual Aggregates

Before looking at what happens inside the droplets at the
molecular level, the first motion a hypothetical observer would
see (assuming he is able to visually follow a single droplet)
would be a rotation of the aggregate as a whole. This kind of
movement, and thus the droplet tumbling rate, is in principle
accessible through the use of NMR or EPR spectroscopy. It
has been pointed out??2 that in micellar and microemulsion
systems 13C NMR relaxation may be affected by two types of
motions: (1) fast local motions in the interior of the aggregates
characterized by a correlation time t.f, and (2) slow molecular
motions with correlation time 7., including the overall tum-
bling of the aggregate and the molecular lateral diffusion
around the surface of the aggregates. Appropriate NMR
experiments permit in some instances a discrimination
between the different types of motions. However, the case of
microemulsions is more complicated than that of simple
micelles because the microstructure is not always known.

Assuming spherical microemulsion droplets, an upper
limit of the correlation time (corresponding to the droplet
tumbling rate) can be calculated from?2526

mbing 4 (Ry)® / 3kT (5.1)
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where 1 is the viscosity and Ry the droplet hydrodynamic
radius. The value 1, = 1.4 ps was obtained in the case of a
four-component system water/hexadecane/sodium hexadecyl
sulfate/pentanol with Ry = 12.7 nm.?® For the sake of compar-
ison, a 1. value of 4.1 ns has been calculated?® for the rotation
of a micelle of decylammonium chloride, DAC (Ry = 16.9 A).
A study of the four-component systems SDS/tolu-
ene/water/alcohol (with alcohol chain lengths from C; to C,,)
yielded values of the slow correlation time ranging from 1.7
to 15.0 ns when going from propanol to decanol. This effect
was attributed to a change of the structure of the microemul-
sions. For the shorter-chain alcohols, the motions are compar-
atively rapid, with a rate comparable to that in DAC micelles.
When the chain length of the cosurfactant is increased, the
situation becomes more complex, with motions occurring on
different time scales and including shape fluctuations of the
droplets. The time constants of these fluctuations have been
studied for the AOT/water/decane microemulsion system
using quasi-elastic light scattering and neutron spin-echo
spectroscopy.?” The time constant that governed the relaxation
mechanism reflected the relative strengths of the interfacial
forces and the viscous forces, and an effective microscopic
interfacial tension for the microemulsion droplet could be
deduced for the first time (y = 0.05 mN/m).

Information concerning the tumbling rate of microemul-
sions in AOT/water/isooctane was obtained from EPR spec-
troscopy using 4-hydroxy-TEMPO, a water soluble nitroxide
radical.?® In that case the rotational correlation time normally
indicates the tumbling rate of the probe molecule, but after
reducing the size of the microemulsion droplet through clath-
rate hydrate formation (which removes water from the drop-
lets), the spin probe motion becomes much faster than in a
larger droplet at the same temperature. This was interpreted
as indicating that the motions of the probe, assumed to be
rigidly held inside the microemulsion droplet, expresses the
proper movement of the droplet. Fixing the water/AOT molar
ratio (w,) at 20, rotational correlation times from 0.2 to 0.7
ns were found when varying the temperature from 295 to 263
K. Hydrate formation at 268 K induced a drop of 1, from 0.65
to 0.27 ns.
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B. Diffusion of Single Components

The self-diffusion coefficients of the different components of
a microemulsion (surfactant, cosurfactant, water, and oil) can
be measured using pulsed field gradient Fourier transform
NMR (PG-FT-NMR) or radioactive tracer methods.?*-32 The
values obtained for these molecular self-diffusion coefficients
depend on obstruction factors and on confinement; for this
reason, they are closely related to the microemulsion struc-
ture. Molecular components belonging to the continuous
phase will experience faster diffusion than the components
confined in a closed aggregate. Thus by comparing the self-
diffusion coefficients of water and oil, it is possible to identify
the probable structural organization of the system, and to
distinguish between O/W, W/O, or bicontinuous systems. For
the components confined in the aggregates and for the sur-
factants constituting their amphilic layers, the dominating
diffusion process is expected to be the proper diffusion of the
aggregate itself (with a diffusion coefficient much smaller
than those relative to the components constituting the con-
tinuous phase). This is illustrated in Figure 5.1, which clearly
shows the inversion of the diffusion coefficients of water and
toluene, respectively, when moving the overall composition
from the water apex to the oil apex in the phase diagram.?®
The self-diffusion coefficients are of the order of, say, 10-? m?
s! for the diffusion of free single solvent molecules, and of
10-1° to 101 m? s! for the aggregates constituting the dis-
persed phase.

The part played by the so-called “obstruction factor”
should not be ignored in the interpretation of diffusion mea-
surements. Indeed, it has been shown?3 that in micellar sys-
tems, using D,O as the solvent, the observed coefficient of
heavy water, D, is related to the diffusion coefficient of the
micelle, D, to the fraction of bound water P, and to the
diffusion coefficient of pure water, D,:

Dobs = fob (1 - Pb) Dw + Pmeic (52)
where the factor £, is the obstruction factor (the micelles give

rise to an excluded volume hindering the diffusion of water).
A major point is that the obstruction factor is sensitive to the
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2 -9 2a—1
2| D107 m?s Toluene
SDS + Butanol L
L %k
1k Butanol
i H,0
B SDS
1 1 1 1
H,O Toluene 3 2 1 4 5

Figure 5.1 Composition diagram and measured diffusion coeffi-
cients for five different formulations in the system SDS
(1/3)-n—butanol (2/3)/toluene/water. Reprinted from Reference 29,
copyright 1981, with permission from Elsevier.

aggregate shape. By studying the change of the obstruction
factor as a function of the obstructing volume, a discrimination
between spheres, oblates, and prolates becomes possible. Typ-
ical obstruction factors range from approximately 1.0 to 0.7.

In conclusion, this section has shown how closely related
the structural aspects and the dynamic aspects are, as men-
tioned earlier.

IV. DYNAMICS OF EXCHANGE OF
SURFACTANTS AND COSURFACTANTS

A. Reminder of the Case of Simple Micelles

The continuous exchange of the surfactant molecules (as well
as cosurfactant molecules in case of mixed micelles) consti-
tutes a major dynamic process in micellar systems.?* The
situation in microemulsions, although more complex, directly
derives from that in simple micelles. For this reason, we will
briefly recall here the main conclusions that have been estab-
lished concerning the micellar dynamics, reviewed in detail
in Chapter 3.



242 Tondre

Chemical relaxation studies®**° have shown that in a
quasi-general manner relatively dilute micellar solutions are
characterized by two relaxation processes: a fast process with
a relaxation time 7, characterizing the exchange of surfactant
molecules between the micellar aggregates and the bulk aque-
ous phase, and a slower process, with relaxation time T1,,
characterizing the formation/breakdown of the aggregates.
For a surfactant having an alkyl chain length in C,,, T, and
T, are typically of the order of 1-10 pus and 1-10 ms, respec-
tively. These values increase with the alkyl chain length.

Aniansson and Wall*! derived the first expressions of 1,
and 1, which strictly apply to nonionic surfactants. Later
theoretical treatments accounted for the presence of counte-
rions in the case of ionic surfactants,*? and for the contribution
of reversible coagulation-fragmentation reactions of micelles
to the slow relaxation process.*3#* This last contribution, pre-
dominant at high surfactant concentration, can be repre-
sented by the reaction*

S, + S, S, (5.3)

where S, and S; are two submicellar aggregates and S, a
micelle of aggregation number s.

The effect of alcohol on the dynamic properties of micellar
systems has been considered as a first approach toward the
understanding of microemulsion systems. In mixed alcohol +
surfactant micelles, the theory* predicts the existence of three
relaxation processes, which have been experimentally observed
using chemical relaxation techniques:*¢ a slow process associ-
ated with the formation/breakdown of mixed micelles and two
fast processes associated with the exchange of the surfactant
and alcohol, respectively, between the mixed micelles and the
bulk aqueous phase. With M, ; representing a mixed micelle
with a alcohol (A) molecules and s surfactant (S) molecules,
these two exchange reactions can be written in the form

M, +A M,, and M, ,+S M,, (6.4)

a,s
Information concerning the rate constants associated with

these equilibria is available in the literature. For instance, the
three characteristic relaxation times of the tetradecyltrimeth-
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ylammonium bromide (TTAB)/pentanol system have been mea-
sured using T-jump, p-jump (shock-tube), and ultrasonic
absorption. The results showed that (1) the rate of association
of alcohol molecules to TTAB micelles is diffusion-controlled
and the residence time of pentanol in the mixed micelles is of
about 50 ns; (2) the addition of alcohol reduces the rate constant
for the dissociation of a surfactant from a mixed micelle; and
(3) the lability of the micellar structure is increased in the
presence of alcohol.4

B. Exchange Dynamics in Microemulsions

Microemulsions often contain relatively high surfactant con-
centrations, which allow the dissolution of appreciable
amounts of alcohol and oil. The exchange dynamics in these
complex systems, which involve four components in a range
of concentrations outside the usual diluted domain considered
so far, have been essentially studied in the groups of Zana
and Lang*™*® and of Hoffmann.?® Their results have shown
that the addition of alcohols (cosurfactants) and oils to pure
micellar systems can change considerably the rate of the
exchange processes, although the mechanisms involved
remain of the same nature. Their studies also concerned the
influence of the additives on the structural characteristics of
the micelles (the word being taken in its wide sense and
including microemulsion droplets) and the correlations
between dynamic behavior and structural evolution (micelle
shape and size, surfactant aggregation number, polydisper-
sity, location of the solubilized species in the micelle, for
instance).49-51

In a first approach, Lang et al. have studied the ultrasonic
relaxation of microemulsions whose compositions were chosen
so as to follow specific pathways in the ternary or pseudoter-
nary phase diagrams.*”48 Many different systems were studied,
varying the nature of the components. The ultrasonic relax-
ation spectra were measured in the range 1 to 156 MHz, show-
ing the existence of one or two relaxation processes:

A, A,
2 s T s T
f 1+ /1R 1+(f/1£,)

B (5.5)
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In Equation 5.5 o/f? is the ultrasonic absorption (o =
absorption coefficient in cm; f = frequency in Hz), B is a
constant, A; and A, are the relaxation amplitudes, and fy, and
fr, the relaxation frequencies. The latter are related to the
relaxation times T by

Ty, = 2nfyy o) (5.6)

The two relaxation processes observed in O/W microemul-
sions were attributed to the exchange of the surfactant ion and
of the alcohol between the interfacial film and the water-rich
phase. It was found that in the water/sodium dodecylsulfate
(SDS)/1-butanol system, the exchange of the alcohol (short-
chain alcohol in that case) is very fast, with an exchange rate
of about 10® s~!. Upon addition of toluene to the preceding
ternary system, the relaxation frequencies decreased and the
low frequency relaxation process, associated with the surfac-
tant exchange, vanished when toluene became the continuous
phase. The disappearance of the surfactant exchange process
when going from O/W to W/O microemulsions can be explained
by the fact that the surfactant is insoluble in the oil phase.
This observation has suggested the possibility of monitoring
the W/O to O/W microemulsion transition by means of ultra-
sonic absorption, i.e., by simply following the change of the
dynamic behavior. On the other hand, for solubility reasons,
the exchange of the alcohol can occur between the interfacial
film and the oil phase, but also between this film and the
dispersed aqueous phase. In fact, it is believed that the two
exchange equilibria involving the alcohol occur at comparable
rates and are detected as a single relaxation process. Lang et
al.8 have attempted to explain the decrease of both fg; and fy,
upon addition of cyclohexane to the ternary system
water/SDS/1-pentanol, in the O/W domain, on the basis of
Aniansson’s theory, using the expression derived for the sur-
factant exchange process in simple micelles:

kK c,
Cfree

k
)

2#f, = + (5.7

where N is the number of exchanging species per aggregate,
o is the standard deviation of N, k- is the rate constant for
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the dissociation of one exchanging species from the aggregate,
and Cy,,, and C,; are the concentrations of free and aggregated
species, respectively. Upon addition of oil, N and thus o
increase and Cg,, decreases. Remembering that Cg,, = k7k*
(k* is the diffusion-controlled association rate constant of an
exchanging species to an aggregate), k- is also decreased and
thus f; is expected to progressively decrease, as experimen-
tally observed for both the surfactant and alcohol.

In a second approach, chemical relaxation techniques
were used to follow the kinetic changes associated to the
process of micelle formation-breakdown (relaxation time t,),
when the composition of the system was changed continuously
from micelles to microemulsions.*?%® Starting from concen-
trated micellar solutions of ionic surfactants (tetradecyl and
hexadecylpyridinium chloride (TPyC, HPyC); hexadecyltrim-
ethylammonium chloride (HTAC); and dodecyl and tetrade-
cyltrimethylammonium salicylate (DTASal and TTASal),
different alcohols and/or oils were added, finally leading to
the formation of O/W microemulsions. Figures 5.2a and b and
Figure 5.3 show the variation of 1/1, upon additions of alcohols
or oils of different chain lengths to 0.3 M HPyC solutions and
to 0.3 M HPyC + 0.2 M 1-pentanol solutions.*® Very similar
observations have been reported for mixtures of sodium sal-
icylate and alkyltrimethylammonium bromide.>°

As shown in Figure 5.2 and Figure 5.3, the changes of 1,
are very sensitive to the nature, chain length, and concentra-
tion of both the added alcohol and oil. Addition of 1-pentanol
to HPyC can increase 1/1, by a factor as large as 10% The
increase of 1/t, upon alcohol addition appears to be quite
general, at least in the low concentration range. For alcohols
longer than 1-pentanol, a more complex behavior is observed,
with 1/1, going through a maximum. Remembering that the
average micelle lifetime T); increases with 1,,52 the results of
Figures 5.2a and b indicate a decrease of T,; when mixed
surfactant/alcohol micelles are formed. The specific behavior
of long-chain alcohols has been explained by the fact that at
low concentrations they are mainly solubilized in the palisade
layer with their polar heads in contact with the aqueous
phase, whereas at high concentrations they also solubilize in
the micellar core. The variation of 1/1, then becomes similar
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Figure 5.2 Effect of the concentration of added alcohol on 1/1, for
a 0.3 M HPyC solution at T; = 25°C. (a): (x) ethanol; (A) 1-propanol;
(+) 1-butanol; (V) benzylalcohol; (O0) 1-pentanol; (b): (x) 1-hexanol;
(®) 1-heptanol; (0) 1-octanol; (A) 1-decanol. Reprinted with permis-
sion from Reference 49, copyright 1986, American Chemical Society.

to that observed in Figure 5.3 for oil additions. Thus the
solubilization in the micelle palisade increases the dynamics
of the system, whereas solubilization in the micellar interior
stabilizes the droplets by decreasing their dynamics.

Lang and Zana*® have attempted to interpret qualitatively
their data on the basis of the theoretical treatment of micellar
solutions proposed by Kahlweit et al.,*4%® which accounts for
the contribution of reversible coagulation/fragmentation reac-
tions to the process of micelle breakdown-formation. A careful
examination of the different parameters led the authors to
conclude that the average dissociation rate constant must
largely contribute to the observed changes of 1/1,, which are
also related to the variations of concentration of the species
around the minimum of the size distribution curve of the aggre-
gates (see Chapter 3, Section III. C). This means that the
micelle breakdown-formation is affected by variations of poly-
dispersity of the system, which were evidenced by quasi-elastic
light-scattering experiments. The solubilization of alcohols and
their penetration into the micelles also modify the aggregation
number, the ionization degree, or the shape of the particle, all
parameters that affect the value of 1, in a complex manner.
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Figure 5.3 Effect of the concentration of added oil to the mixed
micellar solution 0.3 M HPyC + 0.2 M 1-pentanol at 25°C: (V) n-
hexane; (®) n-heptane; (O)n-octane; (X) n-nonane; () n-decane; (O)n-
dodecane; (+) cyclohexane; (A) toluene; (©) n-butylbenzene.
Reprinted with permission from Reference 49, copyright 1986,
American Chemical Society.

Hoffmann et al.’° have shown that the changes of 1, upon
addition of alcohol and/or oil are strongly correlated with the
structural modifications of the aggregates, using for this pur-
pose dynamic light scattering, electric birefringence, and vis-
cosity measurements. Their results were especially
demonstrative since, in this case, the initial solution (alkylt-
rimethylammonium bromide/sodium salicylate) contained
rodlike micelles. The different techniques used consistently
suggested the transformation of the rodlike micelles into glob-
ular aggregates upon addition of short-chain alcohols, which
is in line with the strong acceleration observed for the reequil-
ibration process. Besides, the addition of alicyclic hydrocar-
bons (toluene and cyclohexane) and long-chain alcohols was
shown to have little effect on the size of the rods, whereas the
addition of alkanes like decane, in the presence of pentanol,
resulted in rodlike micelles being transformed back to globu-
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lar aggregates. All these observations give substantial support
to understand the complex variations of 1/1,. The authors have
also drawn interesting information from the comparison of
the value of 1, obtained from chemical relaxation techniques,
with the value of the correlation time 1, (related to the size
and shape of the particles, through the diffusion coefficient)
obtained from dynamic light scattering.

V. AMPHIPHILE CHAIN DYNAMICS; WATER
AND COUNTERIONS MOBILITY

A. Motion of Hydrophobic or Hydrophilic
Chains of Surfactant Molecules

The local motion of the alkyl chains of surfactant molecules
is extremely fast, as indicated by longitudinal 13C NMR relax-
ation time (T,) measurements in microemulsions. It has been
demonstrated that these internal motions are only slightly
influenced by aggregation and by changes between different
aggregate geometries.?* The fact that cis-trans reorganiza-
tions in micellar aggregates are extremely rapid is in agree-
ment with the liquid-like nature of the interior of micelles.
The time scale of these fast motions is in the order of pico-
seconds.?*5* In the L, domain of the sodium octanoate/octanoic
acid/water system at different water contents, it has been
shown that the mobility of the alkyl chains increase in going
from the surface to the interior of the aggregates, the region
around the head group of the surfactant being the least
mobile.?* The fast correlation time is relatively insensitive to
the amount of water present in the system. Similar conclu-
sions have been obtained for other three- or four-component
systems of the W/O type.

The same approach has been used to gain some insight
into the motions of the hydrophilic chains of nonionic surfac-
tants. For instance, we have looked® at the 13C NMR relax-
ation times of the carbon atoms constituting the hydrophilic
moiety of tetraethyleneglycoldodecylether (C,,EO,) in
decane/water/1-hexanol/C,,EO,W/O microemulsions. The val-
ues of T, for the carbon atoms along the hydrophilic chain
were measured, leading to values between 29 to 68 ps for the
effective rotational correlation time of the C-H vector consid-
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ered, depending on carbon number and water content. The
results were analyzed along the lines of the model described
earlier (see Section III). It was concluded that the chain mobil-
ity goes through a minimum when increasing the water con-
tent. At low water content, the hydrophilic tails of the
surfactant molecules can move freely. When more water is
added, they lose some freedom due to hydrogen-bonding.
When one exceeds the amount of water necessary for the
simple hydration of the ethylene oxide (EO) units (about 2.5
water molecules per EO group), the hydrophilic tails recover
a certain mobility in the resulting water pool.

It is more difficult to obtain information concerning local
motions in cosurfactant molecules (usually short-chain alco-
hols) due to their very fast exchange rate between the differ-
ent pseudo-phases.

B. Mobility of Confined Water

Many techniques have been used to characterize the state of
water and the dynamics of water molecules in W/O micro-
emulsions.?®57 It is usual in that case to consider the molar
concentration ratio w, = [water]/[surfactant]. All the tech-
niques used demonstrate that for low values of w,, the water
molecules are essentially bound to the counterions and to the
surfactant polar heads. It is only when w, exceeds a certain
value (around 6-10 for AOT-based systems for instance) that
free water can be detected. Properties such as the local micro-
viscosity,?® or the local dielectric constant,?® are strongly
affected by the state of water.

The mobility of water molecules confined in W/O micro-
emulsions can be significantly reduced in two different situ-
ations: (1) when w, is small enough so that only bound water
exists, and (2) when water molecules are situated near the
internal wall of the droplets, independently of the value of w,.
However in this last case fast exchange between bound and
free water is known to take place,?” with characteristic times
of the same orders of magnitude as those measured for simple
ionic solutions. The residence time of a water molecule around
an ion strongly depends on its nature. For alkali metal ions,
this time is about 1 ns.%°
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Again NMR spectroscopy is a choice technique for eval-
uating the water mobility. T, relaxation measurements have
been used to evaluate the rotational correlation time t, of
water molecules in situation of confinement. The values of 7,
as a function of the water content, in AOT/H,0/C,;D,4 reverse
micelles, demonstrate that the water molecules are highly
immobilized in small water pools due to strong ion-dipole
interactions: t, is about 70 times longer than in bulk water
(3 ps) when w, is kept very low.>” Upon increasing w,, T,
decreases and finally approaches the value measured in pure
water, when the amount of bound water becomes negligible
relatively to the quantity of free water.

C. Mobility of Counterions

It is well known that in charged colloidal systems (micelles,
microemulsions, polyelectrolytes, etc.), a fraction of counteri-
ons are dissociated whereas another fraction is more or less
strongly associated with the colloidal particles. Here again
exchange processes are believed to occur between free and
bound counterions or between different binding sites on the
surface of the particles.5” In microemulsions, not many quan-
titative data are available concerning the rate of such pro-
cesses, which should depend on the strength of the
electrostatic interactions. For monovalent ions like Na* (in
the case of the anionic surfactant AOT) or I- (in the case of
the cationic surfactant cetylpyridinium iodide), some indica-
tions of the characteristic times involved have been reported.
The temperature dependence of the resonance line width of
28Na indicated that the exchange of Na* counterions is fast
on the NMR time scale (i.e., well below 0.1 ms).57” On the other
hand, the residence time of I-, evaluated from electric field
jump experiments, was found to be in the order of 0.1 ps.6!

VI. PERCOLATION PHENOMENA AND
KINETICS OF DROPLET COALESCENCE

A. The Percolation Concept and Film Rigidity

Conductivity percolation is a phenomenon that has been
reported in hundreds of studies of microemulsions, especially
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of the W/O type. It refers to a sudden increase of the conduc-
tivity of the system by orders of magnitude once a specific
threshold is passed,?-¢7 which means that the ion transport
properties are drastically modified.5® Such changes are usu-
ally induced by varying the temperature of the system or its
water content. The salinity of the aqueous phase and/or the
presence of additives also play a major role in favoring or,
conversely, in making more difficult the percolation of conduc-
tivity (see below).

Percolation of a population of hard spheres occurs when
their volume fraction reaches about 15%.62 Statistically, at
least one continuous path (like a string of beads) will exist
above this threshold. This is based on a purely geometrical
effect, which ignores the possibility of having either attractive
or repulsive interactions between the particles, as is obviously
the case in microemulsion systems. The dynamic properties
of the amphiphilic film separating oil from water is thus an
important parameter to take into account, and depending on
whether it is rigid or fluid it will facilitate or make more
difficult the transfer of charges between droplets and give rise
to very different behaviors.®®7 This means that the percola-
tion threshold may considerably vary from that predicted
from the simple hard sphere model, the situation being
referred to as “dynamic percolation,” in contrast to static per-
colation.”

The variation of conductivity K can be represented by
two separate asymptotic power laws corresponding to systems
above or below the percolation threshold$469.72:

K =k (®, -®)* when ® < ®, and
K=k' (® - P )* when ® > O, (5.8)

where k and k' are constants related to the conductance of
the dispersed phase; ® is the volume fraction of the dispersed
phase, and @, is the percolation threshold.

Similar equations apply for temperature percolation at
constant composition:

K=p(T,—-T)*whenT < T, and
K=p'(T-T)*when T > T, (5.9)
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where p and p' are constants, T the temperature of the system,
and T, the critical temperature.

Two different theoretical approaches have been proposed
for the mechanisms involved in percolation: (1) a static per-
colation approach, in which the sharp increase of conductivity
is attributed to the appearance of long water channels, with
exponents 1~ 1.9 and S = 0.6, and (2) a dynamic percolation
approach, in which attractive interactions between droplets
permit a hopping of charges across the surfactant layers; the
critical exponents in that case are u~ 1.9 but S = 1.2 (in fact,
the experimental values of S range between 1 and 1.6).

The effect of globule dynamics on the conductivity in
microemulsions was considered in the “stirred percolation”
model.%® According to this model, the conductive droplets that
move with a diffusion coefficient D are assumed to interact
through a hard-sphere type potential. A cluster existing at a
time t will disappear after the time t + 13 and rearrange in
different clusters due to Brownian motion. Three different
situations have been distinguished, depending on the value
of the reordering time 1t (which is in the order of R%D, where
R is the droplet radius) and of the typical times of charge
migration in and between the clusters. This concept has been
shown to be consistent with the measured conductivity of
microemulsions for ® <®d,.

Monte Carlo simulations™ led to the conclusion that the
interaction strength, which can be modified either by temper-
ature or globule size, shifts the value of ®, whereas the
dynamical effects are responsible for the change of the expo-
nent. The reality of the two possible mechanisms (charge
hopping and bicontinuity) when ® > @, is considered in Sec-
tion VLE.

B. Effect of Temperature

The effects of volume fraction of the dispersed phase and of
temperature on the conductivity behavior are intimately
related. An increase of temperature can induce a conductivity
percolation in a situation where @ is not high enough for
percolation to occur.5®6* This is clearly demonstrated in a
study of AOT/decane/aqueous 0.5% NaCl system.®?® The
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authors pointed out the symmetrical roles of oil and water
relatively to percolation processes: using viscosity and electric
birefringence measurements, they were able to show that the
threshold value of the oil volume fraction in water-continuous
systems is very similar to the corresponding value for water
in oil-continuous systems.

It is generally believed that the increase of temperature
by accelerating the droplet Brownian motion facilitates the
transport of charges, which results in an increase of the con-
ductance. This is true for ionic surfactants. However, opposite
behaviors have been reported, especially with nonionic sur-
factants, where a temperature increase is associated with a
decrease of conductivity.”>”* The word “antipercolation” has
been used to refer to the increase of conductivity associated
with a decreasing water content.”

C. Effect of Salinity

An increase of salinity can produce an O/W to W/O micro-
emulsion transition through the formation of bicontinuous
structures (see Section II). It is therefore no surprise that a
system can go through a percolation threshold by changing
the salinity. The effects associated with addition of electro-
lytes are manifold: change of the Debye screening length and
thus of the interactions between droplets, change of surfac-
tant partition between the water/oil phases, and possible
change of the bending rigidity of the droplet film and/or of its
curvature. Increasing the amount of electrolytes added to
water/AOT/alkane systems of the W/O type results in a
decrease of the conductivity by several orders of magnitude.*
The analysis of the variations of conductivity with salinity in
terms of percolation scaling laws yielded exponents different
from those when the concentration of globules was varied.
We have studied” the extent of aqueous electrolyte sol-
ubilization in AOT/decane solutions when the electrolyte con-
centration was increased from 0 to 0.3 M. The solubility goes
through a sharp maximum, which appeared to be very well
correlated with a dramatic decrease of the conductivity mea-
sured near the phase limit (Figure 5.4). The origin of a max-
imum in water solubilization has been well investigated.””"®
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Figure 5.4 Variations of the maximum water solubilization capac-
ity per AOT molecule (®) (left scale; w, = [H,Ol/[AOT]) and conduc-
tivity measured near the phase limit (+) (right scale) with the NaCl
concentration. Initial AOT/decane = 25/75 (wt/wt). T = 25°C. See
Section VI.C for the meaning of R¢ and R° and Section VII.C for w,
W, AW,. Reprinted with permission from Reference 134, copyright
1998, American Chemical Society.

It has been demonstrated that the solubility limit is governed
by two distinct phenomena: (1) at low-salt concentration the
interfacial film is fluid, highly deformable, and the phase limit
is governed by a critical droplet radius R¢ above which demix-
ing occurs; the high conductivity indicates strong interactions
between these droplets and a percolation behavior can indeed
be observed when a titration with an aqueous electrolyte is
performed; and (2) when the salt concentration is above the
solubilization maximum, the phase limit is governed by the
radius of spontaneous curvature R°; the droplets behave like
hard spheres and when they reach this radius an excess water
phase appears (Winsor II system); the system in that case is
no longer conducting and no percolation can be observed upon
aqueous electrolyte titration. The capacity of water solubili-
zation is thus limited by either R¢ or R° depending on their
respective values, with important consequences regarding
droplet interactions, as indicated by conductivity measure-
ments. R¢ and R° are dependent on parameters such as the
rigidity constant of the amphiphilic film or the interaction
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potential between droplets.'”-”® We will see below how these
types of considerations are important to understand the rate
of exchange of matter between droplets. They also have impli-
cations in controlling the rate of dissolution (or incorporation)
of the dispersed phase in the microemulsions (see Section
VII.C).

Many other investigations have concerned the effect of
electrolytes on the dynamic properties of W/O microemul-
sions. Two of them will be mentioned here. One study con-
cerns the effect of electrolytes, which usually hinder the
electric percolation of water/AOT/isooctane microemulsions
(increase of T,).89 This effect is accompanied by a decrease
of viscosity and of the water solubilization capacity. For the
alkali metal chloride series, the relative efficacies of cations
in increasing T, were in the order Li* < Na* < K* < Rb* <
Cs*, i.e., the order predicted by the radii of the hydrated
cations. By contrast, no clear trend was detected when com-
paring the effects of various salts sharing a common cation.
This means that the larger the association of cations to the
interface, the greater the shift of percolation threshold.
According to the authors, the association of the cations to
the surfactant polar heads results in an increase of the
natural negative curvature of the surfactant film; it
increases the interfacial rigidity, decreases attractive inter-
actions between droplets, and thus hinders the exchange of
matter between droplets. Assuming the passage of cations
through transient channels formed during droplet colli-
sions, and considering that these channels constitute
regions of positive surfactant film curvature, the effect of
added cations will make more difficult the formation of these
channels. A second study involved conductance measure-
ments in the water/AOT/heptane system in the presence of
different added electrolytes: NaCl, Na,SO,, Na,PO,, CaCl,,
BaCl,, (C,H;),NBr, potassium phthalate.’! In all cases the
authors observed a shift of the percolation threshold toward
higher droplet volume fractions compared to the system
with no additive. They tried to describe the conductivity
curves using a classical scaling law (see Section VI.A) and
found exponents always close to 1, in the presence and
absence of salt.
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D. Effect of Additives

The effect of additives other than simple electrolytes on the
percolation behavior of W/O microemulsions has been much
investigated recently. Significant efforts have been made to
understand how they can influence the stability, film dynam-
ics, droplet coalescence ability, etc. Depending on the type of
additive considered and on its effects on the film dynamics,
its presence could either facilitate or hinder the conductance
percolation by decreasing or, in contrast, by increasing the
threshold values, respectively. Two classes of compounds are
of special interest in this regard”82: those that increase mem-
brane permeability and those that increase membrane rigid-
ity. Additives of the first category, like propanol or gramicidin,
brought about a significant lowering of the threshold temper-
ature of water/AOT/isooctane systems, whereas cholesterol,
which belongs to the second category, shifted the percolation
threshold to a higher temperature.”” Increasing the molar
ratio of cholesterol to AOT up to 0.3 resulted in a complete
disappearance of conductivity percolation in the studied tem-
perature range. Trace amounts (0.005 molar ratio with
respect to AOT) of gramicidin, a well-known channel-forming
compound, were enough to induce a dramatic decrease of the
percolation threshold. These results were interpreted as
clearly indicating that the percolative conduction does not
take place through the formation of a continuous open struc-
ture but rather through reversible and highly dynamic droplet
aggregation processes.

The effect of urea has been much investigated because
urea can modify the properties of compartmentalized
water.8-83 Added to water/AOT/heptane system at low concen-
tration (0.01 M), it hardly changed the conductivity variation
as a function of the droplet volume fraction.?! However, when
urea was added to water/AOT/hexane reverse micelles at con-
centrations up to 10 M, the percolation threshold was shifted
to very low water volume fractions ®,: 0.05 and 0.02 for urea
concentrations 3 M and 5 M, respectively.?® Urea is assumed
to preferentially bind at the micelle/water interface, thus
inducing a counterion dissociation from surfactant head
groups. This effect, which is analogous to the effect of short-
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chain alcohols, is associated with an increase of membrane
fluidity and permeability (long-chain alcohols having an oppo-
site effect as discussed in Section IV.B).

The solubilization of hydrosoluble polymers, like polyeth-
yleneglycol (PEG), in the water pools of reverse micelles is
known to produce a decrease of the interdroplet attractive
interactions, at least when the polymer chains are smaller
than the water droplets.?48 Addition of PEG (molecular
weight 2000 or 10,000 at maximum) to water/AOT/n-decane
systems shifts the threshold of conductivity percolation to
higher water volume fractions, as expected, because of the
polymer/surfactant stabilizing interactions. Similar observa-
tions were reported for water/AOT/isooctane reverse micelles
in the presence of triblock copolymers®” or of PEG of varied
molecular weights.8¢

The temperature-induced percolation of W/O microemul-
sions (water/AOT/isooctane and water/AOT/decane) in the
presence of different “hydrotropes” has been investigated by
Hait et al.®%° who have attempted to propose schematic mod-
els to help achieve understanding of how the processes of
droplet fusion, mass transfer, and droplet separation can be
affected by the presence of these additives, depending on their
specific nature. When the added compound helps bridge the
droplets, their fusion becomes easier and the presence of addi-
tive assists the conductivity percolation process. Other addi-
tives are hindering contact between droplets, which in that
case resist fusion to some extent. At a fixed [H,O]/[AOT] molar
ratio w, = 25 and fixed additive concentration (10 mM), the
values of the temperature at the percolation threshold T,
follow the order sodium cholate < hydroquinone < pyrogallol
< resorcinol < catechol < sodium salicylate. Hydrotropes with
one hydroxyl group retard percolation whereas those having
more than one hydroxyl group facilitate it.

E. Droplet Percolation and Bicontinuity

As already mentioned earlier, the mechanism at the basis of
the conductivity percolation has been much debated and the
high conductivity measured at and above the percolation
threshold has been explained in two different manners.5472
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For some authors, it is the result of the clustering of water
droplets (which can maintain their closed shell structure) and
of the hopping of the charge carriers across the surfactant
layers; for others, the formation of open structures (water
channels) leads to a bicontinuous organization of water and
oil. In all likelihood there is no unique answer, but one should
rather expect different possible explanations depending on
the characteristics and specific properties of the system under
consideration.

In support of this conclusion, we will refer to two studies
that aimed at distinguishing between the existence of closed
or open structures. Maitra et al.”! have compared the varia-
tions of the electrical conductivity and of the self-diffusion
coefficients of water with temperature in AOT/water/isooctane
microemulsions. They observed that the relative self-diffusion
coefficient of water, unlike electrical conductivity, does not
show a sudden increase at the percolation threshold temper-
ature. This result clearly shows that although the connectivity
of the droplets is developed enough to permit the transport
of charges, the translational motions of water is very much
restricted and remains similar to that in the pre-percolation
region. The authors concluded that hopping of charge carriers
is the prevailing mechanism in this system. Meier®? has inves-
tigated the behavior of the system 1 mM NaCl/pentaethyle-
neglycol monotetradecylether (C,,EO;)/n-octane, when the oil
volume fraction, ®,, was varied. The clustering of droplets is
directly reflected by a remarkable increase of viscosity, which
shows a sigmoidal variation with an inflection point at ®, =
0.85. In spite of this percolation, the conductivity remains low
in this region. It starts increasing at ®, < 0.5. This value
coincides with the phase transformation of the nanodroplet
microemulsion into a lamellar L, phase. Similar trends were
observed by varying the temperature in place of ®, The
author concluded that the percolation transition of a W/O
microemulsion is not necessarily reflected by an increased
conductivity. These two examples show that one should be
cautious when interpreting conductivity data and that com-
parison with results obtained from other techniques is often
required to correctly analyze the experiments. The next sub-
section will show how the control of the exchange of matter
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between droplets constitutes an appropriate means to further
approach the problem of droplet coalescence.

F. Kinetics of Droplet Coalescence and
Exchange of Matter between Droplets

A large number of studies have demonstrated that exchange
of matter can take place when droplets collide independently
of the occurrence of percolation.?3-11! The latter is obviously
expected to facilitate the exchanges that will be easier in a
cluster, but percolation is not a requirement. Efforts have
concentrated on the understanding of the mechanism of these
processes using probe molecules and fast kinetic techniques.
The exchange of matter confined within dispersed water drop-
lets involves several steps: collision of droplets, transient
droplet coalescence, and separation. Depending on the droplet
membrane dynamics, the whole process will be, of course,
more or less efficient. The knowledge of the rate-limiting step
is an important information, which should tell us if the merg-
ing of the droplets (with formation of transient water channels
in the case of W/O microemulsions) can instantaneously follow
their collision or if, in contrast, there is a resistance to coa-
lescence.

Menger et al.”® in 1973 reported results suggesting that
W/O microemulsion droplets are able to communicate through
coalescence followed by rapid separation. Starting with two
separate AOT/octane/water W/O microemulsions, one contain-
ing imidazole and the other containing p-nitrophenyl-p'-
guanidinobenzoate hydrochloride, hydrolysis was observed to
take place at a significant rate upon mixing. This meant that
a rapid exchange of the droplet content had occurred in one
way or another. Similar observations were reported by Eicke
et al.,?9% giving further support to this interpretation. Abe et
al.” have used a submicron particle analyzer to demonstrate
that exchange of water takes place between large and small
size W/O microemulsion droplets of an AOT/water/cyclohex-
ane system, even without any stirring. The initial bimodal
droplet size distribution curves were progressively replaced
by unimodal curves. This was taken by the authors as a proof
of water exchange through droplet coalescence.
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In order to evaluate the rate of droplet coalescence, a
common approach used by several groups®-!! has consisted
of the use of model reactions, as schematically represented in
Figure 5.5. A and B are two water-soluble reagents, and their
rate of reaction to give the product C must be known in
homogeneous aqueous solutions. When the two reagents are
initially separated in different water pools, two different sit-
uations may be produced after droplet collision and merging,
depending on whether the whole process is reaction-controlled
(the reaction inside the droplet takes place at its proper rate,
with possibly some specific effects due to the confined envi-
ronment) or merging-controlled (the reaction takes place
instantaneously as soon as the droplets have coalesced and
the fusion of the droplet membranes constitutes the rate-
limiting step). Note that the collision, instead of involving the
total droplets, may also involve probe-containing subaggre-
gates if fragmentation of the droplets occurs (see Section
IV.B), but this constitutes only a small variation of the scheme
depicted here, which remains globally valid, although the
kinetic equations will not be the same. More details can be
found in References 97 and 98.

If a very rapid reaction is selected, with a possibility to
easily follow the formation of the reaction products, it is
expected that the measured rate will be that of the droplet
merging process. Fletcher et al.?*-1°1 have used for this pur-
pose three types of reactions: proton transfer, metal-ligand
complexation, and electron transfer, all with second-order rate
constants larger than at least 2 X107 M-'s™! and approaching
the diffusion-controlled limit (> 10 M-'s~!) for the proton
transfer. These reactions were studied in AOT/water/alkane
systems with the stopped-flow method. Mathematical treat-
ments of the kinetic data for all three reactions® led to very
similar values of the exchange rate constants k.. For the
AOT/water/heptane system, the k. values ranged between
1.0 x 10 and 14 x 10 M-!s7! depending on the values of w,
and temperature. k., decreased when increasing w, or when
decreasing temperature or alkane chain length. The exchange
rates of solubilizates between water droplets are thus two to
four orders of magnitude slower than the droplet encounter
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Reaction-Controlled :the ' Merging-Controlled :the
Reaction A + B — Cis Slow ; Reaction A + B — C is Fast

Figure 5.5 Schematic representation of the limiting situations for
the kinetics of reaction between A and B reagents in microemulsion
droplets. Adapted with permission from Reference 97, copyright
CRC Press, Boca Raton, FL, and from Reference 102 by permission
of the Royal Society of Chemistry.

rate as predicted from simple diffusion theory, which implies
that there is a free energy barrier to the exchange process.
However, no energy barrier was found to slow down the
exchange of material between water pools when using a much
slower reaction, the Ni2*/Murexide complexation.!??2 Table 5.2
lists values of k., reported for various systems. Atik and
Thomas!% had previously reported similar observations using
pulsed laser photolysis techniques and fluorescence life-time
measurements of pyrenetetrasulfonic acid upon addition of
quenchers such as Cu? or the nitroxyl radical (KSO,),NO.
Analysis of the decay kinetics in the presence of different
additives enabled the determination of the exchange rate of
solubilizates.
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Bommarius et al.'% have studied solubilizate exchange
in the system dodecyltrimethylammonium chloride
(DTAC)/hexanol/n-heptane/water using electron transfer indi-
cator reactions and a Continuous Flow Method with Integrat-
ing Observation (CFMIO). The exchange rate constants were
obtained through a mathematical treatment of the kinetic
data, which considers a population balance model with two
different scenarios, depending on whether the distribution of
probe molecules is assumed to be reaction-dependent or deco-
alescence-dependent. The values of k,, for the two extreme
scenarios differ only by a factor of about 2 and ranged between
108 and 107" M-'sl. Comparison with the rate constant for
molecular diffusion (3.2 x 10° M-'s™!) indicates that the frac-
tion of successful collisions (i.e., with exchange) between drop-
lets is approximately 0.1 to 1%. The opening of the surfactant
layer upon coalescence was thus recognized as the rate-lim-
iting step.

Time-resolved fluorescence quenching (TRFQ) has also
been used by Lang, Zana, and coworkers to clarify the correla-
tions between electrical conductivity percolation and rate of
exchange of materials between droplets.1%>-19 For W/O micro-
emulsions, the ruthenium tris-(bipyridyl) ion was generally
used as fluorescent probe and methylviologen ion (or Fe(CN)g3-)
as quencher. The probe and quencher should, of course, not be
soluble in the organic continuous phase. The analysis of the
fluorescent decay curves obtained in the presence or absence
of quencher gives access to the mean surfactant aggregation
number per droplet (N), the pseudo-first order rate constant
for intradroplet fluorescence quenching (kg), and the rate con-
stant for exchange of material between droplets k., in which
we are interested in this section. The principle and limitations
of the TRFQ method for the study of microemulsions have been
discussed in detail®® (see also Chapter 2 of this book). The
effects of different parameters on the exchange rate constant
— nature of surfactant (anionic or cationic), droplet size, type
of oil, alecohol chain length, temperature — have been system-
atically studied.1%5-1% The authors arrived at the same impor-
tant conclusion that the electrical conductivity percolation
occurs only when the value of the rate constant k., becomes
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larger than (1-2) x 10° M-!s~L. This threshold value was found
independent of the parameter, which is varied to induce per-
colation. These observations support the idea that, above per-
colation threshold, the conductivity is mainly due to the motion
of counterions through water channels. A typical result!®® is
shown in Figure 5.6, where the variations of the rate constant
k., and of the electrical conductivity as a function of w,
([Hy,Ol/[surfactant] ratio) have been represented for three
microemulsions constituted of water/chlorobenzene/alkylben-
zyldimethylammonium chloride, with alkyl = dodecyl (C,,), tet-
radecyl (C,,) or hexadecyl (C,4). The conductivity behavior,
which is dramatically modified when changing the surfactant
chain length, appears to be well correlated with the measured
values of k... The effect of addition of water-soluble polymers
(PEG, poly(acrylamide), poly(vinyl alcohol)) to AOT/decane/
water/alcohol W/O microemulsions was also examined as a way
to modify the interdroplet interactions.®* At a given tempera-
ture and water volume fraction, k., decreases upon PEG addi-
tion or when increasing the polymer molecular weight. These
variations, which indicate a decrease of the attractive interac-
tions, are again well correlated with the variations of the elec-
trical conductivity.

Very large values of k., were also found for other systems:
Geladé and De Schryver!'!® have measured a value in the order
of 10° M-!s! in inverse micelles of dodecylammonium propi-
onate/water/cyclohexane; Lianos et al.!'! reported k., values
in the same range for a series of cationic microemulsions
containing cetyltrimethylammonium bromide (CTAB). They
also found that k_, increases with the droplet size and with
the oil chain length, and they suggested the existence of a
correlation between k_,, droplet interactions and critical-like
character of microemulsion. When the value of k., becomes
close to the droplet diffusion rate, even if still slightly lower,
as was the case here, this can be taken as an indication that
the opening of the interfacial film is not the rate-limiting step
of the exchange process.

To summarize the preceding features we can conclude,
as did Fletcher and Robinson,°! that (1) for reactions on the
nanosecond time scale droplets can be considered isolated and
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Figure 5.6 Variations of electrical conductivity K (a) and rate
constant k., (b) with w, for water/chlorobenzene/alkylbenzenedime-
thyl ammonium chloride microemulsions: surfactant alkyl chain C;,
(0); Cy4 (4); Cyg (®). Numbers on the curves indicate volume fraction
of dispersed phase for onset of electrical percolation. Surfactant
concentration 0.27 M; T = 20°C. Reprinted with permission from
Reference 105, copyright 1989, American Chemical Society.

no exchange occurs; (2) for reactions on the microsecond to
millisecond time scale, the droplet fusion can be rate limiting;
and (3) for reactions taking place on longer times the commu-
nication between droplets is no longer rate limiting and the
dispersed phase can be apparently regarded as if it was con-
tinuous. This discussion would not be complete without men-
tioning the role of the monolayer bending elasticity in
controlling interdroplet exchange rates. Fletcher and
Horsup!'2 noted that the energy cost of forming a pore of
radius r, is of the order of Kr /28 where K is the monolayer
bending elasticity constant and 6 the monolayer thickness.
The resistance to coalescence should thus correlate with K for
different surfactant monolayers. They investigated the prop-
erties of three different W/O microemulsions stabilized by
polyethyleneglycol monoalkylethers nonionic surfactants and
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observed that, as predicted, a linear correlation exists
between the energy barrier to microemulsion droplet
exchange and K.

If a large amount of data is available, as we have just
seen, concerning exchanges between W/O microemulsion
droplets, much less has been done concerning O/W microemul-
sions. In that case the electrostatic repulsions are expected
to decrease the rate of collisions (see Section VII.C below).
Time-resolved fluorescence quenching of pyrene has been
used to probe coagulation-fragmentation processes in O/W
microemulsions, and fragmentation rate constants k- in the
105-106 s~ range were reported.®” The interdroplet exchange
of pyrene progressively slowed down and then vanished upon
increasing oil additions, in agreement with the results dis-
cussed in Section IV.B.

G. Droplet Clustering and Rate of Exchange
between Clusters

Above the percolation threshold infinite clusters are formed,
with a significant droplet merging probability, as discussed
in the preceding sections. Some research has focused on the
early stages of the droplet clustering process (well before
reaching the percolation threshold), where the droplets are
expected to preserve their integrity. Guéring et al.!'3 studied
the benzylhexadecyldimethylammonium chloride/ben-
zene/water system and proposed a first quantitative analysis
of this clustering process by using electric birefringence. This
technique proved to be a good tool for such investigations
because only the anisotropic clusters are contributing to the
signal. The birefringence decay could be analyzed with a sum
of two exponentials with time constants in the microsecond
range. The faster decay was expected to be associated with
the rotational motion of droplet dimers (which was confirmed
by theoretical predictions), and the slower decay was assigned
to the rotational motion of the larger clusters.
Time-resolved luminescence quenching has been used to
investigate the exchange rates of solubilizates in the cluster
regime of AOT/water/oil systems.114115 Intermicellar exchange
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rate constants k., were found in the range 0.8 x 10° to 3.2 x
106 s71, depending on the quencher concentration and nature
of the oil (dodecane, isooctane, or octane). The migration of a
probe and a quencher between micelles in a cluster was
approximated by a first-order quenching constant, k. Accord-
ing to the authors, k,, is related to k., the exchange rate of
a quencher or excited probe between any two micelles in a
cluster by

K, = k/(N, 1) (5.10)

where N, is the weight-average number of micelles in a clus-
ter, and (N, — 1)! is the probability that the probe and
quencher (initially in different micelles) will be in the same
micelle after exchange. This results in a decrease of k., with
cluster size, which was effectively observed. The authors
emphasized the fact that the choice of probe is crucial and
has to be adapted to the time scale of interest (different types
of exchange processes will be observed with a short living
probe or a long-living one). They also suggested that the
exchange between different clusters may be much slower than
the intracluster exchange, in the millisecond time scale com-
pared to the microsecond time scale. Johannsson et al.l4
pointed out that the second-order rate constant used by Lang
et al.l’® (see the preceding section) to characterize the
exchanges between micelles within a cluster should rather be
replaced by a first-order rate constant. Lang et al. partially
agreed with this remark but argued that, even in the case of
collisions between discrete droplets, the rate-limiting step
remains the opening of the two surfactant layers separating
two water pools. This step is characterized by a first-order
rate constant k:

k,, = k. [M] (5.11)

where [M] is the droplet concentration. When considering
opening of surfactant layers instead of collisions, the critical
value of about 10° M-!s! (see above) remains valid. It simply
means that the critical value of the first-order rate constant
is in the order of (4 — 10) x 10° s71, taking into account the
values of [M].
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Mays et al.l'™11 have studied droplet clustering and
intercluster exchange rates in ionic and nonionic W/O micro-
emulsions using time-resolved luminescence quenching tech-
niques with a terbium complex (Th(pda);? where pda =
pyridine-2, 6-dicarboxylic acid) as lumophore and bromophe-
nol blue as quencher. This system is especially well suited for
measurements in the millisecond time range. Their work sum-
marizes the different quenching and exchange processes
involving the participation of clusters and gives an indication
of the time ranges characterizing them. The second-order rate
constant k  for the quenching reaction between different clus-
ters and between clusters and remaining single droplets has
been obtained for different microemulsion systems from an
analysis of the decay curves based on an extension of the
theory proposed by Johannsson et al.,''* introducing an addi-
tional term that accounts for the slow exchange between clus-
ters.!'” The values of k., increase by almost one order of
magnitude with the percolation transition, approaching 10°
M- s71, in agreement with the results of Jada et al.1% Some
typical results have been collected in Table 5.3, which include
nonionic microemulsions obtained with Igepal CO-520 (a non-
ionic amphiphile similar to C;,EO; with, however, a distribu-
tion of polar tail lengths).

TaBLE 5.3 Values of the Rate of Intercluster Exchanges k.,
(Reprinted with Permission from the Work of Mays et al.,!!”
copyright 1995, American Chemical Society)

System T°C State k., (M-1s)
AOT-water-n-decane 20 Nonpercolated  1.85 X 108
w,=21,C;=01M 34 Percolated 7 X 108
AOT-water-n-heptane 30 Nonpercolated 4.62 X 107
w, = 55, C; = 0.089 M 45.5 Percolated 9.47 X 108
Igepal-water-n-hexane 28 Nonpercolated 5.1 X 107
w, = 24.5,C; = 0.173 M 21.5 Percolated 2.3 X 108
Igepal-water-n-decaline 23 Nonpercolated 3.0 X 107
w, = 24.5, C; = 0.205 M 21 Percolated 1.2 X 108

C; = total surfactant concentration
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VIl. DYNAMIC PROCESSES INDUCED BY AN
EXTERNAL PERTURBATION

A. Interfacial Dynamics and Droplet
Deformation

In several recent papers!20-122 the dynamics of the amphiphilic
film of W/O microemulsion droplets has been studied through
the response of the system to perturbations caused by a sud-
den increase of temperature. The authors have used the iodine
laser temperature-jump (ILTJ) technique,?® where the relax-
ation of the system was monitored by the change of scattered
light intensity with time (see Chapter 2, Section III). After
the fast heating of the water pool, during the ILTJ pulse, the
volume of the droplet increases due to thermal expansion, and
this results in a deformation of the amphiphilic film from its
equilibrium shape. The measured relaxation time is thus
attributed to the disturbance and reorganization of the oil-
surfactant-water interface and is inversely proportional to the
bending/rigidity modulus K of the surfactant layer.'2* Alexan-
dridis et al.?® have deduced an expression for the character-
istic time 1 for the droplet shape relaxation in the form

6+ R?
K

where n is the viscosity and R is the droplet characteristic
length.

AOT/water/isooctane systems were investigated for w, =
5 to 50 in the temperature range 10-50°C. A single relaxation
time of 2-10 pus was measured depending on experimental
conditions, yielding a value of K of about 0.4 £T. This value
decreased by a factor of 2 upon addition of 0.05 M NacCl
(corresponding to longer relaxation times compared to those
measured in the absence of added salt), which means that the
interface would be less rigid. This result is in agreement with
some previous theoretical predictions,'? but it is in contra-
diction with the work of Hou et al.,’?®> who reported that an
increase of salinity, by decreasing the interfacial area per
polar head of surfactant molecules, makes the interface more

(5.12)
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rigid and less penetrable. The strength of the attractive inter-
actions was thus decreasing. However, it should be noted that
the salt concentration used in Hou et al. was larger than 0.05
M. The effect of salinity on the rigidity (and thus on the
bending modulus) of the surfactant film remains an open
question (see also Section VI.C and VII.C).

The ILTJ technique was also used to show that the scat-
tering signal is sensitive to the percolation threshold of the
AOT W/O droplets.'?! In fact, due to the high sensitivity of
the technique to the formation of aggregates, the percolation
thresholds obtained in this manner are smaller than from
conductivity experiments: the sign of the deviation of the
optical density changes from negative to positive when going
from below to above the percolation process. This is related
to the fact that the relaxation below percolation threshold is
due to an intramicellar perturbation, whereas above the per-
colation threshold it is related to the kinetics of aggregation
of the reverse micelles, thus becoming an intermicellar pro-
cess. The authors also pointed out that the increase of droplet
concentration induces a small decrease of the bending elastic
modulus.

Nazario et al.'??2 have extended the preceding studies in
order to see how the AOT film dynamics is affected by the
presence of cosurfactants such as alkanols (hexanol or decanol)
or poly(oxyethylene)monoalkylether (C,,EO, or C,,EOg). The
alcohols, which are supposed to be localized within the tail
region of the AOT surfactant film, favored a higher curvature
of this film toward the water pool; the C,_EO, surfactants have
their polar heads within the water pools and tend to curve the
interface in the reverse direction. The former were shown to
increase the interfacial rigidity, whereas the latter decreased
it. A new relaxation process, which was previously undetected,
was observed in the millisecond range, in addition to the fast
relaxation already reported before (us range). This new process
was observed only above a certain water content and temper-
ature. Its dependence on the reverse micelle concentration sug-
gested that it is related with reverse micelle-reverse micelle
interactions such as clustering and/or coalescence. Assigning
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this slow relaxation to the formation of droplet dimers, its
relaxation time 1,"M™ would be given by

1/, = 4 k,[M] + k_, (5.13)

where k, and k, are the association (coalescence) and disso-
ciation (decoalescence) rate constants, respectively, and [M]
is the micelle concentration. The linear variation of 1/t,MT7
with [M] was indeed verified at 17.5°C (deviations to linearity
showed up at higher temperatures). Rate constants k, = 3.1
x 106 M-1s! and k,, = 2000 s~! were obtained for w, = 55. The
first value compares satisfactorily with the coalescence rates
reported by Fletcher et al.? (see Table 5.2) and the second
value yields a dimer lifetime on the order of 0.5 ms. This was
the first direct (i.e., in the absence of any chemical reaction)
measurement of the dissociation constant for the dimer
formed by coalescence of two reverse micelles.

B. Temperature-Induced Change of Film
Curvature

In the preceding subsection we have seen that the temperature-
jump technique may be very powerful for investigating the
dynamic processes taking place in the monophasic W/O micro-
emulsion domain of ternary or quaternary systems. We would
like to show here that this kind of technique can also give
information on the kinetics of phase transformations that can
be induced by a simple temperature change. Such experiments
have been performed in our group,'?® using the Joule-heating
temperature-jump technique, which, in contrast to the ILTJ
technique, requires the presence of an added electrolyte (see
Chapter 2, Section III. Note that temperature-jump and pres-
sure-jump techniques had been used before to investigate the
kinetics of phase transitions in binary amphiphile systems!??
or the kinetics of phase separation in fluid mixtures!?®). The
reorganization of the system after a temperature-jump was
followed by turbidity and/or birefringence measurements. It is
advantageous that the equilibrium temperature of the system
be not too far away from room temperature. For this reason
the fluorinated system water/C.F,,CH=CH,/C;F,;CH,(EO),
was investigated. The temperature-composition phase diagram
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for the fixed ratio of surfactant/fluorinated oil = 0.247 is shown
in Figure 5.7a. The phase limits indicated were shifted down
by about 3°C by the addition of NaCl at concentration 0.1 M.
The one-phase region of this phase diagram is constituted of
two interconnected channels, and it shows strong similarity
with the reported diagram for the water/tetradecane/C,,(EO);
system.'?? In the oil-rich region W/O microemulsions are
present in the system, whereas in the water-rich region (not
fully represented in Figure 5.7a) O/W microemulsions are
formed. Transition from W/O to O/W droplets is expected in
the intermediate region, where bicontinuous structures should
exist. A temperature-jump of a few degrees (approximately
from 1.5 to 5°C) is enough to bring the system in a new equi-
librium state, as indicated by the arrows in Figure 5.7a. Three
different types of experiments have been carried out.%6

In type I experiments (path 1 — 2 in Figure 5.7a, which
brings the system from an isotropic region lower channel to

lower isotropic |
domain

AN

Turbidity signal (a.u.)

upper isotropic
domain

0 10 20 30 40 50 0 50 100 150 200
wt% HO Time (s)
(a) (b)

Figure 5.7 (a) Temperature composition phase diagram obtained
for the water/CsF,;,CH=CH,/C4F,;CH,(EO); system when water is
added to a solution of 24.7% surfactant in fluorocarbon. T-jump
experiments, indicated by the arrows, were performed for the com-
positions o~y. The full line delineates the isotropic domain.

(b) Change of turbidity versus time during the thermal return along
path 4 — 3. Reprinted with permission from Reference 126, copy-
right 1988, American Chemical Society.
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the liquid crystalline phase), the change of birefringence with
time, following the temperature-jump, was strongly depen-
dent on the value of the final temperature (i.e., the location
of point 2 in the LC domain of Figure 5.7a), which could be
chosen by adjusting the temperature-jump amplitude. The
appearance of maximum birefringence could be fitted with an
exponential function with a relaxation time of 25-30 ms.
When turbidity was used to monitor the kinetics, instead of
birefringence, conditions being otherwise similar, much faster
changes were observed, with characteristic times on the order
of 2.5 ms. On the whole, the formation of the liquid crystalline
phase thus appears to be quite fast in that case, although
different processes were obviously monitored when using tur-
bidity or birefringence signals, the latter in fact including a
turbidity component. A similar observation was made by
Mayer and Woermann,'®® who have studied by T-jump 2,6-
dimethylpyridine/water binary mixtures of near-critical com-
position. The signal of transmitted light intensity (turbidity)
yielded a much shorter relaxation time than the signal of
scattered-light intensity. This was explained by the fact that
the turbidity caused by critical opalescence is mainly deter-
mined by the Fourier components of composition fluctuations
of short wavelength, which relax faster. The important point
in the two studies!?6130 ig that the signal of interest (birefrin-
gence or scattering intensity, respectively) will be influenced
by the change of turbidity only at short times after the tem-
perature-jump. It should also be noted that much slower rates
than those observed here have been reported for the transition
between fluid isotropic amphiphile solutions and liquid crys-
talline phases in binary systems'?® or in ternary systems
including two amphiphiles!3! (see Chapter 7).

In type II experiments (path 3 — 4 in Figure 5.7a, which
brings the system from the lower isotropic channel to the
higher one), a transition is induced between two isotropic
solutions separated by a liquid crystalline phase.'?¢ If the
temperature was raised at a sufficiently slow rate that the
equilibrium was established all the time, we could see, using
adequate methods, the formation of a liquid crystal. When a
fast temperature-jump is applied so that the final tempera-
ture corresponds to point 4 shown in the phase diagram, we
may have three different situations: (1) the transition requires



Dynamic Processes in Microemulsions 275

first the buildup of the liquid crystal, which should be seen
as an intermediary state; (2) the time allotted before the
temperature goes back to its initial value is too short for the
system to reorganize; or (3) the transition is extremely rapid
and the reorganization is instantaneous compared to the time
scale of the experiment. The results in Figure 5.7b support
the third possibility, that is, a very fast transition (faster than
the heating time of the solution, which in this case was of 15
us). Figure 5.7b shows the change of turbidity recorded during
the slow thermal return along path 4 — 3. It follows exactly
the curve that has been independently obtained when varying
the temperature in equilibrium conditions.'?¢ The fact that,
on the way back, we go through the liquid crystalline phase
is evidently proving that the system truly attained the struc-
tural organization characterizing point 4. By referring to the
work of Olsson et al.,’?®* who have used NMR self-diffusion
coefficient measurements to characterize the structure of
microemulsions whose temperature-composition phase dia-
gram strongly resembled that in Figure 5.7a, the very fast
structural rearrangement can be supposed to correspond to a
simple inversion of the preferred curvature of the surfactant
layers from a concavity toward the fluorinated oil to a con-
cavity toward water.

Finally, in type III experiments (path 5 — 6 in Figure 5.7a,
which takes the system from the upper isotropic channel to the
biphasic region), our aim was to get information on the kinetics
of appearance of an excess water. The kinetic curve shows an
induction period because the nuclei of the new phase must
attain a certain size or concentration before they can be detected
by turbidity. By fitting the portion of the curves following the
induction period with an exponential function, relaxation times
in the range 0.25 to 0.5 s were obtained.!?® This last process is
thus considerably slower than the preceding ones.

C. Rearrangements Following a Fast Change of
Composition: Rate of Dissolution of Excess
Dispersed Phase Below the Saturation Limit

The study of the rate of dissolution of o0il in O/W microemul-
sions or of water in W/O microemulsions,32-135 begides its
importance in purely applied domains, may be relevant to
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obtain information on the interfacial dynamics of the
amphiphilic film, on the mechanism of solubilization of the
dispersed phase, or on the reorganization of the system upon
a composition change. Stopped-flow techniques or other mix-
ing methods with turbidity detection were used to follow the
kinetics of dissolution.'32-13¢ Unfortunately, the absolute val-
ues of the measured rates are largely dependent on the mixing
conditions (especially on the state of dispersion of the injected
phase), and because of this, it is reasonable to compare only
data obtained from a same technique.

The first report in this field has concerned the rates of
dissolution of water and dodecane in water/sodium dodecyl-
sulfate (SDS)/1-pentanol/dodecane microemulsions.!3? In the
stopped-flow apparatus used for the kinetic measurements,
one of the standard syringes was replaced by a microsyringe
permitting the fast injection of very small volumes, so that
the mixing volume ratios could range from 1/20 to 1/77. In a
typical experiment, the mixture was highly turbid just after
mixing and the turbidity progressively vanished as solubili-
zation went along. The decay curves were fitted with a single
exponential function from which k., the first-order dissolu-
tion rate constant, was obtained. Figure 5.8a shows the lines
in the pseudo-ternary phase diagram, along which experi-
ments have been performed. The points representing the final
equilibrium compositions are located by the intersection of
two straight lines defined by the percent weight ratios R =
oil/(oil + water), R' = water/(water + amphiphiles) and R" =
amphiphile/(amphiphile + oil). The rate of dissolution was too
fast to be measured when water was injected in W/O micro-
emulsions, or when the domain of bicontinuous microemul-
sions (R' < 71) was approached. Figure 5.8b shows the
variation of k;, as a function of R, for different values of R'.
The values of k. range from about 0.1 s7! to > 102 s! (5 X
10% s7! being the reciprocal of the estimated mixing time).
They decrease when approaching the phase limit at constant
R' and they increase with decreasing R', R" being fixed.
Increasing the carbon number in a series of n-alkane resulted
in a decrease of k,. The results have been tentatively
accounted for in terms of a dissolution process based on dif-
fusion-controlled collisions between oil (or water) droplets and
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Figure 5.8 (a) Pseudo-ternary phase diagram of the system SDS
(1/3)-pentanol (2/3)/dodecane/water at 20°C: (®) systems with mea-
surable rate of dissolution; (O, X) systems where the rate was very
fast. (b) Dissolution rate k. for dodecane injection in micellar solu-
tion or microemulsions in the water-rich side of the monophasic region
versus R at constant R'. See text for meaning of R and R'. Vertical
arrows indicate where phase separation occurred. From Reference

132.
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microemulsion droplets, which led to predicted k_,, values in
fairly good agreement with the experimental observations.!3?

The dissolution of water in W/O microemulsions can be
viewed as the collision of two neutral entities (water droplets
and microemulsion droplets) at a rate controlled by diffusion,
followed by rapid coalescence. Upon successive collision and
coalescence steps, a redistribution of SDS and pentanol
between microemulsion and water droplets is expected, lead-
ing to complete dissolution. Such a process is consistent with
the droplet merging phenomena described in Section VL.F. An
upper limit of the rate of dissolution could be estimated from

k. = k[M] (5.14)

where kg is the second order diffusion-controlled rate con-
stant and [M] the concentration of microemulsion droplets.
k,° can be calculated from the Schmoluchowski equation

kdo = 4 X 1073 Tca(DM + DW)NA (5.15)

(a is the “reaction” distance, Dy, and Dy, the diffusion coeffi-
cients of the microemulsion and water droplets, N, Avogadro’s
number) leading to k., values on the order of 105 s-1. This is
two orders of magnitude larger than the reciprocal mixing
time, which appeared consistent with the fact that the disso-
lution process of water droplets could not be resolved (we will
see below that the case of AOT-based systems is totally
different!?4). Extending the model to the dissolution of oil in
O/W microemulsions, one has to take into account the fact
that the colliding particles are no longer neutral: not only the
microemulsion droplets are now strongly negatively charged
but in addition the free surfactant ions are expected to rapidly
adsorb on the injected oil droplets, which will thus acquire
negative charges. Due to the electrostatic repulsions, the dif-
fusion-controlled rate of collision becomes

Z 7 &
with X = 4% (5.17)
ckTa

(e is the electron elementary charge, Z,; and Z, the charge
numbers of the microemulsion and oil droplets, € the dielectric
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constant). The proposed model led to k , values ranging from
0.2 to 102 s71, i.e., in agreement with the experimental obser-
vations.!3?

Battistel and Luisi'®® have studied the rate of formation
of water pools in the isooctane/water/AOT system after injec-
tion of water, or water containing different solubilizates, in
the sample cuvette of a spectrophotometer. The turbidity
decay curve was found to be bimodal. For pure water solubi-
lization, the measured rate constants k, and k, were respec-
tively of the order of 1.4-3 s! and 1-0.2 s, in the range of w,
studied. The effects of adding salts, buffer, and proteins
showed that only the fast process (corresponding to k,), which
accounts for more than 80% of the turbidity change, is mark-
edly affected by the concentration of these compounds. Salts
and buffers may accelerate or decrease the solubilization rate,
whereas small amounts of proteins can significantly increase
this rate, which was found proportional to the number of
preexisting micelles. The first step was attributed to the ini-
tial uptake of water leading to random sized nonequilibrium
microemulsion droplets; the second step was assumed to cor-
respond to the readjustment of the micellar parameters
through intermicellar collision and coalescence leading to the
final equilibrium, associated with narrowing of the droplet
size distribution. The much larger time constants observed in
these experiments compared to those reported for the previ-
ous system are obviously related to the experimental condi-
tions, where, instead of fast mixing in a few milliseconds, a
gentle stirring avoiding vortex formation was utilized.

More recently extensive work has been carried out in our
group in order to establish some correlations between the rate
of water uptake by W/O microemulsions and the dynamic
properties (fluidity or rigidity) of the amphiphilic film.3* Dif-
ferent additives known to modify the film dynamics (see Sec-
tions VI.C and VI.D) were introduced in different proportions
in the AOT/n-decane/water system: alcohols with different
chain lengths (from 1-butanol to 1-decanol), salt (up to 0.3
M), and hydrophilic polymers (PEG 2000 and 10,000). A ver-
satile stopped-flow apparatus (Biologic SFM-3) was used,
which provided an excellent dispersion of the solutions by
their passage through two successive mixers, and which
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allowed the adjustments of the mixing volume ratios (1/20
was selected) and of the rate of injection. The kinetics was
analyzed in many different situations. The turbidity decay
curves were best fitted with biexponential functions, in agree-
ment with the observations of Battistel and Luisi mentioned
above. The fast process, which controls the initial uptake of
water, gave k; values varying from about 1 s to 102 s,
depending on the nature and quantity of additives. Recall that
these rate constants depend on the mixing conditions, espe-
cially the flow rate, which was here a variable parameter.
Conductivity measurements were systematically used to
characterize the existence (or absence) of droplet percolation
in the region of the phase diagram where a jump of water
concentration was induced.!?* Figure 5.9 gives an example of
the kinetic curves obtained for water solubilization in alcohol-
containing microemulsions, starting with w, = 25 and finish-
ing with w = 32.6. The observed kinetics is extremely sensi-
tive to the length of the alcohol alkyl chain, which is known

\ | 1-butanol
0.3 1\
207
0271y 1-pentanol
0.1 T
[0]
2157 1-hexanol
8 0.0 } i |
5 0 0.005 0.01 0.015
8
<404 1-decanol
1-nonanol
05T
1-octanol
1-heptanol
0.0 i i i
0 0.5 1 1.5 2

Time (s)

Figure 5.9 Change of absorbance (turbidity) with time for water
solubilization in alcohol-containing microemulsions. Initial
decane/AOT = 25/75 (w/w); 1-alkanol/AOT molar ratio = 0.5. Best
theoretical fits with biexponential functions. Reprinted with permis-
sion from Reference 134, copyright 1998, American Chemical Society.
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to be responsible for considerable changes in droplet interac-
tions. Water incorporation is much faster when the film is
fluid (short chain alcohols) than when it is more rigid (longer
chain alcohols), as it could be expected. The observed rate
constants decreased when approaching the phase limit as
reported before (see Figure 5.8b), which means that the dis-
tance of the final composition with respect to the phase limit
is also an operating parameter, which cannot be neglected.
We have defined Aw, as representing the gap between w;
(value of w, at the point of injection) and w,,,;, (value of w,
corresponding to the phase limit) (see Figure 5.4). The Aw,
parameter takes into account the fact that the limits of the
monophasic domain can drastically change when different
additives are considered, which otherwise would prevent us
from making direct comparisons between results obtained
with the same initial w,. Figure 5.10 shows the values of k;,
which were measured in a variety of conditions, as a function
of Aw,. By reference to their conductivity behaviors we have
distinguished in this figure the percolating systems from the
nonpercolating ones. The totality of the percolating systems
gives k, values, which are situated above a diagonal line that
separates the diagram into two parts, whereas all the values
for nonpercolating systems are situated under this line. There
is thus a clear correlation between the rate of solubilization
and the film rigidity, although no simple relationship could
be established between the two variables.

The measured rate constants are here well below the
diffusion-controlled limit that had been postulated in the case
of the water/SDS/pentanol/dodecane system for the collision
between neutral particles (see above). There is in the case of
AOT systems a resistance to coalescence, which depends on
the nature of the additives. Note, however, that with pentanol
as cosurfactant the solubilization is almost completed during
the mixing time, even though we are still two to three orders
of magnitude slower than for a diffusion-controlled water
dissolution. A noticeable difference with the preceding case is
that the AOT surfactant, contrary to SDS, has a measurable
solubility in the organic phase where the monomer concen-
tration may attain the millimolar range; whether this is
enough for the colliding entities to become electrically charged
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Figure 5.10 Measured k; values versus Aw, (see text), with dif-
ferent additives. The diagonal dashed line separates the percolating
systems (upper part) and the nonpercolating systems (lower part).
Reprinted with permission from Reference 134, copyright 1998,
American Chemical Society.

due to surfactant adsorption (which would reduce the diffu-
sion-controlled rate constant as discussed earlier) is an open
question. In any case, the mechanism by which the system
goes back to transparency after water injection is necessarily
not a simple one because it implies a reorganization of the
droplets with a diminution of their number. The k, values
obtained in the presence of PEG 2000 were surprisingly high,
if one considers the fact that the polymer is retarding the
onset of the conductivity percolation. Possible explanations
have been proposed for this observation!4: either the confined
polymer may be responsible for an increase of the osmotic
pressure, which would favor water penetration, or due to the
association of AOT molecules with the polymer chain, large
portions of the microemulsion surfactant film may be trans-
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ferred to the water droplets in a collective manner when
collisions occur. In both cases, this would result in an increase
of the rate of water dissolution. This last comment further
emphasizes, if necessary, the fact that the effect of the film
rigidity on the rate of water uptake is associated in a complex
manner with other parameters that are difficult to quantify.

D. Electric Field-Induced Dynamics of
Microemulsions

Upon exposure to an intense external electric field E, W/O
microemulsions may become optically anisotropic because of
the polarization of the system by different possible
mechanisms!?® (see E field-jump method in Chapter 2).
Induced and permanent dipoles tend to align parallel to E
and the spherical droplets become elongated in the direction
of the field, giving rise to structural polarization. The associ-
ated transient events can be monitored through the observa-
tion of the induced birefringence (Kerr effect). The analysis
of the time-dependent birefringence signal gives access to the
dynamics of different structural changes, provided that any
contribution due to turbidity components has been removed
by appropriate devices. Symmetrical behaviors are usually
observed upon application of the electric field and after the
field is turned off, at least in the absence of phase separation
or percolation phenomena (in the latter cases the return to
the initial equilibrium species cannot simply follow the
reverse route!3tb),

Tekle and Schelly'37-138 have studied the electric birefrin-
gence of AOT/isooctane/water W/O microemulsions, which
revealed two distinct relaxation processes on timescales of the
order of 10 and 100 us, respectively. The fast relaxation was
attributed to the polarization/alignment of the individual
reverse microemulsion droplets; the slow relaxation, of
smaller amplitude, was assigned to the linearization/reorien-
tation of the micellar clusters. The rates of both processes
became slower when w,, or the AOT concentration, or the
temperature was increased. Transient phase separation could
occur beyond some threshold values of the preceding param-
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eters, when applying electric fields of sufficient magnitude
and duration.

Ilgenfritz and coworkers!3®-143 have used the E field-jump
technique to investigate the dynamics of field-induced perco-
lation in both ionic and nonionic W/O microemulsions. They
showed that high electric fields can shift the structure of
microemulsions from a nonconducting to a highly conducting
state within times ranging from microseconds to millisec-
onds.13%-141 In the case of AOT-stabilized microemulsions, for
which prior reports were due to Eicke and Naudts,'** the
transition curve is shifted to lower temperatures whereas for
nonionic systems based on Igepal CO-520 the reverse is
true.*® Apart from this difference related with the tempera-
ture dependence of the electrical conductivity, a strong simi-
larity has been noted for both the dynamic behavior and the
field strength dependence in the two types of systems. The
influence of additives on the electro-optic properties associ-
ated with the dynamics of clustering of the water droplets has
also been investigated.88140 The addition of long PEG (degree
of polymerization > 200) to large AOT microemulsion droplets
had no effect, but the addition of gelatin resulted in a signif-
icant slowing down of the field-off birefringence decay. It has
been proposed®® that whereas the droplet structure would
remain unchanged in PEG containing microemulsions, in case
of gelatin, the rebuilding of the triple helix that characterizes
such systems, would force the microemulsion to adopt a com-
pletely different structure.

Schwarz et al.'#2 have investigated the dynamics of the
“sponge” L; phase in the ternary H,0/C,;EO /n-decanol sys-
tem. The time constants measured from T-jump (with scatter-
ing light detection) and from p-jump (with conductivity
detection) were found identical within the experimental accu-
racy and varied from seconds to milliseconds depending on
the volume fraction @ of total bilayer. They obeyed a scaling
law of the form

R (5.18)

A similar exponent was found by Le et al.* for the
C,EO4/n-decane/brine system. The time constants from elec-
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tric birefringence were found in the range from milliseconds
to microseconds and showed a weaker dependence on ®:

o« @ (5.19)

The dynamic processes revealed by these two kinds of
techniques are obviously not the same. Varying the tempera-
ture or the pressure is expected to change the spontaneous
mean curvature of the monolayers, which in the conditions of
the experiments reported here, should become more strongly
curved toward water. This process may lead to the formation
of new passages inside the bicontinuous structure. The fast
process that is seen in E field-jump experiments has a differ-
ent origin. The authors interpreted the observed relaxation
dynamics as the viscoelastic response of the Lj structural
units to the effect of the electric field on the surfactant mol-
ecule dipoles. The measured time constant would thus be
related with the distortion of the L, structure. A proportion-
ality between ;' and the bending rigidity constant K has
been proposed,!4? suggesting that time-resolved birefringence
measurements could be a convenient method to determine K
values of surfactant monolayers and lipid membranes. Note
the similarity of this approach with that described in section
VII.A, where we discussed the results obtained from the ILTJ
technique.

VIII. IMPLICATIONS OF THE DYNAMIC
BEHAVIOR OF MICROEMULSIONS IN
SOME SPECIFIC DOMAINS

The dynamics of microemulsion droplets has important con-
sequences in some chemical, technological, and biomedical
applications of these systems. Much work has been done con-
cerning reaction kinetics in microdisperse systems, taking
advantage of the compartmentalization of reagents or of the
possibility of carrying out chemical reactions involving lipo-
philic reagents in an aqueous environment. Chapter 10 in this
book reviews such studies, whose theoretical aspects have
been examined by Barzykin and Tachiya.*6 The dynamics of
the microemulsion system itself cannot be ignored when look-
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ing for specific effects associated with reagent compartmen-
talization. The effects of intermicellar exchange rate have, for
instance, been reported in the controlled polymerization of
monomers to give latexes!*” or inorganic polymers,!*® and in
the preparation of metallic colloids.14%-151

In the case of the polymerization of acrylamide in AOT
reverse micelles, where the initiation rate is small compared
to the polymerization rate, only a reduced number of micelles
are nucleated by the initiator and the nonnucleated particles
act as reservoirs of monomer.'#’ Collisions between the drop-
lets are responsible for the growth of the latex particles, but
a narrow size distribution is still obtained. The same kind of
observation was made in a study of the formation of silica
particles by the ammonia-catalyzed hydrolysis of tetraethy-
lorthosilicate (TEOS) in nonionic W/O microemulsions.’8 In
this case the growth of silica particles is rate-limited by the
extremely slow TEOS hydrolysis. Due to this very slow rate
and to fast interdroplet matter exchange, the silica particles
are nucleated in the early reaction period and they grow up
to their final size through the continuous collection of reacting
species. Correlations could be established between size distri-
bution of silica particles and the size, connectivity, and sta-
bility of microemulsion droplets. However, examples exist
where the rate of chemical reactions in microheterogeneous
medium were found insensitive to droplet percolation.!%2

The dynamics of microemulsions is also important when
using microemulsions to perform selective extraction or trans-
port of different types of chemical compounds (biomolecules,
metal ions, pollutants, etc.). Experimental works in this direc-
tion have been carried out in our group using liquid mem-
brane techniques.?0-21.153,154 The microemulsion phase in
Winsor I or Winsor II systems was taken as the liquid mem-
brane, the carriers being nanodroplets of oil (Winsor I) or of
water (Winsor II); the excess phase, either oil or water, was
used in place of the source (S) and receiving (R) phases. The
liquid/liquid interfaces between the microemulsion and the
excess phase are expected to be coated with a monolayer of
surfactant molecules. This flat monolayer is of the same
nature as the curved interfaces of the nanodroplets. Depend-
ing on the nature of the surfactant involved and the film
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rigidity, processes of coalescence involving the interfacial film
(see the scheme below) are more or less likely. This effect, also

L,
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Scheme 5.1

studied by Nitsch et al.,'?-157 is undoubtedly very important
in extraction and transport processes, since it assumes that
a direct (and supposedly non selective) communication can be
established between the source phase and the membrane
phase as well as between the membrane and receiving phases.

A demonstrative example was reported for the transport
of a series of Ni?* salts between the S and R compartments
in a U-shaped tube using two different microemulsion sys-
tems.!* When the Ni?* ions are transported by reverse
micelles of C,EO,/1-hexanol/water in n-decane, the transfer
rate in ppm.min—! is strongly dependent on the nature of the
anion associated with Ni%* (see Figure 5.11a). The magnitude
of this rate follows the well-known Hofmeister ion series with
ClO,~ > NO; > CI- = Ac” > SO,%. This has been interpreted
as giving clear evidence that the interfacial transfer of Ni%*
involves a first step in which the ion-pair formed by Ni%* and
its associated anion is transferred in the decane continuous
phase, and a second step in which this ion-pair is solubilized
in the reverse micelle. When the Ni?* ions are transported by
reverse micelles of AOT/water (0.25 M KBr) again in n-decane,
the transfer rates were found almost totally insensitive to the
nature of the anion (Figure 5.11b). After examination of dif-
ferent possible explanations, this led to the conclusion that
in that case there is a direct transfer of the Ni?* salts in the
AOT water pools, through droplet coalescence with the inter-
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Figure 5.11 Concentration (in ppm) of Ni?* transported versus
time. (a) C;,EO,/1-hexanol/n-decane/water system: (A) SO,*; (+) Cl;
(@ Ac; (0) NOg; (@) ClO,; (b) AOT/n-decane/water (0.25 M KBr)
system: (A) SO, (0) Cl; (*) Ac; (0) NO4; (@) ClO,~. Reprinted with
permission from Reference 154, copyright 1990, American Chemical
Society.

facial film, followed by droplet separation in a reverse process.
In other studies the picrate ion was used for probing the
transport processes for the two types of systems just dis-
cussed. Theoretical models permitted us to predict the varia-
tions of the picrate flux as a function of different parameters.
These models have provided additional possibilities of differ-
entiation between the two postulated mechanisms.!3
Extensive studies have been performed in view of a better
understanding of the detailed mechanisms of biphasic trans-
fers between an aqueous phase and AOT reverse micelles,
using Winsor II systems. They have shown that the mecha-
nism by which ions and water are transferred into AOT drop-
lets is quite complex because of the electrostatic interactions
between ions and amphiphilic films. Exchanges between the
initial AOT counterions and the ions to be transferred will
affect the compactness of the amphiphilic film of the nano-
droplets opened at the interface, in a different manner
depending on the respective valencies of these ions. The con-
cept of packing gradient has been introduced to describe the
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fact that in some instances, the packing of AOT molecules
may be different in the curved film of the merging droplets
(“buds”) and in the flat interfacial film.!” The gradients of
AOT packing cause lateral motions of these molecules in order
to equalize the constraints. This effect may result in water
rejection from the buds due to their shrinkage, or water incor-
poration into the buds, due to their expansion, before their
detachment from the flat interface.

IX. CONCLUSIONS AND PROSPECTS

The considerable interest in microemulsions during recent
decades is far from being over not only because of their poten-
tial applications in many different fields, but also because
they constitute fascinating objects for fundamental research,
especially due to their complex morphologies and dynamics.
We have attempted in this chapter to give a comprehensive
picture of the various dynamic phenomena that have been
reported to exist in microemulsion systems. The attribution
of the measured time constants, obtained from a variety of
techniques, to specific mechanisms and processes, is not
always an easy task. Some of these processes have been
clearly identified, but others remain to be completely solved.
For instance, this is the case of the processes related to the
change of curvature of surfactant monolayers (including the
creation of continuous passages) for which discrepancies exist
about the characteristic times involved. More systematic
experiments are needed to fully understand such processes.

Besides, one can already observe a trend toward inves-
tigating even more complex systems combining microemul-
sions and polymers.88158-161 [t can be assumed that the interest
in such systems, having original rheological properties, will
increase in view of developing new materials.
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. INTRODUCTION

Vesicles are, in the simplest case, micron-sized spherical struc-
tures containing an inner aqueous compartment separated
from the external water phase by a lipid or surfactant bilayer.
A representative structure, which gives an idealized vesicle
structure and some closely related surfactant configurations,
is shown in Figure 6.1 (see also Chapter 1, Section V).
Pioneering work on vesicles was carried out by Bangham
and Horne in the early 1960s.! Vesicles can vary in diameter
from 30 nm up to a micron, but giant vesicles, with sizes up to
20 microns, have also been made and studied over recent
years.>? The surfactants or lipids used to generate vesicles
normally contain two alkyl chains, and their shape is such that
they cannot properly pack into a small micelle structure. The
methods of preparation of vesicles have been well described
and illustrated (see also Chapter 1, Section V).* For instance,
phospholipid vesicles (liposomes) can form when phospholipids
are hydrated in hot water to form extended sheets, followed by
application of ultrasound. To obtain vesicles of a narrow size
distribution, extrusion through the cylindrical pores of polycar-
bonate membrane filters of a particular size under pressure is
carried out. This results in a destabilization of larger vesicles.>5

Polar head group

Double chain hydrocarbon tail

Figure 6.1 Schematic representation of a vesicle dispersion made
up of a phospholipid or double-chain surfactant.
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In addition to phospholipid vesicles, synthetic vesicles can be
made, often by adjusting the ionic strength of the medium, as
in the case of dialkylbenzenesulfonates or by simply dispersing
in water quaternary ammonium surfactants with two equal or
unequal alkyl chains, provided the total number of carbon
atoms of the two chains is sufficient.”® A review of the proper-
ties of vesicle-forming synthetic amphiphiles was published
some years ago by Engberts and Hoekstra.? Combinations of
phospholipids and fatty acids, and phospholipids with choles-
terol, have also been studied. Recently, there has also been
growing interest in phospholipids incorporating fluorocarbons.
Semifluorinated vesicles and vesicles containing semifluori-
nated alkanes have greater stability and resistance to fusion
than their hydrocarbon analogues.0:11

Of great current interest is the use of vesicles in drug-
delivery systems, and in particular for targeting of drugs to
particular environments, where the drug is released at a
defined rate to a specific location. There have been some
recent reports on this topic,'>!3 and a variety of techniques
have been used to incorporate molecules into vesicles.*

Several dynamic processes can occur in vesicle systems.
First, the alkyl chains of the lipids or surfactants making up
the vesicle undergo conformational changes. The dynamics of
these processes are affected by transitions that the bilayer
structure of vesicles can undergo on changing the tempera-
ture. The main transition involves a change from a highly
ordered phase (the gel phase) to a more fluid structure (the
liquid-crystalline phase) (see Figure 6.2). In some cases, e.g.,

PIPIPE . ppopp
44dddd §dééé

Figure 6.2 Schematic representation of the gel and liquid-crystal-
line phases of a bilayer. The transformation occurs at the tempera-
ture T.
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with phosphatidylcholines, there is a pretransition preceding
the main one, which is associated with changes in orientation
of the hydrocarbon chains.!® Second, the lipids or surfactants
making up vesicles can diffuse laterally on the outer or inner
layer of the vesicles. They can also diffuse transversally or
flip-flop (a motion by which a lipid molecule crosses from one
side of the bilayer to the other). These motions are illustrated
in Figure 6.3. The transversal diffusion is several orders of
magnitude slower than lateral diffusion in the fluid phase of
the vesicles. Also, ions and other compounds can diffuse
through from the inner compartment of the vesicle to the bulk
phase and conversely (vesicle permeability). Third, vesicle
fusion leads to instability of the vesicle system, and this may
be induced by changes of temperature or pH, or addition of
cations.161%.18 Papahadjopoulos!® showed that mixing of the
aqueous core contents occurs during vesicle fusion, indicated
by the formation of the fluorescent chelation complex
Tbh(DPA);3- upon mixing a population of vesicles containing
Tb(citrate);®~ with another population containing dipicolinic
acid (DPA). Other dynamic processes are those occurring
when transforming vesicles into micelles or micelles into ves-
icles by appropriate means (changes of ionic strength, dilu-
tion, addition of a surfactant, etc.). Last, vesicles submitted
to electrical fields can undergo various processes that have
been recently investigated.

At this stage, a few reminders on micelle kinetics are
appropriate (see Chapter 3 for details). Micelle kinetics has
been studied since the 1960s. One of the first experiments
was carried out by Jaycock and Ottewill,’® who showed that

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁii?ﬁiﬁiﬁs
RN AN

Lateral Diffusion
Figure 6.3 Schematic representation of the transverse and lateral
diffusive motions of lipids or surfactants in a bilayer.
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in aqueous solutions of sodium dodecylsulfate, on dilution
from above to below the critical micelle concentration in a
flow apparatus, the micelles decomposed in less than a few
milliseconds, which was faster than the mixing time of the
equipment. Further experiments, however, established that
there were two kinetic processes of importance: a fast relax-
ation process (relaxation time 1;, with a value often in the
microsecond time scale) associated with the exchange of sur-
factant between free and micellar states???! and a slow pro-
cess (relaxation time T,, in the millisecond to second time
scale) associated with a change in the concentration of
micelles, usually through formation/breakdown of whole
micelles.??2 Theoretical aspects of the micelle formation/break-
down process were reported earlier by Aniansson and Wall.23
The fast process was mostly studied by ultrasonic relaxation
and shock tube methods (see Chapter 2, Section I1.D) and the
expression for 1, is

1/7; = (k/6)[1 + (6%/N)a] (6.1)

where a = (C — cmc)/cme.

In Equation 6.1, N is the average micelle aggregation
number, k- is the exit rate constant of a monomer from the
micelle, and ¢ is the half-width of the micelle size distribution.
Equation 6.1 predicts that the reciprocal of the fast relaxation
time should vary linearly with surfactant concentration C
above the critical micelle concentration (cmc).

The slow relaxation process was investigated by the T-
jump, p-jump, and stopped-flow methods (see Chapter 2, Sec-
tion IID). The expression for its relaxation time is given by?23

1/t, = N¥{cmexR[1 + (6%/N)a]} (6.2)

In Equation 6.2, R is a quantitative measure of the resis-
tance to flow in the critical region between monomers and
micelles. Later, Kahlweit proposed a different equation to
explain his kinetic data obtained at higher surfactant concen-
trations and/or in the presence of added salt, where a maxi-
mum in T, is observed.?*2?¢ The literature associated with
micelle exchange/breakdown has been recently reviewed.?’
The most useful derived data are the residence time of a
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surfactant molecule in a micelle, Ty = N/k-, and the micelle
lifetime T); ~ N1, (see Chapter 3, Section III for details).

To date there appear to be no equations available to
describe the corresponding situation in vesicle systems. One
reason for this is that the equilibrium state of vesicles is still
not clearly established. Many systems are unstable and the
usual transition is to return (by fusion of vesicles) to a lamellar
state from which the vesicle system is often formed in the first
place, which can be a very slow process. However, this is cer-
tainly not always the case. The problem of vesicle stability has
been discussed in general terms by Luisi?® who suggests the
following as some of the criteria for establishing whether or
not a self-assembly system is at chemical equilibrium:

1. If two different-sized vesicle populations are mixed,
does the system stay as a bimodal distribution or does
the system relax to give an average (and more stable)
size distribution?

2. Is the same final state reached regardless of the ini-
tial mixing conditions chosen to make the vesicle
system?

3. What happens when the vesicle system is diluted
with water? Is there a change in size or breakdown
of the vesicles? Is there an equilibrium between ves-
icles and monomers or are other states involved, e.g.,
micelles?

When these criteria are applied to micellar systems, it
is clear that micellar systems do indeed represent a true
equilibrium state. The situation, however, is more complex
with vesicles. One reason is that, in the case of phospholipids,
changes could take a long time, e.g., weeks/months, as the
monomer concentration external to the vesicle bilayer can be
very low (of the order of nanomolar in the case of phospho-
lipids) and this implies that any adjustment to a new equi-
librium state will be very slow and hard to monitor. As a
result, few systems would appear to conform to all the criteria
indicated above. It seems that vesicle systems that have a
larger monomer concentration or critical vesicle concentration
(cve) are often unstable in the direction of forming lamellar
phases, a process that may take place over a period of hours,
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or even days. An example here would be the type of vesicle
system formed by surfactants with two medium-length alkyl
chains and with sulfonate head groups. Luisi also takes issue
with the use of the term “metastable” in studies of transfor-
mations involving vesicles, which he believes is often misused.
He concludes that several systems may exhibit a couple of
the above criteria for equilibrium but that few, if any, fulfill
all his criteria. In this, he is in line with the views expressed
by Laughlin?*3° and Lasic,> who have not been persuaded
that vesicles represent the lowest energy state of an aggre-
gated system, preferring the notion of vesicles as a dispersion
of a lamellar liquid-crystalline phase. A different view was
articulated by Yatcilla et al.,?2 who mixed cationic and anionic
surfactants to form what they claim are thermodynamically
stable vesicle systems, after an incubation period of several
weeks. Recently stable dispersions that contained coexisting
micelles and vesicles were also obtained by mixing cetyltrim-
ethylammonium bromide (CTAB) with sodium perfluorohex-
anoate.?® In reality, this question of thermodynamic stability
of vesicles is a debate which, although raising the passions
of investigators, is not always relevant to scientists primarily
interested in dynamic properties, as the study of nonequilib-
rium metastable systems can still produce very useful infor-
mation.

Based on the molecular structure and shape of the indi-
vidual surfactants, the preferred aggregate structures formed
in surfactant solutions was discussed many years ago in a
much quoted paper by Israelachvili, Mitchell, and Ninham.3*
Their general thesis has been found to be useful, but the role
of the surfactant tail has recently been reevaluated in a paper
by Nagarajan.3® For most systems, the concentration at which
the system is studied is likely to be of importance. One might
suppose that as the concentration is increased, the range of
structures that can be classed as vesicular is likely to be
broader, including spheres, worms, and interconnected vesicle
structures with bridging sheets or rods, and this seems to be
supported by results obtained by numerous workers (see e.g.,
Reference 36 and Chapter 1, p. 21). Therefore, to keep the
system as close to an ideal vesicular system as possible, it is
probably best to work at as low a concentration as possible.
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Theoretical aspects relating to vesicle formation have
been addressed in a series of papers by Lasic,?” and his papers
should be consulted for details since the main emphasis in
this chapter is on experimental work. Indeed, until recently
there have been very few kinetic studies of vesicle formation
and/or breakdown, but the field is now being extensively
investigated.

The chapter is organized as follows. Section II reviews
studies that broadly refer to transport: lateral and transversal
diffusion of molecules/lipids in vesicles, transport of mole-
cules/lipids between vesicles (a process that is equivalent to
the exchange of surfactants or of solubilizates between
micelles), and transport of molecules through the vesicle
bilayer. Section III reviews studies dealing with the dynamics
of vesicle-to-micelle and micelle-to-vesicle transformations.
Section IV reviews dynamic processes occurring in particular
types of vesicles formed by fatty acids and mixtures of phos-
pholipids and fatty acids. Section V reviews dynamic changes
associated with vesicle phase transitions. The last section
considers the effect of applied electric fields on the properties
of vesicle bilayers (transient formation of pores).

This chapter is restricted to aqueous vesicles but reverse
vesicles have also been reported to occur in aprotic organic
solvents.?8

II.  KINETICS OF TRANSPORT IN AND
BETWEEN AQUEOUS VESICLES

A very large number of studies have been published on this
topic. This section makes no attempt to present a comprehen-
sive review. Only selected examples are presented that illus-
trate the observed behavior.

A. Lateral and Transversal Diffusion

1. Flip-Flop

Pioneering work on surfactant/lipid motions in vesicles was
carried out some 30 years ago by McConnell and coworkers
at Stanford University using esr spin label probes. Kornberg
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and McConnell®®* measured the rate of transfer of a spin-
labeled phosphatidylcholine (incorporating a nitroxide probe)
between the inside and outside of a sonicated egg phosphati-
dylcholine (eggPC) vesicle system. Addition of sodium ascor-
bate destroys the paramagnetism of probes located on the
external layer of the vesicle, whereas the paramagnetism of
probes on the inner surface of the bilayer is not affected. The
return to an equilibrium state of the vesicles was associated
with a half-life for redistribution of the probe of 6.5 h at 30°C.

Fluorescence methods have been much used to study the
transversal motion of a variety of molecules. Fluorescent
probes and lipids with an attached fluorescent group have
been used for this purpose. For instance Bai and Pagano*°
investigated the flip-flop motion of lipid analogues labeled
with a fluorescent fatty acid in biologically relevant liposome
systems. Data were reported for analogues of spinghomyelin
(SM"), ceramide (CM"), phosphatidylcholine (PC') and diacylg-
lycerol (DAG'). CM' and DAG' moved relatively quickly in flip-
flop mode (halftime for probe redistribution of 22 min and 12
min, respectively), whereas SM' and PC' took several hours
for this process. Likewise, the flip-flop time for a pyrene—sub-
stituted lecithin in vesicles of dipalmitoylphosphatidylcholine
(DPPC) was around 8 h at 50°C.4

In comparison, several studies showed that the flip-flop
times for surfactants solubilized in vesicle membranes are
much shorter. Using a stopped-flow method with fluorescence
detection, Almgren*? reported a value of 100 s for the flip-flop
time for cetylpyridinium chloride (CPCl) solubilized in vesi-
cles of soybean lecithin. The vesicles contained some solubi-
lized pyrene in the form of excimers. The excimer fluorescence
was quenched by the CPCI. Figure 6.4 shows a typical time
dependence of the fluorescence intensity recorded in the stopped-
flow experiments. In another example, Cocera et al.® used the
variation of the fluorescence intensity of the probe sodium 2-(p-
toluidinyl)naphthalenesulfonate attached to the outer layer
of large egg lecithin vesicles to determine a characteristic time
of 10-90 min for the flip-flop of sodium dodecylsulfate (SDS)
in the system. This surfactant incorporates very rapidly to
the vesicle outer surface, thus quenching rapidly the probe
fluorescence (less than 10 s). As SDS slowly diffuses from the
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Figure 6.4 Stopped-flow/fluorescence relaxation signal from a 1.2
mM soybean lecithin-0.1 mM cetyltrimethylammonium bromide
mixed with 1.2 mM lecithin-0.01 mM cetylpyridinium chloride. Both
solutions also contained 0.15 M NaCl, 5 vol.% ethanol and 15 uM
pyrene. The signal is biphasic (see break in time scale). The fast
process corresponds to the transfer of pyrene between vesicles. The
slow process is associated with the motion flip-flop of the cetylpyri-
dinium chloride. Reproduced from Reference 42 with permission of
the American Chemical Society.

outer to the inner vesicle layer, the fluorescence intensity
increases.

Moss et al.*4%5 used a chemical method for studying flip-
flop. A functionalized surfactant bearing a p-nitrophenyl ben-
zoate group was solubilized in vesicles of various two-chain
cationic surfactants. The p-nitrophenyl benzoate was hydro-
lyzed at pH 8 and the amount of hydrolyzed surfactant mea-
sured as a function of time. This yielded biphasic plots the
slower part of which comes from the flip-flop of the function-
alized surfactant located in the inner vesicle layer. All
reported times for flip-flop were in the range of a few minutes,
irrespective of the length of the alkyl chain of the functional-
ized surfactant or of the two-chain surfactant making up the
vesicles. For a system investigated well below the surfactant
gel-to-liquid crystal phase transition temperature, T, the flip-
flop time was much longer, around 1 hr.#® This time decreased



Dynamic Processes in Aqueous Vesicle Systems 309

to 2 min at T only slightly below T.. The same method was
used to show that there is very little difference in flip-flop
times for ester-, ether-, amido-, and carbamoyl-linked lipids.46
This study also confirmed the acceleration of flip-flop when
going from below to above T,.

2.  Lateral Diffusion

The lateral diffusion coefficient D,,, of a lipid labeled by an esr
(nitroxide) group has been reported to be 1.8 x 108 cm?2s~! in
egg lecithin vesicles at 25°C.4” Values of the lateral diffusion
coefficients of the same order were determined by using the
fluorescence recovery after photobleaching (FRAP) technique
for two fluorescent lipid analogues solubilized in DMPC
(dimyristoylphosphatidylcholine) or DPPC vesicles*® at T > T..
An enormous decrease of the diffusion coefficient, by over two
orders of magnitude over a temperature interval of about 3°C,
was reported to occur as the temperature was decreased below
T.. Addition of cholesterol was found to decrease D,,, at T >
To.48 Similar behavior was observed when using one of these
two probes in vesicles of DMPC and of a mixture of DMPC and
a polymerizable butadiene lipid.*® Figure 6.5 shows the very
large decrease of D,,, when T becomes smaller than T and the
effect of the polymerization of the butadiene lipid on D,,.

A large increase of D), with temperature when going
from below to above T is also observed when replacing lipids
by hydrophobic molecules, particularly pyrene derivatives.
For instance, Kano et al.?® studied the quenching of pyrene
and pyrenedecanoic acid fluorescence by aromatic amines in
DPPC vesicles and reported diffusion coefficients of 1.6 and
1.3 x 108 cm?s1, at T < T, respectively. At T > T, the reported
values of D,,, were 4.7 and 3.1 x 107 cm?s™!, respectively.
Likewise, Van den Zegel et al.5! reported values D, = 2 x 106
at 70°C and 4 x 107 cm?s! at 25°C for the lateral diffusion
of 1-methylpyrene in small unilamellar vesicles of DMPC.
Note that these values are comparable to those reported for
lipid analogues. The addition of cholesterol was also found to
decrease D,,, of pyrene in various model membranes.?? Papa-
hadjopoulos and Kimelberg®® showed that lateral exchange of
monomers in the vesicle is very fast and dependent on the



310 Robinson and Zana

10

Diffusion Coefficient (1078 CM?/s)

0.1 1 1 1
20 30 40
Temperature (°C)

Figure 6.5 Temperature dependence of the lateral diffusion coef-
ficient of the fluorescence probe diO18 (see Reference 49) in large
vesicles of pure DMPC (curve 1), of a 1/1 mixture of DMPC and of
a butadiene lipid before polymerization (curve 2), of the same mix-
ture after polymerization of the butadiene lipid (curve 3), of the
butadiene lipid before polymerization (curve 4) and of this lipid after
polymerization (curve 5). Ty, Ts, T, and T,* correspond to the tran-
sition temperatures of the lipids or lipid mixture. Polymerization is
seen to reduce the lateral diffusion coefficient. Reproduced from
Reference 49 with permission of American Physical Society.

length of the hydrocarbon chain, head group hydration, and
temperature.

Note that the values of D,,, for pyrene and pyrene deriv-
atives in erythrocyte membranes have been found to be in the
range of 10-® cm?s1,54 that is, close to those measured in
phospholipid vesicles.
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B. Transport of Lipids and Other Molecules
Between Vesicles (Exchange)

Tachiya and Almgren® have presented a detailed theory for
migration dynamics of solutes between vesicles. This theory
is closely related to earlier separate theoretical work by
Tachiya®® and Almgren,5”5® which was directed more at micel-
lar systems. The approach was developed for the interpreta-
tion of stopped-flow/fluorescence data since transfer of small
molecules between vesicles was expected to be a slower pro-
cess than that between micelles, which is more conveniently
studied by luminescence quenching techniques in the micro-
second time range. In order to follow the kinetics of the re-
equilibration process, any one of the following can, in princi-
ple, be used: (a) change in excimer emission intensity, (b)
excitation energy transfer, (c) fluorescence quenching.

At the outset it is important to note that the transport
of material between identical vesicles, as is the case in the
vast majority of the studies, occurs mainly via the aqueous
phase and not via collisions between vesicles. This was shown
both experimentally®® and theoretically.’® However Marchi-
Artzner et al.®° showed that, when mixing two vesicle popu-
lations of low but opposite electrical charge, lipid exchange
can occur via contact of the vesicles. In this case, lipid
exchange results in the progressive neutralization of the elec-
trical charge of the vesicles, without fusion of the vesicle inner
compartments. Most of the studies reviewed below consider
transport between identical vesicles.

An early study of molecular exchange between vesicles
was reported by Sengupta and coworkers based on stopped
flow/fluorescence.’ They monitored the change in excimer
fluorescence of pyrene and pyrenedecanoic acid in DPPC ves-
icles with added cholesterol. Exchange rates were comparable
for the two molecules, and the exchange time between vesicles
was reduced from 3 s to 0.5 s on increasing the temperature
from 23°C to 68°C. Addition of cholesterol reduced the
exchange rate, as did charging the vesicles by adding either
europium chloride or dipalmitoylphosphatidic acid. The
authors confirmed that probe transfer took place on a much
faster time scale than either lipid exchange or vesicle fusion.
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Almgren studied the migration of pyrene between unil-
amellar soybean lecithin vesicles (radius 32 nm) doped with
10% dicetylphosphate.425758 A typical result obtained with the
stopped-flow/fluorescence method is shown in Figure 6.4.42
Exit of pyrene from the vesicles was rate-limiting, and a value
of 400 st was found for the exit rate constant k-. This com-
pares with a value of 4000 s-! for the exit rate constant of
pyrene from SDS micelles. This large difference in exit rate
constants was attributed to the large difference in size
between micelles and vesicles.?”?® Almgren used the same
vesicle system to measure exit rate constants of perylene and
pyrene, but using excitation energy transfer, since there is a
dramatic sensitization of perylene fluorescence by pyrene.
Values of 3 s™' were measured for perylene, and 80 s! for
pyrene. In a related study, static and time-resolved fluores-
cence quenching and stopped-flow/fluorescence were used to
monitor dynamic processes involving the fluorophore pyreneb-
utyric acid in a didodecyldimethylammonium bromide vesicle
system.*? At low concentrations of iodide as quencher, only
molecules on the vesicle outer surface were affected, but at
higher iodide concentrations, the inside vesicle surface was
also involved.

Almgren and Swarup®? determined the relaxation time
for the exchange (migration) of the pyrene-labeled carboxylic
acids pyrenyl(CH,),,CO,H with m = 3,9 and 11, from soybean
lecithin vesicles containing 10% dicetylphosphate. The results
are represented in Figure 6.6. In the semi-logarithmic repre-
sentation used, the plot is linear and its slope yields a free
energy increment of 1 27T per methylene group. This value is
rather close to that found for the free energy increment per
CH, group from the same type of plot for the exit rate constant
of surfactants from surfactant micelles (see Chapter 3, Section
IT1.B, and Figure 3.8).

Table 6.1 lists some typical values of the exit rate con-
stant of various molecules from vesicles.5"58:61.63-68 The effect
of alkyl chain length on the rate of transfer of N-alkylated
alloxazines and isoalloxazines between DPPC vesicles is very
similar to the results in Figure 6.6.9 The very low values
listed for lipid exchange rates are noteworthy. The listed
results show that the value of k- for a given exchanged mol-
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Figure 6.6 Variation of the relaxation time t for the exchange
(migration) of pyrene carboxylic acids pyrenyl(CH,),CO,H with the
number of CH, groups m, in soybean lecithin + 10% dicetylphos-
phate vesicles at pH = 5.6. Adapted from Reference 62.

ecule depends relatively little on the nature of the lipid mak-
ing up the vesicle but there is a much greater dependence on
the alkyl chain length or hydrophobicity of the exchanged
molecule. De Cuyper et al.%” showed that the value of k- for
a given solute depends on the state of charge of the vesicle.
However, again this effect is relatively small compared to that
of the hydrophobicity of the exchanged molecule.

Recently, fluorescence measurements have been used to
probe the motion of fluorescent-labeled molecules in more
biologically relevant liposome systems.’ Data were obtained
for fluorescent-labeled analogues of spinghomyelin (SM'),
ceramide (CM'), phosphatidylcholine (PC'), and diacylglycerol
(DAG"). The half-lives for the exchange between vesicles was
in the sequence SM' < PC' ~ CM' < DAG' with values ranging
from 21 to 400 s for the first three molecules.

Bisby and Morgan®®7 were interested in the release of
solutes from liposomes under light illumination, and their
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group has incorporated into low-temperature (the gel phase)
phospholipids a photochromic lipid (with acyl chains and an
azo group) as a membrane sensitizer. On UV illumination,
the azobenzene species switches from the trans to the cis
configuration, which destabilizes the immediate bilayer envi-
ronment of the sensitizer, resulting in a loss of drug solubi-
lized in the liposome interior to the external environment. In
the papers, calcein release is monitored; upon release through
the bilayer, there is a large increase in fluorescence intensity
as calcein fluorescence is initially quenched inside the aque-
ous core of the liposome. At low sensitizer concentrations, the
rate of solute release increases with temperature but then
decreases above a threshold temperature. For example, for
distearoylphosphocholine, the threshold temperature is 41°C,
well below the phase transition temperature of 56°C.
Kleinfeld et al.”>72 have been concerned with the problem
of cellular fatty acid metabolism and the question of whether
physiological transport of fatty acid across bilayers requires
protein mediation or if it is a spontaneous process. Flip-flop
of anthroyloxy fatty acids (AOFA) was found to be slower than
100 s. This result contrasted with data obtained by Kamp et
al.,”® who concluded that flip-flop of AOFA was a much more
rapid process with a characteristic time of about 0.1 s. In a
more recent paper, Kleinfeld et al.”™ looked again at the prob-
lem using a different method involving pyranine and carbox-
yfluorescein, but their conclusions were not changed.

C. Transport across Lipid Vesicle Bilayers

Transport across lipid vesicles is of the utmost importance as
it mimics transport across biological cell membranes, which
influences many biological processes essential in sustaining
life. This problem has been much investigated, and only a few
examples are given that illustrate the different mechanisms
of transport of ions, fatty acids, and aminoacids. Note that
the permeability of lipid bilayers to water and polar solutes
has been reviewed.” In a fairly recent study Olson et al.®
showed, perhaps surprisingly, that water crosses the bilayer
of vesicles of the nonionic surfactant C,,EO, in less than 0.1
s (the resolution of the experiment).
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Ion transport through lipid vesicles was reported in 1981
by Brock et al.”” and was claimed to be the first application
of a laser temperature-jump method for this type of work. The
general background is described in earlier publications.”"
One approach was to employ a voltage pulse and monitor the
current relaxation. Another method was to apply a tempera-
ture-jump during a series of short voltage pulses, with the
aim of investigating the dynamics of adsorption/desorption of
hydrophobic ions at the membrane interface. For the 2,4,6-
trinitrophenolate ion, it was suggested that the permeation
rate was limited by the barrier imposed by the membrane,
whereas for the tetraphenylborate ion, the energy barriers for
translocation and desorption from the membrane into water
were of comparable magnitude.

Pyranine (8-hydroxy-1,3,6-pyrenesulfonate) has been
used as a probe for proton concentration within vesicles. It is
usually trapped inside the vesicle and proton concentration
jumps then give rise to changes of fluorescence intensity.80-8!
Figure 6.7 shows the biphasic change of fluorescence intensity
of vesicle-entrapped pyranine, observed following a rapid
change of the pH external to the asolectin vesicles.?° The fast
process was attributed to a direct diffusion of protons through
the vesicle bilayers. The slower of the two processes is attrib-
uted to a passive diffusion of protons across the bilayers. This
is confirmed by the effect of addition of the nonionic surfactant
Triton X100 prior to pH change (Figure 6.7c). The lysis of the
vesicles then results in a very fast and monophasic change of
fluorescence intensity upon the addition of hydrochloric acid.
The slow component is strongly accelerated in the presence
of valinomycin indicating a proton transport process via com-
plexation of the valinomycin (Figure 6.7b). In the case of
soybean phospholipid vesicles, the half-time for the intensity
change was strongly decreased, from several minutes in the
absence of ion carrier to 300 ms in the presence of valinomycin
and to less than 1 ms in the presence of gramicidin.®!

The rate of transfer of Na* and K* through bilayers of
sodium 4-(1'-heptylnonyl)benzenesulfonate vesicles was
increased upon the addition of the ionophore dicyclo-18-
crown-6 (see Figure 6.8).82 The rate increase was stronger for
K+ than Na*. This completely artificial system thus shows
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Figure 6.7 Change in the fluorescence intensity of pyranine
entrapped in unilamellar vesicles of asolectin following a rapid
decrease in external pH. The downward arrow indicates the addition
of HC1 which lowered the external pH to 6.2. (a) asolectin vesicles
alone; the rapid drop of fluorescence intensity (direct diffusion of
protons through the vesicle bilayers) is followed by a very slow one;
(b) asolectin vesicles doped with valinomycin: the rapid change is
not affected but the slow change is much accelerated; (¢) asolectin
vesicles + nonionic surfactant Triton X100: monophasic variation of
intensity that reflects the lysis of the vesicles by the added Triton
X100. Reproduced from Reference 80 with permission of the Amer-
ican Chemical Society.

selectivity in the same way as natural membrane systems.
The observed rate increases were attributed to the formation
of ionophore channels across the vesicle bilayers (see Figure
6.9). The same authors attributed the transport of alkali metal
ions across vesicle bilayers of sodium 4-(1'-nonylundecyl)ben-
zenesulfonate to the passage of the unhydrated ions through
transient holes forming in the bilayers.®? Transport as ion
pairs or hydrated ions was excluded.

Ion transport can be strongly modified upon UV irradi-
ation of vesicles that contain a photochemically active mole-
cule. Thus Sato et al.®* showed that the transport rate of K+*
ions through the bilayer of DMPC/dicetylphosphate (10/1) ves-
icles containing about 1% 4-octyl-4'-(5-carboxypentamethyle-
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Figure 6.8 Effect of the ionophore dicyclohexano-18-crown-6 on
the rate of K* ion leakage from vesicles of sodium 4-(1'-heptyl-
nonyl)benzenesulfonate. At the highest concentration of ionophore
K+ diffuses through the dialysis bag containing the vesicle system
as fast as if it is not entrapped in vesicles. Reproduced from Refer-
ence 82 with permission of Academic Press/Elsevier.

neoxy)azobenzene was increased by a factor of more than 5000
upon UV irradiation with respect to its value in the dark.
Irradiation also increased the permeability of the negatively
charged ion Fe(CN)3- through this negatively charged bilayer.

Additives, particularly surfactants, can have a very
strong effect on the transport rate of compounds entrapped
in the inner vesicle compartment, at concentrations well
below that for which vesicle lysis occurs. The leakage rate of
the probe 6-carboxyfluorescein (6CF) has been particularly
used for that purpose.®8¢ Edwards and Almgren® measured
the leakage rate of 6CF from sonicated egg lecithin vesicles
upon addition of nonionic surfactants poly(ethyleneglycol)
monododecylether C,EO, (n = number of ethylene oxide
units; see Figure 6.10). They attributed the increased perme-
ation rate to the formation of transient channels that are
coated with the added surfactant.

Ohno et al.? observed a rapid increase of leakage rate
of 6CF at the main transition temperature of DMPC, DPPC,
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Figure 6.9 Possible conformations of the ionophore in the channel
crossing the vesicle bilayer and through which the ions diffuse in
and out. Reproduced from Reference 82 with permission of Academic
Press/Elsevier.

and DSPC (S = stearoyl) vesicles, which they attributed to a
transient structural disorder of lipid packing at the approach
of the gel-to-liquid crystalline phase transition temperature
of the lipid (see Section V).

Kleinfeld et al. worked at elucidating the rate-limiting
step for transport of fatty acids (FA) across vesicle bilayers.”87
For this purpose they determined the rates at which FA flips-
flops across, and binds to and dissociates from, the bilayers,
using both large and giant unilamellar vesicles made up of
eggPC and cholesterol. The rate constant for flip-flop was
found to be less than the other two rates, and this process is
therefore rate-limiting in the transport of FA.
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Figure 6.10 Leakage of 6CF from sonicated lecithin vesicles after
addition of the indicated amounts of C,,EO4. Reproduced from Ref-
erence 85 with permission of the American Chemical Society.

One last example illustrates the use of NMR for studying
transport across vesicle bilayers. Viscio and Prestegard®® were
able to use proton NMR to follow the slow penetration of the
neutral amine 5-hydroxytrytamine into the inner compart-
ment of eggPC vesicles by following its reaction with adenos-
ine triphosphate contained in this compartment. This
technique has the advantage of not perturbing the system
during the course of the reaction by taking samples.

I1l.  KINETIC STUDIES OF THE VESICLE-TO-
MICELLE AND MICELLE-TO-VESICLE
TRANSFORMATIONS

As pointed out in Chapter 1, Section V of this book, vesicles
are very long-lived structures. Indeed, the lipids or surfac-
tants making up vesicles are much more hydrophobic than
the surfactants making up micelles. Thus they have a very
slow exchange rate as noted in the preceding section; see also
Table 6.1. Besides, the number of lipids or surfactants making
up a vesicle is 102 to 10* times larger than that for a usual
surfactant micelle. Thus, under normal experimental condi-
tions it will be difficult to observe the association of lipids into
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a vesicle or the process of breakdown of a vesicle into the
constituting lipids. However, it is possible to study the kinetics
of the process by which micelles are transformed into vesicles
and of the reverse process.

Different methods have been used for forming vesicles
from micellar solutions. For instance, a vesicle—forming sur-
factant may be solubilized in the form of micelles in the
presence of an appropriate amount of a hydrotrope. The dilu-
tion of the mixed solution may then result in the formation
of vesicles. Another possibility that has seen much use is to
mix micellar solutions of oppositely charged surfactants. Still
another possibility is to increase the ionic strength of solu-
tions of some special surfactants. Conversely, the vesicle-to-
micelle transformation can be induced by adding a micelle-
forming surfactant, or a hydrotrope, or a hydrophobically
modified water-soluble polymer to a vesicle system. This can
also be achieved by decreasing the ionic strength. Note that
the mechanism of the micelle-to-vesicle transformation has
been investigated a great deal because it mimics the mecha-
nism of reconstitution of biological membranes. Conversely,
the vesicle-to-micelle transformation mimics the lysis of cell
membranes. These transformations involve different interme-
diate structures as shown via transmission electron micros-
copy at cryogenic temperature (cryo-TEM)%%9 and give
vesicles of different sizes depending on the details of the
method used to generate vesicles (see Reference 91, for
instance). It is therefore expected that the kinetics of these
transformations will also be much dependent on the method
used to achieve the transformation in addition to a depen-
dence on the nature of the compounds making up the system.

Early work was reported by Friberg and coworkers,?%%
who studied the rate of transformation of disklike micelles of
laureth 4 (Brij 30) containing the hydrotrope sodium xylene-
sulfonate into vesicles on a 1/1 dilution with water. Stopped-
flow with light-scattering detection was used to follow the
kinetics, and dynamic light scattering was used to characterize
the initial and final states of the system. In another study, the
sodium xylenesulfonate was replaced by dimethylisosorbide, a
nonionic hydrotrope.®* The relaxation signals were single expo-
nential and relaxation times in the 0.1 to 10 s range were
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measured in these studies. Later work by the Friberg group
was concerned with the lecithin/sodium xylenesulfonate sys-
tem, and the kinetics of the micelle-to-vesicle transformation
was again in the 1 to 10 s time range.?® There was no detailed
attempt to interpret the kinetics in terms of a mechanism for
the conversion. However, the presence of a minimum in the
variation of the reciprocal of the measured relaxation time with
concentration in Reference 94 (see Figure 6.11) was noted by
the authors to be reminiscent of the type of variation found for
the formation/breakdown of surfactant micelles (see Chapter
3, Section III.C and Figure 3.7). In view of this behavior and
the results for the variation of the measured relaxation time
with the lipid concentration, the authors concluded that leci-
thin/sodium xylenesulfonate vesicles form by collision between
aggregates.? It should be emphasized that in References 92-95
the perturbation brought to the initial micellar solution is very
large and may affect its relaxation behavior.

Yatcilla et al.?? investigated the conversion of a mixture
of cationic and anionic surfactants to form vesicles. In this
case, the reaction was very slow and a kinetic phase was
associated with the evolution and growth of vesicles over a
period of weeks (see Figure 6.12) to a final vesicular system,
which, as already mentioned, was thought by the authors to
be thermodynamically stable. A subsequent study explored
the system CTAB mixed with sodium perfluorooctanoate.%
Cylinders, disks, and spherical uni-lamellar vesicles were
found to coexist at equilibrium by cryo-TEM. This observation
confirms the importance of structural confirmation by cryo-
TEM when this technique can be applied. From their analysis
of the data, the mean curvature modulus, the Gaussian cur-
vature modulus, and the spontaneous curvature could all be
evaluated.

At around the same time that Yatcilla et al.3? published
their work, Robinson and coworkers®” studied the formation
and breakdown of vesicles formed from sodium 6-phenyltride-
canesulfonate (S6PTDS). Light-scattering detection at 300 nm
was used to monitor vesicle concentrations. In pure water,
micelles are formed (cmec = 1.5 mM), but as the salt (NaCl)
concentration is increased, vesicles are the preferred species.
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Figure 6.11 Variation of the reciprocal of the relaxation time mea-
sured upon 1/1 dilution of micellar solutions of laureth 4/dimethyl-
isosorbide with water with the initial surfactant concentration.
Reproduced from Reference 94 with permission of AOCS Press.

The critical vesicle concentration (cvc) decreases as the salt
concentration is increased. Values of the cvc in the range 0.1
to 0.4 mM were measured for added NaCl concentrations in
the range 0.025 to 0.10 M. The onset of vesicle formation can
be monitored by measurement of a critical salt concentration
(csc) for the micelle-to-vesicle transition. Vesicle breakdown
was induced by rapid dilution of a vesicle system with an equal
volume of water while maintaining the salt concentration con-
stant. The rate of breakdown of vesicles at an initial surfactant
concentration of 0.5 mM, and added ionic strength I = 0.025
M, showed that the half-life for breakdown varied from ~ 1s at
15°C to ~ 0.2 s at 35°C. The activation energy associated with
the breakdown process was large, about +60 kJmol-'. The reac-
tion in the reverse direction, i.e., vesicle formation by monomer
aggregation or micellar aggregation on adding salt, was slower
with half-lives of the order of 1 min, and was not very depen-
dent on the temperature. A mechanism was proposed that
involved disk-like intermediate states (state D in Figure 6.13),
followed by disjoining (or opening up) of the disks (state D' in
Figure 6.13) to form stable vesicles.
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Figure 6.12 Time-dependence of the apparent aggregate radius
for mixtures of CTAB and SOS. Micellar stock solutions with mixing
ratio 20/80 CTAB/SOS are diluted to 2.5 wt% ([]), 2.0 wt% (A), and
1.5 wt% (e). The radius is measured by dynamic light scattering.
After 3 months the apparent radius becomes constant at all 3 final
concentrations. Reproduced from Reference 32 with permission of
the American Chemical Society.
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Figure 6.13 Disklike micelle D and disjoined disklike micelle D'
postulated as intermediate states in the micelle-to-vesicle transfor-

mation. Reproduced from Reference 97 with permission of IOP Publ.
Co.
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It is also possible to induce breakdown of S6PTDS vesi-
cles by the addition of a single-chain surfactant such as SDS,
resulting in the formation of mixed S6PTDS/SDS micelles.
The breakdown process was monitored through the associated
change in light turbidity. In principle, there can be two com-
ponents to the kinetics: a lag phase before breakdown occurs,
followed by an essentially exponential transient. The kinetic
analysis shows that breakdown is cooperative and the coop-
erative unit is based on about 8 SDS molecules working coop-
eratively to disrupt the vesicles by forming local micellar
domains.’® Robinson, Bucak, and Fontana®1% have recently
investigated in more detail the breakdown of vesicles of
sodium alkylbenzenesulfonates (S6PTDS and sodium 7-phe-
nyltridecanesulfonate S7TPTDS) and of hexadecyldecyldime-
thylammonium bromide (C,4C,,DMABr) either by decreasing
the salt concentration (in the case of S6PTDS and S7PTDS)
or adding a single-chain surfactant (in the case of
C16C1oDMABTY). It was established that the greater the per-
turbation of the system beyond the micelle/vesicle transition
region, the faster the rate of breakdown.?>1% The approach
was later extended to include studies with didodecyldimeth-
ylammonium bromide vesicles.!?! Very recently, the break-
down of STPTDS vesicles on addition of SDS has been studied,
detecting the structural changes by small angle neutron scat-
tering detection in real time.'2 The breakdown process has a
half-life of about 1 min, but it is not possible to detect inter-
mediate states because the highly cooperative nature of the
process means that only the initial vesicles and final mixed
micelles are present at significant concentrations.02

Hatton et al. have also reported on the aggregation of
cationic/anionic surfactant mixtures to form vesicles.193-105
The systems studied were SOS/CTAB, SDS/DTAB,
HDBS/CTAB (DTAB and CTAB = dodecyl and hexadecyl tri-
methylammonium bromide; SOS = sodium octylsulfate;
HDBS = dodecylbenzenesulfonic acid). The transition to stable
vesicles is rather slow for the SOS/CTAB and SDS/DTAB
systems and complex with the observation of three relaxation
processes with relaxation times of about 10, 100, and 2000 s
in addition to a very fast process (< 4 ms, the dead time of
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the stopped-flow apparatus used).1%31% In contrast, vesicle
breakdown was very rapid (< 4 ms for the SOS/CTAB system
and about 10 s for the SDS/DTAB system).1°® For the
CTAB/HDBS system the micelle-to-vesicle transformation is
more rapid and complete within a few minutes.!* The
progress of the transformation was monitored mainly by
dynamic light scattering, but cryo-TEM was also used to char-
acterize the evolving vesicle structures. Wormlike micelles,
disks, and vesicles were all present in the first 2 h of reaction
for CTAB/SOS system.!% In a follow-up paper, Shioi and Hat-
ton again use a combination of static and dynamic light scat-
tering to follow the CTAB/SOS reaction in more detail.!%
Some 8 min after mixing, cryo-TEM shows that a mixture of
closed vesicles and floppy bilayers are already present in
solution. The first stage in the CTAB/SOS reaction is the
formation of mixed micelles. It is supposed that SOS is incor-
porated into CTAB micelles in this initial step. It is entirely
reasonable that this step will be very fast since the process
is likely to involve an essentially diffusion-controlled insertion
of SOS monomer into the CTAB micelles. The reaction scheme
is therefore the following:1%3

CTAB micelles + SOS monomers — Mixed micelles (in less than 1 ms)

Mixed micelles — Floppy bilayer aggregates (in s to minutes)
Floppy bilayer aggregates — Small closed vesicles (in minutes to hours)
Small closed vesicles — Equilibrium vesicles (in weeks)

This series of reactions is represented schematically in
Figure 6.14. The intermediate structures in this scheme are
reminiscent but not completely identical to the intermediate
structures visualized by electron microscopy or cryo-TEM.
Shioi and Hatton!% postulated that the small vesicles grow
by fusing together. The progress to vesicle formation is com-
plicated by the coexistence of bilayer aggregates and small
closed vesicles in the reaction medium some minutes after
mixing. It is possible that the system might behave in a
simpler way if lower concentrations of the initial reactants
would be used. At any rate, a reasonable theoretical model
for the growth of the floppy bilayers (nonequilibrium disklike
micelles) and of the small nonequilibrium vesicles was pro-
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Figure 6.14 Possible intermediate structures occurring during
the micelle-to-vesicle transformation for the SOS/CTAB system. (A)
SOS monomers and CTAB micelles (In the experimental conditions
used the number of SOS micelles was low and SOS micelles are not
shown); (B) nonequilibrium mixed micelles; (C) floppy, irregularly
shaped mixed micelles; (D) nonequilibrium vesicles; and (E) final
vesicles. Reproduced from Reference 103 with permission of the
American Chemical Society.

posed.'%® In this regard, the ideas of Lipowsky, concerning
vesicle rigidity, were found to be helpful.1% However, a quan-
titative interpretation of the changes in the initial stages of
reaction remains somewhat elusive.

The system of SDS/DTAB has been also investigated by
Wan et al.’%” The system involves the evolution of vesicles on
mixing micelles of SDS and DTAB at a weight ratio of 1.6:1.
Included in the reaction mixture was a low concentration of
the solvatochromic probe 2,6-diphenyl-4-(2,4,6-triphenyl-1-
pyridino) phenoxide (E(30)), which has been used previously
to probe the interfacial properties of micelles and vesi-
cles.198199 Wan et al.'07 suggest that a vesicle interfacial envi-
ronment is established rather rapidly, on the time scale of
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seconds. Evolution of the initial vesicles to final stable struc-
tures was taking a period of days and the process was probed
by cryo-TEM and video-enhanced microscopy.'%

Blume and coworkers!'® have pioneered the use of isother-
mal titration calorimetry and differential scanning calorimetry
in studies of micelle-to-vesicle transitions induced by increas-
ing the temperature. Specifically the system DMPC/SDS has
been studied, and some hysteresis effects were observed based
on study of both the heating and cooling cycles.

Gradzielski, Grillo, and Narayanan!'! have studied the
micelle-to-vesicle interconversion in two very different sys-
tems: (1) tetradecyltrimethylammonium hydroxide
(TTAOH)/Texapon N.,-H (C,,H,s(OC,H,), OSO;H), and (2)
sodium oleate/1-octanol. The neutralization reaction in the
first system was studied in real time by stopped-flow with
small-angle x-ray scattering (SAXS) detection (ID-2 beam-line
of the European Synchrotron Research Facility — ESRF,
Grenoble, France). The second system was studied by stopped-
flow with small-angle neutron scattering (SANS) detection
(D22 instrument at the Institut Laue-Langevin—ILL, Greno-
ble). In the first experiment, 100 mM TTAOH was mixed with
100 mM Texapon N,-H. For this equimolar ratio in the mixed
system, stable vesicles are formed. Dynamic light scattering
shows that the final vesicles are fairly monodisperse with a
hydrodynamic radius of about 125 nm. In a first stage, parent
micelles convert to bilayer structures within a few seconds,
and the instrument resolution is such that this transforma-
tion can be followed, since a scattering intensity curve can in
principle be measured in about 30 ms. The radius of the disk
increases from 20 to 35 nm over the first 5 sec after mixing.
The next stage of reaction for the bilayers, which are in the
form of sheets, is to transform to vesicles. This growth process
has a half-life of about 25 sec, and there is a decrease in
polydispersity associated with this transition. The final vesi-
cle size is comparable with the result from dynamic light
scattering of 125 nm. In the second experiment, it is proposed
that the intermediate structure is rodlike rather than disk-
like. In the SANS detection mode experiments are made over
a few hundred seconds.

Egelhaaf et al.!'2 have studied the kinetics of the micelle-
to-vesicle transition when lecithin/cholesterol/bile salt micelles
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are diluted in water to form vesicles. A suitable reference to
this procedure has been provided by Ollivon and coworkers.!3
The scope and applicability for time-resolved studies was pre-
viously discussed in detail by Egelhaaf some years ago.''* For
the lecithin system given earlier, the transition to vesicles was
followed by time-resolved SANS (instrument D22 at ILL).
Changes in structure were occurring over a period of hours,
with a structural reorganization taking place at the start of
the reaction that was too fast to be resolved. This was thought
to indicate the formation of flat bilayer sheets with a thickness
of about 5 nm. At the end state the neutron data revealed that
the final vesicles form with a narrow size distribution and that
their number increases during the course of the reaction. Addi-
tional experiments using static and dynamic light scattering
have faster time resolution than SANS but cannot provide the
same detailed information. However, it is likely that, in the
intermediate state, the lecithin and cholesterol will be present
in the middle of the disk with the bile salt located at the edges,
where it is in pseudo-equilibrium with bile salt in the external
water medium. There is a large increase in intensity associated
with the transition. A summary of the stages in the micelle-to-
vesicle transition is as follows:

fast (s) slow (hours) fast (s)
Micelles —  Small Disks — Large Disks —  Vesicles

It is clear, however, from the range of studies discussed
above, that a combination of different techniques is likely to
offer the best way to study this sort of system at the present
time.

Grillo, Kats, and Muratov!'® have recently used the new
dedicated stopped-flow facility, located on the SANS instru-
ment D22 at ILL, to investigate the micelle-to-vesicle trans-
formation of AOT in aqueous solution upon direct mixing with
solutions of salts such as NaCl, NaBr, KCI, and KBr. It was
shown that the overall process is quite slow but intensity
changes can be monitored over a total period of more than 5
h. The dead time of the stopped-flow instrument used is a few
milliseconds, but the main limiting factor is the time needed
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to obtain a transient spectrum. This effectively puts a time
limit of the order of 1 sec to obtain a data point, although by
analyzing multiple spectra from a series of experiments, the
signal-to-noise ratio can of course be improved. The region
analyzed is essentially that of vesicle growth, which the
authors identify with incorporation of micelles into the grow-
ing vesicles. They report that the vesicle radius increases as
tV6 (¢ = time after mixing).

Vesicle formation in aqueous mixtures of lecithin and bile
salt that takes place upon dilution with water has been studied
intensively by means of time-resolved scattering methods
(static and dynamic light scattering, SANS), and it has been
concluded that this transition takes place via elongated
micelles and disklike micelles as intermediate structures.!16:117

The transformation of lipid vesicles into micelles upon
addition of sodium cholate!!® or surfactants!'® is slow enough
that the structural changes can be followed by cryo-TEM, but
this is generally not the case as the reactions are taking place
on too fast a time scale. Walter et al.''® showed that the
intermediate structures involved in the vesicle-to-micelle
transition of eggPC upon addition of sodium cholate are open
vesicles, large bilayer sheets, and long flexible cylindrical
micelles, which evolved from the edges of the bilayer sheets.
Silvander et al.!'® showed that the transformation of lecithin
vesicles into micelles upon addition of sodium alkylsulfates
involves intermediate structures that depend on the surfac-
tant chain length. Likewise, the transformation of the doubly
lamellar vesicles of the gemini surfactant 12-20-12 into
micelles upon addition of the threadlike micelle-forming gem-
ini surfactant 12-2-12 was slow enough to be followed by cryo-
TEM.!?° This study evidenced numerous intermediate struc-
tures: disklike micelles, ringlike micelles, short threadlike
micelles, and metastable irregular ribbonlike aggregates.

A slow reorganization was reported to occur upon addi-
tion of amphiphilic polymers to a system of small vesicles of
DPPC/DPPA (dipalmitoylphosphatidic acid) that resulted in
mixed aggregates of micellar size.'?! The added polymers were
poly(sodium acrylate/isopropylacrylamide) bearing some pen-
dant hydrophobic alkyl chains with 8 or 18 carbon atoms. The
change of vesicle hydrodynamic radius with time was biphasic
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Figure 6.15 Tentative mechanism of vesicle reorganization in the
presence of hydrophobically modified poly(sodium acrylate-isopro-
pylacrylamide). Path 50°C: disruption resulting from the presence
of intermediate species having a broad range of size or a size con-
tinuously decreasing with time up to the final size. Path 25°C: direct
formation of small mixed globules in the absence of intermediate
size between the initial faceted vesicles or sheets of membranes and
the final mixed complexes. Reproduced from Reference 121 with
permission of Elsevier.

(or more) and stretched over hours to months depending on
the length and amount of hydrophobic groups. Freeze fracture
electron microscopy (FFEM) was used to identify an interme-
diate structure. Figure 6.15 shows the tentative mechanism
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of vesicle disruption postulated on the basis of the FFEM and
light scattering observations.

These results illustrate the variety of behaviors observed
when studying the vesicle-to-micelle and micelle-to-vesicle
transformations. This diversity reflects the different interme-
diate structures that can be encountered during the transfor-
mations, depending on the way the transformation is achieved
and the nature of the lipids or surfactants involved. When the
additives that induce the transformation can enter or leave
the aggregates very rapidly, such as the hydrotropes that do
not take part in the formed vesicles, and when the aggregates
are nonionic with weakly repulsive or even attractive inter-
actions, the transformation can be very rapid and character-
ized by a single relaxation time. Indeed, collisions between
aggregates can then occur and can completely dominate the
transformation. This may be the case in the studies of Friberg
at al.?%% It would be interesting to examine these systems
by cryo-TEM to check if indeed intermediate structures are
absent between micelles and vesicles. Most of the other stud-
ies of the vesicle-to-micelle transformation involved electri-
cally charged aggregates and surfactants that enter and leave
aggregates much more slowly than hydrotropes. This effect
results in both slowing down the transformation and making
transient and slowly evolving intermediate structures more
likely to occur. More generally cryo-TEM studies should
always be performed in parallel to kinetic studies whenever
possible. This permits a surer assignment of the observed
relaxation processes.

IV. FATTY-ACID AND MIXED
PHOSPHOLIPID/FATTY ACID VESICLE
SYSTEMS

Fatty acid vesicles were first characterized by Gebicki and
Hicks in 1973.122 At pH values greater than 10, the carboxylic
acid head groups are fully ionized, and micelles are formed
above the cmec. As the pH is reduced to the region around pH
7-9, depending on the particular fatty acid, partial protona-
tion of the anionic head takes place, and there is a micelle-
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to-vesicle transition. It is usually assumed that weakening of
the head group repulsion through formation of hydrogen-
bonded surface interactions is a major factor in driving the
structural transition, although structural rearrangement of
the hydrocarbon region is also likely to be important. In the
region where vesicles exist, there remains some uncertainty
as to whether micelles and/or monomers coexist in the system,
as evidenced by a recent esr study in which the spin-label
probe molecule 16-doxylstearic acid was incorporated into
oleic acid/oleate vesicles. However, particularly stable vesicles
were found at pH = 8.5.123

Equilibration of a fatty acid vesicle system across a semi-
permeable dialysis membrane which is impermeable to vesi-
cles has recently been studied.'?* Extensive dialysis (> 24 h)
apparently leads to very slow formation of vesicles in the
coexisting buffer solution; in contrast, equilibration in the
corresponding micellar system, at higher pH, is achieved
much more rapidly, on the time scale of minutes.

Phospholipids can be readily combined with fatty acids
to form mixed vesicle assemblies. The permeability of the
membranes can be influenced by the proportion and type of
fatty acid added. Muranushi and coworkers!?> incorporated
the fatty acids oleic, linoleic, and stearic acid into egg phos-
phocholine lipid membranes and looked at the effect on per-
meability of the drugs sulfanilic acid and procainaimide
ethobromide. They showed that the fatty acids interacted with
the polar region of the membrane, and also increased disorder
in the membrane interior, facilitating release of both drugs,
with unsaturated acids having a greater effect. Kleinfeld and
coworkers®” measured partition coefficients of oleic, linoleic,
and palmitic acids into phospholipid bilayers and transport
across the membrane. The rate-limiting step in transfer was
flip-flop across the membrane; first-order rate constants in
the 0.3-1 s7! region were measured. Doody and coworkers®
investigated the rate of migration of the fluorescent fatty acid
9-(3-pyrenyl)-nonanoic acid across phospholipid bilayers. A
value of 5 s! was determined, suggesting the rate-determin-
ing step was the exit of the fatty acid from a vesicle. Treyer
et al.’?6 measured the permeability of the nucleotides AMP,
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UMP, UDP, and UTP in POPC/sodium cholate vesicle systems
and found a maximum of permeability in systems where the
cholate concentration within the vesicles approached the sat-
uration limit before destabilization of vesicles occurred.
Kraske and Mountcastle!'?” studied the effect of temperature
and added cholesterol on the permeability of DMPC bilayers.
For the leakage of glucose, they showed that maximum per-
meability was achieved at 24°C, the main phase transition
temperature of DMPC, and was due to lateral area and vol-
ume changes in the lipid domains as they fluctuate between
gel and fluid states.

V. DYNAMIC CHANGES ASSOCIATED WITH
VESICLE PHASE TRANSITIONS

The temperature T, at which the gel-to-liquid crystalline
phase transition of lipid and surfactant bilayers occurs is an
important characteristic of these systems. Maybrey and
Sturtevant!?® observed an increase in the phase transition
temperature when palmitic acid was added to DMPC, but both
increases and decreases can be observed with different fatty
acids.!?*-131 It has been shown in Section II.A that the lateral
and transverse motions of lipids in vesicle bilayers become
more rapid as the temperature is increased from below to
above T.. This section reviews dynamic processes that occur
in bilayers at around T,.

The ultrasonic relaxation method has been used a great
deal to study very fast processes detected at the approach to
T.. At a given ultrasonic frequency, the ultrasonic absorption
goes through a well-defined maximum at T indicating the
occurrence of relaxation processes associated with this tran-
sition.!32133 The measured relaxation time was around 108 s
for dipalmitoyl lecithin vesicles, and it was attributed by Gam-
ble and Schimmel to the isomerization of the lipid chain (kink
formation).!2 This finding and assignment were confirmed in
studies of other vesicle systems, DPPC,3* DODDMAB (dio-
ctadecyldimethylammonium chloride)!®> and DMPC,3¢ that
used the ultrasonic absorption relaxation technique!*+1%5 and
also p-jump'’?®® and Tjump with Joule'3* or laser!3¢ heating
(see Chapter 2, Section III.D.1). These studies also evidenced
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Figure 6.16 Temperature dependence of the relaxation time asso-
ciated with isomerization of the lipid alkyl chain in DODDMAB
vesicles as measured by the ultrasonic relaxation method for small
vesicles (o) and for large vesicles (). Reproduced from Reference
134 with permission of the American Chemical Society.

several other relaxation processes occurring on longer time
scales and showed that all the associated relaxation times
and relaxation amplitudes go through a maximum at T, (see
Figure 6.16).

Holzwarth and coworkers performed extensive studies of
the dynamics in the phase transition region of DMPC, DPPC,
DML (dimyristyl-1-o-lecithin), and DPL (dipalmitoyl-1-o-lec-
ithin) vesicles using a laser T-jump apparatus.'?¢-13° One of
the key advantages of the laser heating method is that it
avoids the strong electric fields (15-40 kV ¢m™') used in the
more conventional Joule-heating T-jump method, which can
distort vesicles and lead to pore generation (see Section VI).
The relaxation signals (turbidity and fluorescence intensity
changes) were characterized by up to five relaxation times in
the 4 ns—10 ms time range. Figure 6.17 shows the model used
for the interpretation of the observed relaxation behavior of
vesicles at around T.. The fastest processes are associated
with kink formation in the alkyl chains in the membrane (1
— 2) as discussed earlier and membrane expansion and
increased mobility of the lipid head groups (2 — 3). More
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Figure 6.17 Model for the five relaxation processes associated
with the phase transition of vesicle bilayers. Reproduced from Ref-
erence 136 with permission of Springer-Verlag.

complex isomers are then created and lateral diffusion
increases (3 — 4). This allows clusters of different order to be
formed and the fluid clusters grow (4 — 5). In the last step,
the rigid lipid clusters are completely dissolved and the mem-
brane is in the fluid state (5 — 6). The cooperative nature of
the process was indicated by the dramatic increase in the slow
relaxation times at the transition temperature itself.

The dynamics of the slow processes had been discussed
earlier by Kanehisa and Tsong.14°

VI. EFFECT OF APPLIED ELECTRIC FIELDS ON
THE PROPERTIES OF VESICLE BILAYERS

When biological cells and lipid vesicles are exposed to an
electric field, they are mechanically deformed and transient
pores can be induced to form in the membrane (electropora-
tion).141-145 The field has been recently reviewed.*6 Only two
recent examples are presented.

Kakorin and Neumann!#” studied the deformation of salt-
filled phosphatidylcholine/phosphatidylglycerol vesicles,
when electrical field pulses of 10 kV ¢cm~! were applied over
a period of some milliseconds. The change in electrical con-
ductivity and vesicle volume were determined. The theoretical
analysis is quite complex, but the authors were able to deter-
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mine, from the kinetic data, the membrane-bending rigidity
and the number of water-permeable pores generated. For ves-
icles of radius 50 nm, 35 pores were created in each vesicle,
with a mean pore radius of 0.9 nm. Their model indicates a
preferential formation of pores at the regions of high curva-
ture, that is, at the end of the elongated vesicles.

Correa and Schelly monitored the dynamics of electropo-
ration in vesicles of dioleoylphosphatidylcholine (DOPC)
using the electron transfer reaction between Fe(CN)q*-
entrapped in the vesicle interior compartment and IrCl > ions
in the outside!*® or the chemical reaction between Ag+*
(entrapped) and Br- (outside).’® In both instances birefrin-
gence measurements showed that the applied field induced
an elongation of the vesicles in the direction of the field. The
increased pressure inside the vesicle results in the ejection of
part of its content when pores are formed. The electron trans-
fer reaction was detected, indicating electroporation, only for
pulse lengths longer than 200 us for an applied field strength
of 8 kV cm~1. The Ag*/Br-reaction was detected after a shorter
time of about 30 us because the entrapped Ag* is of smaller
dimension than Fe(CN)* and requires smaller pores to be
gjected. This permitted to evaluate as 4 um/s the average rate
of growth of the pores.'*® The reaction between Ag* and Br-
takes place outside the vesicles.

VII. CONCLUSIONS

The study of vesicle dynamics is now a mature area of research.
The main processes involved in bilayer mobility and solute
transport are quite well understood, but this is not so with the
spontaneous formation and breakdown of vesicles. There is a
significant difference between the dynamics of micelle forma-
tion/breakdown and vesicle formation/breakdown. Micelle phe-
nomena occur on a very short time scale, with processes for
most micellar systems taking place in time scales less than 1
sec. For vesicles of synthetic surfactants like the alkylbenzene-
sulfonates, the relevant processes are in the second to minute
time range, although surfactant monomer exchange between
vesicles and aqueous solution may well take place in the mil-
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lisecond time range. The critical vesicle concentration is an
important parameter, which can be measured for systems like
sodium 6-phenyltridecanesulfonate, but not in the case of phos-
pholipids, where the monomer concentration external to the
bilayer is likely to be of the order of nanomolar. This means
that dynamics of micelle-to-vesicle transformations can be very
slow, and often what is studied in the classical time window
(seconds to days) is the evolution of vesicle structures. Some-
times this evolution is clear from experimental measurements,
but too often the picture is still confusing. There is a need to
define some appropriate model systems for study.

Again, it would be useful to observe directly the evolution
of intermediate morphologies by cryo-TEM for instance, but
this is difficult in systems where the transition from/to vesi-
cles is highly cooperative as the intermediate concentrations
may then be very low. Another problem is that of hysteresis.
Sometimes this is observed, but often it is ignored or un
recorded. This is linked to the possibility that the system
under any given set of conditions may not always be at a true
thermodynamic equilibrium.
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I.  INTRODUCTION

In the presence of water, surfactants and lipids give rise to a
variety of phases referred to as lyotropic phases or
mesophases.’? The most important of these phases are the
lamellar, hexagonal, cubic micellar, and cubic bicontinuous
phases denoted by L, H and V, and Q, respectively (see Figure
1.11 in Chapter 1). The subscripts 1 or 2 attached to these
phase symbols indicate that the phase is direct (water con-
tinuous) or inverse (discontinuous water domains). Many
other lyotropic phases have been identified that differ from
the main ones by the state of the alkyl chain (crystalline or
disordered) and of the head group arrangement (ordered or
disordered).! In the particular case of the lamellar phase,
additional variations come from the possible different orien-
tations adopted by the alkyl chains with respect to the plane
of the lamellae (angle of tilt of the chain) and also from the
state of the surface of the lamellae that can be planar or
rippled.! Numerous detailed descriptions have been given for
the equilibrium state of the various phases that surfactants
and lipids can form in the presence of water.!-3

However, relatively few studies have addressed the
dynamics of phase transitions of lyotropic phases of surfac-
tants and lipids. The superb book The Aqueous Phase Behav-
tor of Surfactants, by R.G. Laughlin,® has one chapter
dealing with this topic. This chapter is 8 pages long and
contains only 25 references, not all dealing with the dynam-
ics of phase transitions, in a book of 558 pages. Likewise,
the recent review on the kinetics of phase transitions in
surfactant solutions by Egelhaaf* includes a rather short
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paragraph on the kinetics of phase transitions between lyo-
tropic phases. In addition, a literature survey shows that
the majority of the reported studies on the dynamics of
lyotropic phase transitions concern lipids and not surfac-
tants. Many of these studies deal with the transformation
of lipid lamellar phases into other phases and the reverse
processes. The main reason for this situation is that the
bilayers making up a lamellar phase are a good model for
the cell membrane. Therefore, many studies of the rate of
lipid phase transitions were undertaken in order to better
understand the behavior of biological cells during replication
as well as cell membrane lysis and reconstitution. As
Laggner et al.’ pointed out, studies of dynamics of phase
transitions may provide “methods for prolonging the life-
times of eventual structural intermediates in the transitions.
A benefit from such an achievement could be the better
structural description of the intermediates.... Also they are
likely to be biomedical benefits from such results since the
development of agents modulating the dynamics of mem-
brane transformation, such as fusion, is likely to play an
important role in many medical applications, e.g., liposome-
based gene therapy, fertility modulation, or percutaneous
drug applications.” Most of the reported studies aimed at
bringing information on the time scale of the transitions and
on the nature of eventual intermediate phases between the
known initial and final phases, and presenting mechanisms
that account for the observations.

The various lyotropic phases can transform one into
another when changing the temperature T'-3 or the pressure
p® applied to the investigated system, or the surfactant/lipid
concentration C'-3 in the system. Therefore, transitions
between phases will be affected by changes in T, p, or C. This
sensitivity provides a way to approach the dynamics of phase
transitions in systems containing lipids or surfactants by
means of T-jump, p-jump, and stopped-flow methods (see
Chapter 2, Section II).

In the most recent studies of the kinetics of phase tran-
sitions, the investigated system is enclosed in a dedicated
cell to which can be applied a p-jump, a T-jump, or a con-
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centration jump and which can be set on the path of an
intense beam of x-rays from a synchrotron source or of neu-
trons. High-intensity sources of x-rays and neutrons are now
available at various facilities in the world. High-radiation
flux and collimation of the beam allow a direct identification
of the structural intermediates between the initial and final
structures with a millisecond time resolution. The cells that
contain the investigated systems are of a design similar to
those for conventional chemical relaxation studies. The time-
resolved small angle x-ray scattering (TR-SAXS) method
with pressure, temperature or concentration perturbation
has been recently reviewed.”® The time-resolved small-angle
neutron scattering (TR-SANS) method where the perturba-
tion is induced by a stopped-flow device has been described.?
However, conventional p-jump setups!® and T-jump setups
with laser!! or Joule heating'? have also been used. In addi-
tion to the dynamics of phase transformation, these appa-
ratuses permit the study of the spontaneous fluctuations
that occur in mesophases, particularly at the approach of
phase transitions. The dynamics of these fluctuations are
important for an in-depth understanding of the dynamics of
phase transitions and the intermediate structures involved
in these transitions.

In this chapter, studies involving surfactants are some-
what arbitrarily separated from those that concern lipids.
Similarities or differences of behavior are pointed out when-
ever necessary. The chapter is organized as follows. Section
IT reviews the dynamics of the surfactant L, phase and of
transitions between various lyotropic phases. Section III
deals with the dynamics of phase transitions in lipid/water
mixtures. Section IV reviews the dynamics of phase transi-
tions induced by shear. Section V concludes this chapter.

Some aspects of the dynamics of phase transitions are
dealt with in this book for amphiphilic block copolymers
(Chapter 4, Section VIII), microemulsions (Chapter 5, Sec-
tions VII.C (rate of dissolution in microemulsions)) and
VII.D (electric field-induced dynamics of microemulsions),
and vesicles (Chapter 6, Sections V (phase transitions in
vesicle bilayers) and VI (electric field effect on vesicles)).
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II. DYNAMICS OF SURFACTANT LYOTROPIC
PHASES AND TRANSITIONS BETWEEN PHASES

A. Dynamics of the L; Phase

The structure of the L; phase or sponge phase is now well
established!®!3 It is an isotropic phase that consists of a mul-
ticonnected bilayer (membrane) that separates the space into
two subspaces, each of them self-connected throughout the
sample (see Figure 7.1). In phase diagrams the L, phase often
borders on a lamellar phase. It has been reported to occur in
many different systems based on ionic,'®* zwitterionic,!315
and nonionic surfactants.'%16 For systems with ionic and zwit-
terionic surfactants, the L; phase is observed in the presence
of a cosurfactant, added to tune the curvature of the surfac-
tant bilayer. With nonionic surfactants the cosurfactant is not
always needed, as curvature tuning can be achieved by chang-
ing the temperature.

The relaxation behavior of the L; phase has been inves-
tigated using the E-field jump method with electric birefrin-
gence detection (Kerr effect),'%13.15 the Joule effect T-jump
with light scattering detection,'%1416 the p-jump with con-
ductivity detection,!® and the dynamic light scattering
(DLS).1913 The E-field jump studies consistently reported a
single relaxation process with a relaxation time 15; that was
the same when turning the field on and off and that scaled

Figure 7.1 Schematic structure of the L, phase. Adapted from
Reference 13.
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as ¢ (¢ = volume fraction of the bilayer, that is, surfactant
+ cosurfactant).1%13.15 This scaling did not depend on whether
the surfactant used to generate the L; phase was nonionic,!°
ionic,'3 or zwitterionic.'®. This dependence was accounted for
theoretically by assuming for the L, phase either the bicon-
tinuous structure defined above!®!? or a structure where the
dispersed phase (surfactant + cosurfactant) is under the
form of discrete platelets.!® This last interpretation is now
abandoned. The observed relaxation process was assigned to
topology changes in the L, phase, more specifically to the
spontaneous formation/annihilation of passages.!®1? This is
schematically represented in Figure 7.2. Passages connect-
ing parts of the same subvolume disappear/form. Note that
Reference 10 and Reference 13 also reported the observation
by DLS of another relaxation with a time constant 1, ¢ that
scaled as q2¢! (q = scattering wave vector).1%13 The q-? depen-
dence reveals the diffusional nature of this process that was
assigned to the relaxation of concentration fluctuations.
Investigations of the L; phase by means of T-jump with
light-scattering detection revealed a rather complex relax-
ational behavior and reported differences in the number of
observed relaxation processes and their dependencies on the
bilayer volume fraction ¢.101416 Three relaxation processes
were observed for the L; phase in the cetylpyridinium chlo-
ride/hexanol/brine system.* In this study, the fastest relax-
ation process (relaxation time 1, < q2¢!, with values very

2 X

Figure 7.2 L, phase: Mechanism for the spontaneous annihilation
of a passage connecting two regions of a subvolume. Adapted from
Reference 13.
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close to those determined by DLS) was assigned to a diffu-
sion process. The intermediate relaxation process (relaxation
time 15 o< %> with x > 5) was assigned to the relaxation of
the asymmetry between the two subvolumes of the Li; phase.
The slowest process (relaxation time 7, =< q %03, scaling sim-
ilar to that observed in E-field jump studies!®!315) was
assigned to the formation/annihilation of passages connect-
ing two different parts of a subvolume (see above and Figure
7.1 and Figure 7.2). In contrast, a single relaxation process
was shown for L; phases based on nonionic surfactants of
the C,,EO, type (m = carbon number of the alkyl chain; n =
number of ethylene oxide (EO) units) in the systems
water/C,,EO,/decanol!® and water/C;,EO;/decane.'® The
associated relaxation time T had very different characteris-
tics depending on the value of ¢.1¢ At high volume fraction
(b~ 0.3) tscaled as q2¢0! just like the time constant measured
by DLS. At low volume fraction (¢ < 0.2) 1T scaled as q°.
This behavior led the authors to conclude that in fact two
different relaxation processes are operating in the system,
one associated with topology changes that dominates at low
¢ and the other associated with a collective diffusion that
dominates at high ¢. The proposed mechanism postulates
that after a T-jump the L; phase relaxes first by a topological
change, which is followed by a collective diffusion process
that redistributes the bilayer material.’® The interpretations
of the relaxation behavior of the Lj phase in Reference 14
and Reference 16 bear many similarities. In particular they
both invoke topological changes and diffusion redistribution
of the bilayer components. They nevertheless differ in some
details, and the large dependence of the diffusion process on
¢ is not explained.

The temperature of occurrence of the transition from the
L, to the L, phase was approached in the course of the study
of the dynamics of the L phase in the cetylpyridinium/hex-
anol/(water+NaCl) system.'* This was found not to affect the
diffusion process but to result in a considerable slowing down
of the relaxation associated to the topological change.
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B. Dynamics of Phase Transitions

1. Transition from the L, Phase to the
Bicontinuous Cubic Phase (V,) and V, - L,
Transition

These studies were all performed using nonionic surfactants
of the C,EO, type.1217-22

Knight et al.'? used a Joule effect T-jump with birefrin-
gence and turbidity detection to show that the bicontinuous
cubic (gyroid) V; —lamellar L, phase transition in the system
60% C;;EOq in 1 M CsCl occurs in about 2 s after a short
induction time of about 0.5 s (see Figure 7.3). A similar result
was found by Clerc et al.'” for the V; —» L, transition in
aqueous C,,EQ; (concentration 62 or 65 wt%) by means of an
infrared laser T-jump with TR-SAXS detection. The relaxation
signals were fitted to a stretched exponential and yielded

Birefringence (a.u.)

1
0.0 1.0 2.0 3.0 4.0
Time in Seconds

Figure 7.3 Birefringence relaxation signals for the transitions L,
—L, (42% C,EO4 in 4 M NaCl at 26°C; curve 1), direct hexagonal
H, »> L, (42% C,,EOQ4 in 1 M NaCl at 26°C; curve 2), and bicontin-
uous micellar V; — L, (60% C,EOqin 1 M CsCl at 26 °C; curve 3).
Reproduced from Reference 12 with permission of the American
Chemical Society.
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relaxation times between 0.3 and 0.6 s. Note that in both
studies the observations were restricted to times shorter than
about 10-20 s owing to the cooling effect of the thermostatic
system that occurs after the T-jump and brings back the
system to its initial temperature.

The L, — V, transition in the aqueous C,;(EO, system
(concentration 45 or 55 wt%) was investigated by Imai et
al.’®21 by TR-SANS and TR-SAXS. In these studies the system
was annealed for a long time at a temperature corresponding
to the L, phase and then quenched and maintained at a
temperature corresponding the cubic phase, thus avoiding the
problem of returning to the initial temperature occurring in
the preceding T-jump studies.'?>!” The gyroid phase was
observed after 10 min but the kinetics of the L, — V, trans-
formation was not investigated. However, the authors
reported that the diffraction pattern of the gyroid phase con-
tinued to evolve for a very long time (many hours) with a
splitting of some diffraction peaks in two during this coars-
ening process.?’ The authors attributed the observed behavior
to the effect of the elasticity of the investigated system. The
stress stored in the domains during the transition would bring
about a slow rearrangement of the gyroid network and a
splitting of the gyroid phase domains because of the fragility
of the surfactant network.?° This would be a unique feature
of soft matter as opposed to the behavior of hard matter. The
fluctuations of the lamellar structure prior to the L, —» V;
transition were investigated in detail.??

2. Other Phase Transitions

Knight et al.’? investigated the transitions from the micellar
phase L; to the lamellar phase L, and from the direct hexag-
onal phase H, to the micellar phase L, using the Joule effect
T-jump with turbidity or birefringence detection, in
C,EQ/(water + salt) systems. All transitions were found to
occur very rapidly, in about 0.5 s (see Figure 7.3).

The H, — V, transition was also shown to occur rapidly
with a relaxation time shorter than 1 s.17
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Simmons et al.?® studied the kinetics of the phase tran-
sition L, — H, (inverse hexagonal phase) in a leci-
thin/AOT/water/isooctane system where the isooctane makes
up the continuous phase, using TR-SANS. The time constant
for the transition was reported to be about 420 s. However,
the temperature quench across the L /H, coexistence region
was very large (> 40°C) and relatively slow (about 100 s). Both
effects may have much affected the reported time constant.

I1l. DYNAMICS OF PHASE TRANSITIONS IN
LIPID LYOTROPIC PHASES

A. Dynamics of Lamellar-to-Lamellar
Phase Transitions

The lamellar phase is one of the most common lipid
mesophase. Several studies deal with the dynamics of the
lamellar phase because such studies may have relevance in
cell fusion and cell replication. Numerous types of lamellar
phases have been described depending on the packing of the
lipid alkyl chains and head groups.'?* The phase stable at
very low temperature is the crystalline subgel lamellar phase
L. where the alkyl chains are perpendicular to the bilayer
surface and the head groups are regularly arranged. In the
gel phase, the hydrocarbon chains are arranged in a hexago-
nal subcell with the chains either perpendicular to the bilayer
surface, as in the L; phase, or tilted with respect to this
surface, as in the Ly phase. A variant of the Ly phase is the
Py phase where the bilayer surface is rippled. At higher tem-
perature, in the liquid crystalline state L, the alkyl chains
are disordered. Figure 7.4 gives schematic representations of
the phases L, Py, Ly, and L,. Each of these phases is char-
acterized by a specific x-ray diffraction pattern that permits
its identification. Transitions between these phases can be
induced in different manners and the kinetics of these tran-
sitions has been investigated. Before we review these studies,
recall that surfactants also give rise to similar lamellar
phases. In fact, Section V in Chapter 6 deals with the dynam-
ics of the lamellar-to-lamellar L; — L, phase transition in
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WAy B

Figure 7.4 Schematic representation of the lamellar phases L,
Ly, Py and L,. Reproduced from Reference 6 with permission of R.
Oldenburg Verlag, GmbH.

vesicle bilayers. Such studies are therefore not reviewed in
this chapter.

One of the first study of lamellar-to-lamellar phase tran-
sition dynamics was performed on the lamellar phase formed
by lipid extracts from E-coli membranes and on the membrane
itself by TR-SAXS using a cell with a built-in Peltier element
that allowed large T-jumps and rapid cooling of the cell.?> The
time required to achieve the disorder-to-order transition was
found to be 1-2 s for the lipid lamellar phases and the mem-
brane. The transformation involved no induction period after
the Tjump. Some results suggested that the time course of
the transformation involved two relaxation times.

Later studies that used higher flux TR-SAXS apparatus
and pure lipids (DHPE = dihexadecylphosphatidy-
lethanolamine?® or monoacylglycerides such as monoolein and
monoelaidin?’) confirmed that the lamellar-to-lamellar tran-
sitions are very rapid. Thus the Ly — L, transition for the
DHPE system was complete in less than 2 s while the L,—
L transition required about 6 s.26 For the monoglycerides the
L; — L, transition was complete in less than 3 s.2” Within the
sensitivity limit of the method used, no intermediate struc-
ture was detected between the initial and final phases.?¢ The
two-state nature of the transitions between lamellar phases
was confirmed in other studies involving 1-stearoyl-2-oleoyl-
3-phosphatidylethanolamine (SOPE)?® and DHPE.?° In Refer-
ence 29 the DHPE lamellar phase was perturbed by a p-jump
and the equilibrium pressure was reached in 2 s, that is, much
more rapidly that in the previous studies by the same group
where the perturbation of the system was achieved by a rel-
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atively slow T-jump generated by a circulation of fluid.2627 The
Ly— L, transition was found to be completed within 37 s with
a nonexponential course, while the L, — Ly transition was
complete in less than 13 s. These times are much longer than
those measured in T-jump studies and according to the
authors the difference probably arose from a “disparate exper-
imental protocol.”?® Cheng et al.?° reexamined the kinetics of
the Ly — L, and L, — Ly transitions by p-jump coupled to TR-
SAXS. They reported still shorter times for the transitions,
less than 50 ms and about 1 s, respectively, and concluded
that the transitions were of the two-state type. Note that the
perturbation of the system in the T-jump studies?¢-?” was of
much larger amplitude than in the p-jump studies. This prob-
ably affected the absolute values of the reported transition
times. The effect of the amplitude of the perturbation on the
measured times is further discussed below.

The transitions Py — L, in DPPC (1,2-dipalmitoyl-glyc-
ero-3-phosphatidylcholine)!! and L — L, in DHLG (1,2-di-O-
hexadecyl-3-O-lactosylglycerol)?! were investigated by laser T-
jump coupled to TR-SAXS. The transitions were found to be
extremely rapid, with characteristic times of less than 2 ms
for the first transition and 57 ms for the second. No interme-
diate state was observed. Note that the characteristic times
found for phase transitions induced by heating the system
with laser pulses were always shorter by as much as two
orders of magnitude than when the transition was induced
by T-jumps obtained by the circulation of fluids or the Peltier
effect (see Table 7.1).

However, not all lamellar-to-lamellar transitions are of
the two-state type. Tenchov and Quinn?* used TR-SAXS to
show that whereas the L — L, transition is often of the two-
state type, the L.— Lg transition is often continuous, i.e.,
there is a progressive shift of some diffraction peaks, which
corresponds to progressive changes in the packing of the lipid
alkyl chains as the system proceeds from one state to the
other. The authors also reported that some systems show a
behavior that is neither two-state nor continuous.?*

Two more studies are cited to illustrate the observation
of intermediate states. The first study involved multilamellar
liposomes of various lipids that were incubated for a suffi-
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ciently long time at a temperature corresponding to the L,
phase and then submitted to a laser T-jump or to a p-jump
after which the system was still in the L, phase.’? Figure 7.5
shows the observed behavior of the lamellar repeat distance
d. This distance first decreases discontinuously by about 0.3
nm and then relaxes back to its initial value after about 15
s. Two time constants were required to fit the relaxation curve,
with an average relaxation time of about 3 s. A similar behav-
ior was observed for several other lipids and also when per-
forming the transition on lipid systems with two coexisting
lamellar phases, obtained upon addition of salts.? This “thin”
structural intermediate had been reported earlier by the same
group.?? The change of lamellar repeat distance was found to
be close to 0.3 nm, irrespective of the investigated system,
and it was attributed to the formation of an intermediate
lamellar phase noted L,". Laggner et al.> explained the

6.5

6.4

d/nm

6.3

6.2

T/°C

T T T T
0 5 10 15
t/s

Figure 7.5 Evolution of the interlamellar distance during the
transition L, —» L,” - L, in 20 wt% POPC (1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine) induced by a T-jump of 15°C from an
initial temperature of 30°C. For comparison the inset represents the
temperature dependence of the lamellar repeat distance of POPC
under equilibrium condition. Reproduced from Reference 5 with
permission of the Royal Society of Chemistry.
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observed behavior in terms of the martensitic lattice-disincli-
nation mechanism as shown in Figure 7.6b. The transition is
localized in a discontinuous transition plane linking the
nascent to the parent phase and moving extremely rapidly
(at the speed of sound) through the bilayer. This mechanism
is in agreement with the fact that the Bragg peaks remained
sharp after the T-jump. The change in d value mostly reflects
changes occurring at the level of the water involved in the
lamellar structure. The authors considered several possibili-
ties and concluded that the simplest one that still explains
the experimental results would be that the water forms local-
ized lentils that do not much perturb the order in the multi-
lamellar liposomes. For the return from the L," to the L, phase
the authors presented the mechanism in Figure 7.6a where
the parent thin lattice connects to the nascent thicker one by
a zone of disorder.5

The second study showing intermediate phases was per-
formed on DEPC (1,2-dielaidoyl-glycero-3-phosphatidylcho-
line) by TR-SAXS and induction of the phase transformation
by p-jump; an increase/decrease of pressure induced the L,-
to-Lg/Lg-to-L,, transitions.?® An intermediate lamellar phase
noted L, was observed immediately after the p-jump. The

\Q

(a) (b)

Figure 7.6 Scheme of the mechanism of the transitions L, — L,
(right, minimum loss or order and coherence) and L,” — L, (left,
transition with zone of disorder resulting in a loss of coherence).
Reproduced from Reference 5 with permission of the Royal Society
of Chemistry.
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equilibrium phase L, or L; started to develop shortly after
the appearance of the L, phase, at its expense (see Figure
7.7). The overall transition time was found to decrease signif-
icantly when the pressure difference Ap between the final
pressure and the transition pressure increased (see Figure
7.7, left). The overall transformation was achieved in 2-5 s
depending on Ap. The same study?®?® showed no intermediate
state in the course of the Py, — L, and L,— P transitions of
DPPC (1,2-dipalmitoyl-glycero-3-phosphatidylcholine). The
transitions were terminated after about 20 and 3 s, respec-
tively. These times increased very much when the amplitude
of the p-jump was decreased. These results are in qualitative
agreement with the results of another T-jump study of these
transitions for DPPC!! in the sense that no intermediate state
was observed, but the values of the times required for the
transitions differ in the two studies by up to two orders of
magnitude. A literature survey of the lamellar-to-lamellar
phase transitions of DPPC'! showed considerable differences
in the reported values of the transition times. However, the
results in different studies are difficult to compare owing to
differences in the nature of the perturbation (p or T), in the
time required for the perturbation to be fully applied, in the
values of the pressure (p; and p,;) and temperature (T, and T))
in the initial and final phases, and also in the difference
between the value of the transition pressure or temperature
and the initial and final values of p and T. It remains that
these large qualitative and quantitative differences provide
additional evidence that the lipid transition pathways and
mechanisms can be rate-dependent!! and, additionally, depen-
dent on the amplitude of the perturbation.

The effect of alkanols on the rate of the Lg,— L, transition
of DMPC (1,2-dimyristoyl-glycero-3-phosphatidylcholine) was
found to be relatively small and little dependent on the alcohol
chain length.3*

Table 7.1 summarizes some of the results presented
above as well as results reported in other studies.35-38

At this stage it is worth recalling the mechanism of the
main transition Lg— L, as detailed by Cevc and Marsh. The
first stage in this transition is a nucleation of gauche confor-
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mations in the lipid chains. These distortions migrate causing
density fluctuations in the bilayer and relaxation of the high-
density regions via lateral expansion (growth). A redistribu-
tion of water in the interbilayer space is coupled to this expan-
sion and is thought to be the rate-limiting step for this
postulated nucleation/growth mechanism. The early stages of
the transition are those discussed in the phase transition of
vesicle bilayers (see Chapter 6, Section V and Figure 6.17).
The water redistribution was not directly considered.

A similar mechanism of nucleation and growth was pos-
tulated for the gel-to-subgel (L; — L) phase transformation
provided that the system was kept close to equilibrium.4°

B. Dynamics of the Lamellar-to-Inverted
Hexagonal (H,) Phase Transition

The dynamics of this transition has been investigated a great
deal.?25-2831,33,41-43 Indeed, as pointed out by Siegel et al.,*? “the
mechanism of the L /H, transition is of interest for two rea-
sons. First, drastic rearrangements in the topology of the
lipid/water interface must occur in this transition. This rear-
rangement probably requires energy-intensive processes,
which would result in slow overall rate. Yet some of these
transitions can be quite rapid. Second, many authors have
suggested that the first structures to form during this tran-
sition are related to the structures that mediate membrane
fusion in liposomal systems” (see the review in Reference 44).

Ranck et al.?® were the first to show that the H, — L,
transition of lipids extracted from E-coli membranes can be
extremely rapid, being completed in 1-2 s. This result was
confirmed by Caffrey?$, for the L, —» H, transition of DHPE.
Times shorter than 1 s were observed in some systems.
Laggner et al.?® reported a half-time of about 100 ms for the
L, —» H, transition of SOPE, induced by means of a laser T-
jump and using TR-SAXS for studying the structural changes.
Half-times of transition in the range of 5 to 10 s were reported
for DOPE and egg-PE (egg yolk phosphatidylethanolamine)
in a study where the transition was induced by a p-jump and
monitored by TR-SAXS (see Figure 7.8).33 This study revealed
an induction time of a few seconds following the p-jump, after
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which the transition occurred (see Figure 7.8). The induction
time was attributed to water motion (uptake and release).??
Tate et al.*! investigated the L, — H, transition of DOPE and
DEPE by T-jump with TR-SAXS detection. The transition also
involved an induction period and was clearly more rapid with
DEPE than DOPE. A very large slowing down of the kinetics
was observed when the final temperature after the T-jump
was decreased.*! The back transition H, — L, was found to
be more rapid. Erbes et al.** reported on the Ly — H, transi-
tion in 1:2 DPPC:palmitic acid mixtures. The complete trans-
formation of the Ly phase into the H, phase took about 20 s.
The transitions investigated in References 25, 26, 28, 33, 41,
and 43 were all of the two-state type.

Other studies of the lamellar-to-inverted hexagonal tran-
sition evidenced intermediate states. For instance, Laggner
et al.’ showed that the L, —» H, transition in phosphatidyle-
thanolamines involves the thin lamellar phase L, discussed
in the preceding paragraph. Kobert et al.?! reported the for-
mation of two transient intermediate phases, I' and I, in the
course of the lamellar-to-H, transition of galactolipids. The
first intermediate phase to appear, I', has a structure similar
to the thin lamellar phase L,". Only the intermediate phase
I was evidenced in the L, — H, transition of glycolipids.3! The
authors suggested that the intermediate phase I' was not
detected because it forms and disappears very rapidly. All
these transitions were found to occur on the time scale of a
few hundreds of milliseconds.

Siegel et al.*? attempted to use the T-jump cryo-TEM
technique* to directly visualize the intermediate states in the
course of the L, —» H, transition in lipids. The specimen for
cryo-TEM was rapidly heated by exposure to the light from
a xenon lamp and vitrified to fix possible intermediate states
induced by the T-jump. For egg phosphatidylethanolamine,
the transition was found to be completed in 9 ms when the
specimen was superheated by 20°C. N-monomethylated
DOPE showed a slower transition. In both instances no inter-
mediate state could be resolved owing to their lability on the
time scale of the method stated to be around 1 ms.

Caffrey?” reported a very short time for H,-to-isotropic
fluid transition for monoolein.
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C. Dynamics of Transitions Involving the
Inverse Cubic Phases Q,

The reasons for the interest in transitions involving cubic
phases are the same as for transitions involving the inverse
hexagonal phase H,.#? Several cubic phases of different sym-
metry have been found.*$4” The cubic phase that has attracted
the most interest in kinetic studies is the inverse bicontinuous
cubic phase Q,. This phase consists of a single lipid bilayer
on either side of which lie two interpenetrating continuous
networks of water channels.*” The primitive, double diamond,
and gyroid (body-centered) inverse cubic phases (space groups
Im3m, Pn3m and Ia3d, respectively) are denoted Q5 , QJ,
and Qf (see Figure 7.9).

The first studies involving transitions from and to cubic
phases: lamellar-to-cubic, cubic-to-cubic, cubic-to-inverted hex-
agonal, were performed using a slow T-jump and monitoring the
transitions by TR-SAXS.27 All transitions except the cubic-to-
cubic ones were completed in less than 3 s. The body-centered
cubic-to-primitive cubic phase transitions were much slower and
required between 30 and 1800 s. An unidentified stable inter-
mediate phase was evidenced in the transition L, — QS .

The most comprehensive studies of kinetics of transitions
involving cubic phases were performed using 1:2 lipid:fatty acid
mixtures.*34748 For the 1:2 DMPC:myristic acid mixture a p-
jump in the coexistence range of the H, and Q; phases showed

Figure 7.9 Schematic representations of the three inverse bicon-
tinuous cubic phases. Reproduced from Reference 6 with permission
of R. Oldenburg Verlag, GmbH.
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the occurrence after a time of about 12 s of the QY phase
and the relaxation of the lattice parameters to the values of
the original phases in about 6 .43 A p-jump that took the system
from the Ly phase to the Hy/ Q} coexistence range showed the
transition to be relatively slow, with changes of the lattice
parameters stretching over 1800 s and the occurrence of the
L, phase as a transient intermediate. Figure 7.10 shows the
first 35 s of the relaxation of the system, with the rapid disap-
pearance of the L phase and the apparition of the H, phase.
The Q) phase appears after about 120 s.#3 Squires et al.s
showed by p-jump and TR-SAXS detection that in the 1:2
DLPC:lauric acid mixture the QF — Q) transition is very
rapid (< 0.5 s) whereas the transition Q; — Q) + H, + excess
water is much slower, taking 5-10 s depending on the temper-
ature. The reverse transition was much more rapid, taking
place in less than 1 s. The appearance of intermediate struc-
tures was noted, particularly the Q; phase. The same mixture

o o o
L (o] [oo]
T T T

Intensity/a.u.

o
\S]
T

Figure 7.10 Variation of the intensity (in arbitrary units) with
time t of the first-order Bragg peaks of the L,, L; and H, phases of
1:2 DMPC/myristic acid mixture (50 wt% in water) after a p-jump
from 500 to 110 bar at 58°C that induces the transition from the L
to the Hy/ Q;’ coexistence range. Reproduced from Reference 43 with
permission of VCH Verlagsgesellchaft mbH.
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was used to investigate the L, — Q5 transition.*” The transi-
tion stretched over a large time scale extending to minutes,
and the results revealed the presence of an intermediate phase
identified as the Q) phase. The authors proposed for the L,
— Q) transition a mechanism based on the formation of
stalks, transmembrane contacts and interlamellar attach-
ments (ILA) as postulated by Siegel*® (see Figure 7.11). The
QY phase would arise from a hexagonal array of ILA. Recall

o s 2
Stalk /

« Square
. Lattice

i
; of ILAs

TMC

Interlamellar
Attachment
(ILA)

Figure 7.11 Left: Proposed mechanism for the formation of an
interlamellar attachment via a stalk and a transmonolayer contact
(TMC). Right: Square lattices of ILA can readily form the Q° phase.

. L 2 .
Reproduced from Reference 47 with permission of the American
Chemical Society.
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that the L, — QF transition for the aqueous surfactants
C,EO; and C,,EO; has been investigated.!®?! The gyroid phase
was formed after 10 min but then evolved slowly (see Section
II.B).

Additives, such as dextrose or salts, can affect the rate
of formation of the cubic phases.*6

IV. KINETICS OF SHEAR-INDUCED PHASE
TRANSITIONS

Several papers have reported that the shearing of surfactant-
containing systems for a sufficiently long time and at above
a critical shear rate ~ can result in a phase transition.

The transformation of a lamellar phase L, into a phase
made of tighly packed multilamellar vesicles, referred to as
the “onion phase” (see Chapter 1, Section V) is probably the
most investigated phase transition induced by shear.?0-52
Zipfel et al.?! used rheology and TR-SANS and TR-small angle
light scattering to show that an intermediate phase occurs
between the L, and the onion phases. The time scale for the
overall transition is of the order of 2000 s, while the interme-
diate phase forms after about 300 s in the experimental con-
ditions used (~ = 10 s, see Figure 7.12). The scattering
results suggest that the intermediate phase is made up of
parallel multilamellar cylinders (tubuli) or lamellar cylinders
where the bilayers are rolled up around the cylinder axis. A
very different interpretation of similar results was presented
by Escalante and Hoffmann,?® and one cannot discard the
possibility that different systems correspond to different
mechanisms of transition and different time scales. Escalante
et al.?? noted that the formed onion phase does not revert to
the L, phase when the shear is stopped.

The effect of shear on the L; phase in the cetylpyridinium
chloride/hexanol/(water+NaCl) system with a significant
amount of added dextrose has been examined.’* Additions of
of dextrose slow down the diffusional process discussed above.
At low shear rate, the sponge phase structure is retained but
starting at a shear rate above 500 s-1, shear thinning reveals
the occurrence of a transition to a lamellar phase. Unfortu-
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Figure 7.12 Time-dependence of the viscosity in the course of the
formation of multilamellar vesicles from a lamellar phase of C,,EO,
submitted to the shear gradient 10 s'. The depolarized small-angle
light scattering (SALS) patterns obtained at four different times are
represented (flow direction in the SALS patterns is vertical). Repro-
duced from Reference 51 with permission of EDP Sciences.

nately, the time of application of the shear required for the
phase transition was not specified, but it was below 1200 s.

Mahjoub et al.?® showed that the L; phase may be trans-
formed into a lamellar phase when shearing the system with
a shear rate above a critical value . This new lamellar phase
is formed after 300 s. The transformation is irreversible when
performed at = > .

Shear has been reported to induce the transformation of
vesicles present in the cetyltrimethylammonium-3-hydrox-
ynaphthalene-2-carboxylate/water system in threadlike
micelles.? The transformation was finished after a time
shorter than 20 min, and this time decreased as the applied
shear rate was increased. A similar transformation was inves-
tigated by Zheng et al.5” for the CTAC/sodium 3-methylsali-
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cylate/water by transmission electron microscopy at cryogenic
temperature (cryo-TEM). The authors took advantage of the
fact that the blotting procedure for preparing specimen for
cryo-TEM observation submits the solution to high shear
rates. The samples were observed after being allowed to relax
on-the-grid for increasing times before vitrifying the sample.
The vesicles were transformed into threadlike micelles during
the blotting. These micelles were transformed back into ves-
icles when the specimen was allowed to relax 30 s before
vitrification. For a relaxation time of only 15 s an intermediate
state was observed, consisting of densely packed, threadlike
micelles and referred to as snake-balls. This phase sometimes
showed budding vesicles.5”

Imai et al.?® showed that a steady shear flow with =~ >
0.01 s! suppresses undulations of the lamellar phase in the
C,cEO/water system. This effect induces ordering in the lamel-
lar phase with parallel bilayers and hinders the L -to- Q5 phase
transition that this system can undergo. In fact,at =~ > 0.3 st
the gyroid phase was transformed into a lamellar phase. The
authors reported waiting 100 min for full equilibration.

V. CONCLUSIONS

This chapter reviewed the kinetics of phase transitions in
systems based on surfactants and lipids. The use of the p-
jump and T-jump techniques with a detection of the relaxation
by means of TR-SAXS has permitted much progress in the
field. The characteristic times for many phase transitions
have been determined and found to be relatively short, in
most instances in the time range of a few seconds or less.
Intermediate phases have been identified. However, work
remains to be done in two main directions. First, the effect of
the amplitude of the perturbation on the characteristic time
of the transition should be investigated more in detail. Indeed,
several of the reviewed studies revealed a very large increase
of the time characterizing the transition when the amplitude
of the p-jump or T-jump was reduced. This may be partly due
to the fact that most studies used very large perturbations
and that the condition necessary in relaxation studies of very
small perturbations was not met. This may affect both the
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Phase 1

Figure 7.13 Schematic representation of systematic experiments
to be performed on a system where a transition from phase 1 to
phase 2 can be induced by a change of pressure or temperature.

value of the measured characteristic time and also the shape
of the relaxation signal. Also, studies should be performed at
constant perturbation amplitude. This is illustrated by con-
sidering a system where the equilibrium between the two lipid
phases 1 and 2 is sensitive to p and T, as represented in Figure
7.13 (Tj is the line of phase transition). For instance, system-
atic p-jump experiments should be performed at a given tem-
perature and at constant Ap = final pressure p; — initial
pressure p;, but with variable p;, — pr, that is, at an initial
pressure closer and closer to (or farther and farther from) the
pressure pr at which the transition occurs. In Figure 7.13 this
would amount to moving along the horizontal line L. Also
experiments should be performed at constant Ap and p; — pr
and increasing temperature. In Figure 7.13 the initial and
final states of the system would be moving on lines 1 and 2,
respectively. Second, a systematic study of the effect of the
chain length of the lipid or surfactant should be performed
on the kinetics of typical phase transitions such as the lamel-
lar-to-lamellar and the lamellar-to-inverted hexagonal tran-
sitions. The availability of the phase diagrams of nonionic
surfactant C,, EO,/water mixtures should facilitate the choice
of the systems on which such studies should be performed.
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I. INTRODUCTION

The aim of this chapter is to compare and contrast adsorption
kinetics of model cationic surfactants at air-water and solid-
liquid interfaces, so as to draw general conclusions and iden-
tify dominant processes. Recently, strides have been made in
understanding surfactant adsorption kinetics, and in this
area development and application of new surface selective
techniques has been key. Methods of relevance in this chapter
are neutron reflectivity (NR), ellipsometry, and optical reflec-
tometry (OR). These techniques are based on scattering and/or
interference of neutron radiation or polarized laser light, and
hence the principal advantages are that they directly probe
surface layer structures and adsorption densities. In the text
the terms surface excess, adsorbed amount, and surface density
are used interchangeably to express two-dimensional concen-
trations, either at air-water or solid-liquid surfaces. The main
surfactants considered are the family of n-alkyltrimethylam-
monium bromides: C,, TAB, of alkyl chain carbon number m.
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Il.  AIR-WATER INTERFACES
A. Dynamic Surface Excess and Surface Tension

On generation of a new interface in a surfactant solution, the
equilibrium surface tension (v,,) is not instantly reached. For
v to reach its equilibrium value, surfactant molecules first
must diffuse to the surface, then adsorb and orient themselves
in the interfacial film. Dynamic surface tension (DST) is crit-
ical in many industrial and biological processes, and back-
ground can be found in recent reviews.!-3 The stabilization of
alveoli by lung surfactant is perhaps the best-known biologi-
cal application of DST, and this is central to gas transport
across the pulmonary membrane. Industrially, in petrochem-
icals, the DST of aqueous foams contributes to the efficiency
of enhanced oil-recovery processes. The manufacture of pho-
tographic film and paper utilizes slide coating of multiple
layers of thin gelatin films with high coating speeds and flow
velocities. This technology relies on careful control of dynamic
surface tension in each of the layers to prevent film dewetting
and air entrainment, and to promote long-term stability of
the final dried film products. DST is also essential in agricul-
tural sprays, which must spread rapidly over hydrophobic
leafy surfaces, and in a range of other wetting, foaming, and
emulsification processes. For all surfactant-based technolo-
gies in which the characteristic time is similar to, or shorter
than, that for equilibrium adsorption, dynamic surface ten-
sion will be of interest.

There is a now an array of experimental techniques that
can be used to measure dynamic surface tensions, y(¢), includ-
ing maximum bubble pressure (MBP), oscillating jet, inclined
plate, drop volume, drop shape, and overflowing cylinder
(OFC).-8 With the aid of an appropriate equation of state, it
is possible to infer the dynamic surface excess, I'(¢). Uncer-
tainty in the adsorption isotherm can lead to problems in the
interpretation of DST data and incorrect conclusions as to the
adsorption mechanisms. A more direct approach is to measure
I'(¢) itself by neutron reflection (NR),%!2 or ellipsometry.”11-12
Here we review the state of the art, with particular attention
to recent results on model single-chain cationic surfactants
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C,,TAB and direct measurements of I'(¢) by these two methods.
These measurements allow the unambiguous determination
of the adsorption mechanism.

B. Experimental Design
1. Selection of Surfactants

The simplest case to treat theoretically is that of a pure,
chemically stable, monomeric surfactant below its critical
micelle concentration (cmc), in which adsorption is rapid and
reversible. It should be noted that many surfactants do not
conform to this ideal model. Commercial surfactants are gen-
erally contaminated with other surface-active impurities.
While trace impurities do not have a major effect on dynamic
interfacial behavior on short time scales, they can have a
major influence on the equilibrium behavior, and knowledge
of the equilibrium adsorption isotherm is essential for inter-
preting DST data. Many surfactants are mixtures of isomers
(such as alkylbenzene sulphonates) or chain lengths (such as
nonylphenylethoxylates) or are hydrolytically unstable (such
as sodium dodecylsulfate (SDS) or trisiloxane “superspread-
ers”). Proteins and other biomolecules may denature at the
air—water interface. For surfactant concentration C above the
cme, surfactant aggregates also contribute to the dynamic
interfacial behavior. The presence of micelles can complicate
the adsorption kinetics in three ways. First, micelles diffuse
at a different rate from monomers. Second, micelles and
monomers interconvert on timescales ranging from microsec-
onds to seconds®® (see Chapter 3, Sections III.B and III.C).
The addition or loss of single monomers from micelles occurs
at the shorter time scales and complete micellar break-
down/formation at the longer time scales. A micelle can thus
be considered as an active reservoir of surfactant molecules,
both as a source of and as a sink for monomer. Third, micelles
may adsorb by a different mechanism and at a different rate
from monomers, if they adsorb at all. In this section we will
consider surfactant solutions both above and below the cmec.

The cationic surfactants, C,,TAB, are appropriate model
compounds for a number of reasons:
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¢ Dilute aqueous phase behavior, cmc values, and micel-
lar properties are well known in the literature. The
cmc can be tuned over a large range by addition of salt.

e The surfactants are commercially available and
readily purified. The C,, TAB surfactants are chemi-
cally stable to hydrolysis.

® The synthesis of deuterated analogues needed for neu-
tron reflection is straightforward.®!1

2. Experimental Techniques

Many techniques have been developed for measuring Y(¢),® and
of late maximum bubble pressure (MBP) has been the most
widely used.? However, as outlined below, the overflowing
cylinder (OFC)7™® 1112 has a number of advantages over other
dynamic methods. For details of the noninvasive measure-
ment of dynamic surface tension y(¢) by surface light scatter-
ing in the OFC, see Reference 8. To elucidate the adsorption
mechanism, in addition to measuring DST, it is also desirable
to determine the dynamic adsorbed amount I'(¢), since Y(¢) is
merely a response to changes in the surface excess. Although
I'(¢) is the fundamental quantity of interest, it is much more
difficult to measure directly than the surface tension. I'(¢) can
be inferred from Y(¢), but only if the equation of state I'(y) is
known accurately and the assumption that the same relation-
ship holds for both dynamic and equilibrium adsorption is
correct. The main experimental techniques relevant to this
review are briefly described below.

a. The Overflowing Cylinder (OFC)

The OFC, shown in Figure 8.1 and Figure 8.2, is suitable for
measurements on the 0.1-1 s time scale. The surface proper-
ties of this cell, in particular the relationship between the
surface excess I', surface expansion rate, 6 = (1/r)d(ru)/dr (r
= radial distance; u, = radial surface velocity), and C, depend
solely on adsorption kinetics at that particular C and surface
excess. The OFC has been designed to provide a large (~50
cm?), almost flat surface for analysis by ellipsometric, spec-
troscopic, and other scattering techniques. The cell consists
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(b)

Figure 8.1 (a) Schematic illustration of the overflowing cylinder
(OFC): S — flow straightener; R — resistance plate; F — flowmeter;
P — magnetic drive pump; Lwet — wetting length. (b) Schematic
illustration of the ellipsometer: L. — He-Ne laser; P — polarizer; Q —
quarterwave plate; BM — birefringence modulator; 6; — Brewster
angle; A — analyser; PMT — photomultiplier tube. Reprinted with
permission from [7a]. © (1997) Elsevier.

of a stainless steel cylinder, 80 mm in diameter and 140 mm
tall. Liquid is pumped vertically upward through a baffle that
reduces the height required to ensure plug flow, and the solu-
tion then flows over the top rim of the cylinder, achieving a
pure steady state at the horizontal surface. The surface flows
radially from the center toward the rim. For surfactant solu-
tions, surface tension gradients can increase the surface veloc-
ity by an order of magnitude compared to that for pure water.
The surface expansion rate is typically in the range 1 to 10
s!, which for dilute surfactant solutions (< a few mM) leads
to a surface that is far from equilibrium. Since the surface is
at a steady state, experiments lasting up to several hours are
feasible. This feature is especially useful to improve signal to
noise, for example for neutron reflection at low surface cov-
erage. The OFC requires a solution volume of approximately
1.5 liters and thus when working with deuterated materials
for neutron reflectivity studies, the amount and cost of sur-
factant required becomes a consideration. Technical details
and specifications can be found elsewhere.”
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(b)

Figure 8.2 (a) The overflowing cylinder (OFC). (b) Schematic set-
up of the OFC with neutron reflection. Slits - S1, S2, S3, S4. M -
incident beam monitor. D - final detector. Reprinted with permission
from [16]. © (2003) American Chemical Society.

b. Ellipsometry

Ellipsometry measures the change in polarization of light
reflected from a liquid surface and is dependent on the thick-
ness of the adsorbed layer and its refractive index. The tech-
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nique is extremely sensitive to the presence of surfactant on
the surface of water, and measurements can be made with a
precision of < 1% of a monolayer, in just a few seconds.
Recently it has been shown that the measured coefficients of
ellipticity, —, for monolayers of C,,TAB (m = 12-18) and for
a nonionic surfactant are approximately linear functions of
the surface excess.!'’'? This simple relationship between —
and I' is a significant factor in the use of ellipsometry for
dynamic surface studies, since it obviates the need to deter-
mine a calibration curve, (), for each and every surfactant.

A typical experimental configuration is shown in Figure
8.1b. The polarization of a He-Ne laser is modulated photo-
elastically at 50 kHz by a quartz plate, and the laser is then
directed onto the surface of the liquid in the OFC at the
Brewster angle, 6. The reflected beam is detected by a photo-
multiplier tube and lock-in amplifiers extract the signals at
50 and 100 kHz. is recorded every second, and an average
over 50 readings is calculated. Technical details and examples
of the application of ellipsometry to dynamic liquid surfaces
can be found in the literature.”!1-12

c. Neutron Reflection

Neutron reflection (NR) provides an accurate method for
quantifying the adsorption of surfactants at liquid interfaces.
It is an important, direct method for determining I',, and 'y,
and an ideal complement to lab-based ellipsometry. Figure
8.2 shows an image of an OFC interfaced to the SURF reflec-
tometer at the ISIS pulsed neutron source in the UK., and a
schematic of the experimental configuration. The application
of neutron reflectivity to equilibrium adsorbed layers has been
reviewed recently.l® Technical details of the OFC-NR setup
and experimental protocols are covered elsewhere.®!1:12 We
simply note here that the NR experiment measures an aver-
age surface excess over the central 4 cm? of the surface of the
OFC with a typical precision of + 0.2 x 10 mol m~2 and an
accuracy of 5%.

The key approach in NR is to match the refractive index
of the aqueous subphase to that of air, so that the signal arises
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from the adsorbed surfactant layer only. The scattering length
of H,O is negative while that of D,O is positive: an 8 mol%
solution of D,0O in H,O gives rise to a null reflecting substrate
(called null reflecting water or contrast-matched water). To
determine the adsorbed amount, measured reflectivity pro-
files, R(Q) (where @ is the scattering vector) are fitted to an
optical matrix model to obtain values of the layer thickness,
1, and scattering length density, p. The area per molecule, A,,
and adsorbed amount, I', can be determined from

A="t—=—"+ (8.1)

where Xb; is the sum of atomic scattering lengths in the
molecule and N, is the Avogadro Number. More detail on data
analysis, and limitations, can be found in the literature.®1°

d. Laser Doppler Velocimetry

The surface velocity on the OFC depends on the surfactant
concentration and the radial distance, r, from the center of
the cell, but is independent of flow rate.” The technique of
laser Doppler velocimetry (LDV)!* can be used to determine
the radial surface velocities, u,. Details of the applications of
LDV to surfactants in an OFC are given elsewhere.” Plots of
u,(r) are analyzed to obtain the surface expansion rate, 6, and
0 is found to be approximately constant across the surface of
the cylinder. For the C,, TAB surfactants, 0 lies in the range
0.5 to 6 s

C. Dynamic Surface Properties of C,, TAB Solutions

The dynamic and equilibrium surface tensions are shown in
Figure 8.3a as a function of C for the model surfactant
CsTAB.”8 There is a large difference between vy,,,, and v,, for
C = 0.1-1 mM, with a maximum value of Ay = vy, — Yoq = 17
mN.m! at C = 0.4 mM. At lower concentration, both curves
tend toward the value of pure water. At higher C they con-
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Figure 8.3 Equilibrium (®) and dynamic (0) surface tensions (a)
and ellipticities (b) for C1TAB solutions. Measurement technique:
du Nouy ring for equilibrium solutions (®) and surface light
scattering from the surface of the OFC for dynamic tensions (0).
Reprinted with permission from [7b]. © (2000) Elsevier.

verge to the limiting value of y above the cmc. The concentra-
tion regime in which this “dynamic envelope” occurs can be
understood qualitatively by considering the ratio of the deple-
tion length, I'/C and the diffusion length, (D/6)%5, where D is
the diffusion coefficient of the surfactant. For C;(TAB in the
OFC, (D/6)*5 =10-30 um and I'/C~ I'_/(K+C) where the Lang-
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muir constant K ~ 0.1 mM and the limiting surface excess I"_,
~ 4 x 105 mol.m=3. (The Langmuir isotherm is a rather poor
fit to the experimental data for C,;TAB, but it will serve for
this illustration.) When I'/C << (D/6)°?, the surface is replen-
ished with surfactant (assuming diffusion-controlled adsorp-
tion) much faster than surfactant is removed by convection.
For C,;TAB, this condition is satisfied when C > 1 mM, that
is, just above the cmc of this surfactant. For C << K ~ 0.1
mM, there is little adsorption under equilibrium or dynamic
conditions.

Measurements of the surface excess by ellipsometry (Fig-
ure 8.3b) show very similar trends to the surface tension data.
As explained later, the higher the value of the ellipticity —,
the lower the surface excess. The greatest difference between
dynamic and static ellipticities (and hence adsorbed amounts)
occurs at lower concentration than for the surface tension.
This difference reflects the fact that dy/dI’ increases with
increasing I': At higher coverages, a small difference in surface
excess results in a larger difference in surface tension.

Figures 8.4a and 8.4b show the surface expansion rate
0(C) for C,,TAB (m = 12, 14, 16, 18) in the absence and
presence of added electrolyte, respectively. Many of the data
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Figure 8.4 Surface expansion rate, 0, in an overflowing cylinder
as a function of the concentration, C, of C,,TAB (a) in the absence
of added electrolyte, and (b) in 0.1 M NaBr: (®) m = 12, (O) m = 14,
(A)m =16,(0)m = 18.
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sets have a characteristic bell shape. Comparison of the data
for C,,TAB in Figures 8.3a and 8.4a shows that the maximum
surface expansion occurs when the Ayis large. This correlation
can be understood because the surface expansion is driven by
Marangoni effects (surface-tension gradients). At low C, Ty,
is small and 7 is close to its value in pure water everywhere
on the surface of the OFC. At sufficiently high C, the surface
is in equilibrium and the surface tension gradients again
vanish.

Not all surfactants conform to this bell-shaped behavior.
C,,TAB solutions show no surface acceleration caused by the
surfactant (Figure 8.4a). For C,,TAB, the Langmuir constant
K is sufficiently high (~ 1 mM) that the condition T'/C <<
(D/6)°% is satisfied at all C and the surface is in equilibrium
with the bulk (as confirmed by ellipsometry measurements).
Addition of salt lowers K and the effects of DST are observed
once more (Figure 8.4b). For C,;TAB, the values of 6 do not
return to the pure water values at high C, with or without
salt. For C,;TAB, most of the surfactant is present as micelles,
and it is likely that either slow diffusion or slow micelle
breakdown limits the rate at which surfactant can adsorb to
the surface.

Differences between the equilibrium and dynamic sur-
face excess values must be the underlying reason for the
differences in dynamic and equilibrium surface tensions and
ellipticities shown in Figure 8.3a and 8.3b. For quantitative
analysis of the dynamic data, the values of = need to be
converted to values of I'. To perform this conversion, I'y,, was
measured directly at selected surfactant concentrations by
NR for deuterated C,,TAB, C,;TAB and C,;TAB (Figure 8.5).
The equilibrium surface excess, measured by Lu et al.,’ for
CcTAB is also indicated by a dotted line. As expected, the
dynamic surface excess is lower than the equilibrium value
at C below 1 mM. In all three cases, the limiting surface
coverage is approached at bulk C of 1-2 mM. This value is
determined by the balance of convection and diffusion to the
surface and is not strongly correlated to the cmc values
(shown by arrows in Figure 8.5). Two fluorocarbon surfactants
(based on a dialkyl sulphosuccinate structure) showed similar
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Figure 8.5 Dynamic surface excess of C, TAB surfactants in the
OFC without added electrolyte: (O) m = 14, (A) m = 16 () m = 18.
Arrows mark the cmc’s of the three surfactants. Dotted line indicates
the equilibrium surface excess for C;;TAB [15]. Data have been
amalgamated and re-plotted from references 9 and 12.

behavior,'¢ as do the nonionic surfactants C,,Eg; and C;,Eg!!
The “dynamic envelope” is thus determined principally by the
rate of surface expansion (the strain rate) not by the proper-
ties of the individual surfactant. There are two general excep-
tions to this rule:

e Surfactants with cmc values sufficiently high that the
surface is always in equilibrium (cf. C;,TAB without
salt).

e Surfactants that form large aggregates in solution
(e.g., C;,E4). In the latter case, mass transport to the
surface by diffusion is very slow and the dynamic enve-
lope is extended to higher C.

Figure 8.6 correlates the coefficients of ellipticity mea-
sured on the OFC to the surface excess values determined by
NR or, for C;,TAB, by tensiometry.?!2 The significance of the
near-linear response is that this calibrated ellipsometric mea-
surement can be used to determine dynamic surface excess
values for this family of surfactants. Ellipsometry has signif-



392 Atkin, Eastoe, Wanless, and Bain

4 -
3 o9
q
€
©
( 4
£ 2
o
=
1 -
0 : .
25 -1.5 -0.5 0.5
p/1073

Figure 8.6 Relationship between dynamic ellipticity and dynamic
surface excess for C;;TAB (e), C;;TAB (0) and C,,TAB (M) and for
equilibrium ellipticity and equilibrium surface excess for C;,TAB
(0). Reprinted with permission from [12]. © (2003) American
Chemical Society.

icant advantages over neutron reflection, in terms of experi-
mental convenience, time, and cost.

D. Adsorption Mechanism for C,,TAB at the Air-
Water Surface

1. Surfactant Solutions Below the cmc

Solution of the convection-diffusion equation provides a rela-
tionship between the surface excess and the surface expansion
rate™:

2p(C C,)
where the diffusion coefficient D may be obtained from the
literature or determined by NMR.!718 If the adsorption rated
is diffusion-controlled, then the monolayer is in equilibrium
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with the solution immediately below the surface: the subsur-
face concentration Cg is equal to C,,, where C,, is the concen-
tration in equilibrium with a monolayer of surface excess TI.
A knowledge of I'(C) thus allows the calculation of I" for any
values of 0 and C. If adsorption is activated, the experimental
value of T" will fall below the diffusion-controlled prediction.
Alternatively, the measured value of T" can be used to compute
the experimental value of C_, which can be compared with the
value, C,, expected from the equilibrium isotherm (see Figure
8.3). For a mixed diffusion-activation process, C,, would be
less than C..

Figure 8.7 compares experimental values of the surface
excess of C,,TAB, C,(,TAB, and C,,TAB + NaBr below the cmc,
with values calculated from Equation 8.2 assuming diffusion-
controlled adsorption.!® The excellent agreement between the
calculated and measured values demonstrates the absence of
an activation barrier in this system. The same conclusion was
drawn for the fluorinated anionic surfactant sodium
bis(1H,1H nonafluoropentyl)-2-sulfosuccinate (di-CF4). A

357 CsTAB .

C1TAB + NaBr __.----=""

Cy,TAB

I(0)/107® mol m=2

0.0 — T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

C/mmol dm™2

Figure 8.7 Surface excess in the center of the cylinder as a func-
tion of surfactant concentration: C;;TAB (A); C;,TAB (e); C,,TAB +
0.1 M NaBr (0). Reprinted with permission from [19]. © (2004)
American Chemical Society.
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detailed analysis of the mass transport through the electrical
double layer!® shows that an activation barrier arising from
the electrical double layer is unlikely to limit the rate of
adsorption except at strain rates much higher than those
encountered in the OFC.

The type of isotherm used to model the equilibrium
adsorption of ionic surfactants is crucial for interpreting
dynamic data. For the analysis in Figure 8.7, we employed a
model that includes lateral interactions between surfactant
molecules and accounts for counterion binding. Kralchevsky
et al.20 have argued that the most appropriate isotherms for
these kinds of systems are the van der Waals isotherm for the
surface-active ions and the Stern isotherm for counterions.
An earlier analysis,’” in which counterion binding was
neglected, suggested that the deviations from diffusion control
were observed at low C of C,;4TAB. Counterion binding reduces
the surface potential and therefore reduces the height of the
activation barrier. The inclusion of counterion binding in the
model restores agreement with experiment.

2. Surfactant Solutions above the cmc

The simplest model for adsorption kinetics from micellar solu-
tions assumes that equilibration of the monomers and
micelles in solution is fast on the time scale of 6-1. With this
assumption, the solution can be divided into two regions sep-
arated by the surface C(Z) = cmc. For axial positions z < Z
(where z = 0 defines the surface plane), the micellar concen-
tration is zero and mass transport is due only to monomers.
For z > Z, the monomer concentration is constant and equal
to the cmc and transport is due only to the micelles. The
convection-diffusion equation can be solved in each region and
the fluxes of monomers and micelles matched at z = Z. With
a knowledge of the monomer and micellar diffusion coeffi-
cients and the adsorption isotherm, the surface excess can
then be predicted as in the case for surfactants below the
cmc.'® Figure 8.8a compares the experimental and calculated
values of T for C,,TAB + salt above and below the cmc. There
is excellent agreement with a diffusion-controlled model with
rapid micellar breakdown. Figure 8.8b shows similar data for
CcTAB + salt at C above the cmc. Here the experimental
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Figure 8.8 Comparison between experimental and theoretical
values for the surface excess, I'(0), at the center of the OFC. (®)
experimental data, (O) diffusion-controlled adsorption with rapid
micelle breakdown, (- - -) diffusion-controlled adsorption with finite
breakdown kinetics (see text for model). Arrows mark the cmc’s. (a)
C,TAB + 0.1 M NaBr, (b) C;cTAB + 0.1 M NaBr. Reprinted with
permission from [19]. © (2004) American Chemical Society.

surface excess is less than that calculated. Recently, asymp-
totic solutions have been developed for a model that incorpo-
rates simple micellar kinetics explicitly, and these closed-form
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solutions have been tested against numerical simulations.?!
The monomer-micelle equilibrium is treated as a single reac-
tion between N monomers and a micelle, where N is the
aggregation number of the micelle. This model has been
applied to the data for C,;TAB + salt in Figure 8.8b. Excellent
agreement with experiment is found for a micellar breakdown
rate k_; = 20 s7! for an assumed value N = 90 (dashed line in
Figure 8.8b). This rate constant is reasonable based on relax-
ation measurements on related systems,?? though it should
be noted that the rate constants for micellar breakdown are
found experimentally to be a function of C??* and only an
average value is derived from fits to the OFC data.

While a need remains to validate the mathematical
model for adsorption in micellar solutions against additional
experimental data sets, indications are that the kinetics of
adsorption of C,, TAB surfactants both above and below the
cmce can be explained quantitatively on a diffusion-controlled
model if finite micelle breakdown kinetics are allowed for.

E. General Observations for Other lonic
Surfactants

Limitations on neutron beam time mean that only selected
surfactants can be investigated by OFC-NR. However, para-
metric and molecular structure studies have been possible
with the laboratory-based method maximum bubble pressure
tensiometry (MBP). This method has been shown to be reli-
able for C > 1 mM.?2 Details of the data analysis methods and
limitations of this approach have been covered in the litera-
ture.??? Briefly, the monomer diffusion coefficient below the
cmc, D, can be measured independently by pulsed-field gra-
dient spin-echo NMR measurements. Next, y(f) is determined
by MBP and converted to I'(¢) with the aid of an equilibrium
equation of state determined from a combination of equilib-
rium surface tensiometry and neutron reflection. The values
of T'(¢) are then fitted to a diffusion-controlled adsorption
model with an effective diffusion coefficient D,z which is sen-
sitive to the dominant adsorption mechanism: D,./D = 1 for
pure diffusion control, D,,/D < 1 for mixed activation-diffu-
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sion, or in extreme cases, a pure activation mechanism. For
both the anionic surfactant di-CF, (by MBP and OFC
studies'®) and the catanionic surfactant n-hexylammonium
dodecylsulfate (MBP only), the MBP data were consistent
with a diffusion-controlled mechanism for C > 1 mM.?® For
lower C, the MBP data suggested there might be a small
activation barrier. We note, however, that the OFC data for
di-CF4 did not show evidence for an activation barrier at
strain rates of 10 s

I1l. SOLID-LIQUID INTERFACES

Until recently, the fast rate at which a surfactant layer forms
at the solid-liquid interface has prevented accurate investi-
gation of the adsorption process. As a result, the mechanism
of surfactant adsorption has been inferred from thermody-
namic data. Such explanations have been further confused by
misinterpretation of the equilibrium morphology of the
adsorbed surfactant as either monolayers or bilayers, rather
than the discrete surface aggregates that form in many sur-
factant-substrate systems.?**” However, the recent develop-
ment of techniques with high temporal resolution has made
possible studies of the adsorption, desorption,25-3841:48-60 gnd
exchange® rates of surfactants. In this section, we describe
the adsorption kinetics of C,, TAB surfactants at the silica-
aqueous solution interface, elucidated by optical reflectometry
in a wall-jet flow cell. The adsorption of C,,TAB surfactants
to silica is the most widely studied system?2?.3841:4850-54 gnd
hence the adsorption kinetics can be related to the adsorption
process with great clarity. For a more thorough review of
adsorptions isotherms, the types of surfactant structures that
form at the solid-liquid interface, and the influence of these
factors on adsorption, the reader is directed to Reference 24.

A. Optical Reflectometry and the Wall-Jet Cell

In optical reflectometry (OR)®! a linearly polarized light beam
is reflected from a surface and the reflectivity of s- and p-
polarized components is measured (Figure 8.9). The intensity
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Figure 8.9 Schematic diagram of the reflectometer (after ref 61).
A linearly polarised beam from the He-Ne laser (1) enters the cell
through a 45-degree glass prism (2) and passes through the solution
striking the surface under investigation (3). The reflected beam is
split into its p and s components (4). Both components are detected
by photodiodes and recorded separately. Solution is passed into the
cell by means of an injection system. This consists of two flasks, one
containing only solvent and the other surfactant solution, and a
valve (5) that directs one solution to the cell and the other to waste.
Solutions are passed into the cell by teflon tubing via a cylindrical
hole in the glass prism (2). Inset: Schematic diagram of stagnation
point flow. The solution is perpendicularly injected towards the flat
surface. As the jet stream spreads over the surface, a stagnation
point forms at the spot where the axis of the impinging jet intersects
with the surface. Reprinted with permission from [48]. © (2000)
American Chemical Society.

of the s and p polarizations can be measured with a temporal
resolution of < 0.1 s. As material adsorbs to the silica-water
interface the intensities of the reflected beams are altered.
We note the difference between ellipsometry (Section II) in
which the (complex) ratio, p, of the amplitudes of the reflected
p and s-polarized electric fields is measured and reflectometry,
in which the (real) ratio, S, of the intensities of p- to s-polar-
ized light is determined. To interpret S, the interface is
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described as a four-layer system consisting of the solvent,
adsorbed layer, silica, and silicon.%? Each layer is described
by a complex refractive index and a layer thickness (the first
and last layers being semi-infinite). An optical matrix method
is employed to evaluate the reflected intensities of s and p-
polarized light as a function of these parameters. As in the
ellipsometric experiments described earlier (Section II), the
laser beam is incident upon the surface at the Brewster angle
for the water-silicon interface in order to maximize the sen-
sitivity to the adsorbed layer. In contrast to neutron reflectiv-
ity, optical techniques do not give detailed information on the
concentration profile normal to the surface, because the film
thickness values are typically very much less than the wave-
length of light. The change in the reflectivity ratio AS is a
function of the amount of adsorbed surfactant and the refrac-
tive index increment, dn/dc, of the surfactant solution. For
thin films, there is a linear relationship between AS and I

@1

== 8.3
S, A (8.3)

where S, is the initial value of S prior to adsorption and the
sensitivity factor, A, can be calculated from the optical matrix
method and the known optical properties of the surfactant
and the bulk phases.5!.

The experimental setup employs stagnant point flow
hydrodynamics in a wall jet, shown in the inset of Figure 8.9.
There is no convection at the stagnation point, so transport
of surfactant to and from the surface is by diffusion only. The
hydrodynamics associated with stagnation point flow have
been investigated by Dabros and Van de Ven,% who showed
that the diffusion-limited flux, J, of an adsorbate to the sur-
face is given by

J=0.766"*R ‘D Re)’ C (8.4)

where v is the kinematic viscosity, Re is the Reynolds number,
and the geometric parameter o is determined by the ratio
h/R, where h is the distance between the surface and the
inlet tube and R is the radius of the tube.
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B. Kinetics of Cationic Surfactant Adsorption

There have been a number of investigations of the adsorption
kinetics of C,, TAB surfactants to the silica-aqueous solution
interface.3841:4850-5¢ Tt might be expected that a positively
charged head group would provide the driving force for
adsorption to the negatively charged silica substrate. How-
ever, the native charge associated with the silica surface is
neutralized at low surface excess values.% For surfactant con-
centration in excess of the surface charge neutralization con-
dition, adsorption proceeds against a repulsive electrostatic
barrier and is driven by hydrophobic interactions.

1. Surfactant Chain Length Effects

The adsorption kinetics for C;,TAB, C,,TAB, and C,,TAB in
10 mM KBr is presented in Figure 8.10. The initial adsorption
rate is equal to the gradient of the linearly increasing region
of an adsorption experiment.?® For I" < 0.25 x 10% mol m2,
electrostatic interactions control the adsorption rate.’® For
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Figure 8.10 Initial Adsorption Rate for C,;,TAB (CTAB, open
squares), C;,TAB (MTAB, closed diamonds) and C,,TAB (DTAB,
open triangles) in the presence of 10 mM KBr. The dashed vertical
lines represent the solution cmc for each surfactant in 10 mM KBr.
Reprinted with permission from [50]. © (2003) Elsevier.
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higher values of T', both electrostatic and hydrophobic inter-
actions influence the kinetics. Since the electrostatic contri-
bution will not be very sensitive to the nature of the surfactant
for the same value of T, the differences in measured adsorp-
tion rates for the three surfactants are primarily a conse-
quence of different hydrophobic interactions associated with
the different lengths of the hydrocarbon chains.

Generally, the adsorption rate increases with surfactant
concentration due to the increased flux of surfactant to the
surface. For a quantitative comparison of adsorption rates it
is necessary (a) to compare the rates of adsorption not at the
same C, but in the same region of the adsorption isotherm,
so that the surface excess and adsorbed layer morphologies
are similar, and (b) to account for the rate at which the
surfactant is being delivered to the surface. The first of these
conditions is largely accomplished by normalizing the C axis
by the cmc. The second is achieved by comparing the actual
initial rate of adsorption to the theoretically determined dif-
fusion limited flux to the surface, a ratio that we call the
sticking ratio.*8 A plot of sticking ratio versus the C normal-
ized by the cmc enables kinetic data for surfactants of differ-
ent chain lengths to be compared. The data of Figure 8.10 is
presented in this form in Figure 8.11. This plot oversimplifies
the actual process, as adsorbed surfactant molecules are rap-
idly exchanging with surfactant in the bulk.?* However, trends
in the sticking ratio do give an insight into the nature of the
adsorption process. A ratio of one means that every surfactant
molecule that reaches the surface is adsorbed. A sticking ratio
that increases with increasing C is indicative of cooperative
adsorption and a decreasing sticking ratio with increasing C
indicates competitive adsorption.

Figure 8.11 shows that the sticking ratio, and hence the
adsorption success, increases with surfactant chain length.
Below the cmc, the sticking ratio for C,;TAB increases with
C, indicating that the process is predominantly cooperative,
and therefore hydrophobically driven. Conversely, the sticking
ratio for C;,TAB and C,,TAB decreases with increasing C,
consistent with a competitive and predominantly electrostat-
ically driven adsorption process.
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Figure 8.11 Sticking Ratio versus concentration normalized by
the cmc for C;TAB (open squares), C;,TAB (closed diamonds) and
C,,TAB (open triangles) in the presence of 10 mM KBr. The lines

are drawn to guide the eye. Reprinted with permission from [50].
© (2003) Elsevier.

The most striking feature in Figure 8.11 is the jump in
the sticking ratio for C,;TAB at the cmc. This increase in
adsorption efficiency may be attributed to direct adsorption
of micelles to the surface. As the bulk surfactant concentra-
tion, and hence the concentration of micelles in solution,
rises, the sticking ratio gradually falls. This decline is indic-
ative of competitive adsorption between micelles. Micelles
only adsorb as a single layer, so previously adsorbed micelles
inhibit adsorption of subsequent micelles. A smaller jump
in sticking ratio at the cmc can be detected for C,,TAB. This
reduced effect is attributed to the greater concentration of
monomers in solution. Above the cmc there is competition
between monomers and micelles for adsorption. As the chain
length decreases, the cmc and the relative number of mono-
mers present in solution increases. Thus, the magnitude of
the change in sticking ratio at the cmc decreases with
decreasing chain length. It was not possible to obtain data
above the cmc for C,,TAB due to optical artifacts associated
with mixing, induced by the large concentration of surfactant
in the solution.°



Dynamics of Adsorption of Cationic Surfactants 403
2. Influence of Electrolytes

The relative importance of the hydrophobic attractions and
electrostatic repulsions determines the adsorption rate. The
effect of the electrostatic interactions was investigated by a
comparison of C,;;TAB with and without 10 mM KBr and by
replacement of bromide counterion with chloride, which binds
less strongly than Br-. The initial adsorption rates for C,;TAB,
CTAB + KBr, C,(TAC (C = C]) and C,;TAC + KCl are pre-
sented in Figure 8.12. The addition of electrolyte leads to a
large increase in the initial rate of adsorption for both C,;TAC
and C,;TAB. This increase is attributed to the screening of
the electrostatic repulsion between the monomers and the
surface (note that the surface charge is reversed early in the
adsorption process due to surfactant adsorption). The raw
adsorption rates for C;;TAB and C,;TAC are very different in
the absence of added salt, but very similar with added elec-
trolyte. Both the nature of the counterion and the electrolyte
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Figure 8.12 Initial Adsorption Rate for C;(TAB in the presence
(open squares) and absence (closed squares) of 10 mM KBr and for
C,TAC in the presence (open diamonds) and absence (closed
diamonds) of 10 mM KCl. Reprinted with permission from [50]. ©
(2003) Elsevier.
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concentration affect the cmc so, as above, it is useful to present
the sticking ratio as a function of normalized concentration
(Figure 8.13).

For C,;TAB in the absence of KBr, the sticking ratio
increases up to the cme, but is much lower than in the pres-
ence of salt. In both cases, hydrophobic interactions influence
the adsorption kinetics, but the screening of repulsions by the
electrolyte increases the sticking ratio in the presence of salt.
Above the cmc, the sticking ratio for C;,(TAB without salt is
independent of C, showing that micelles do adsorb directly
but that there is less competition for adsorption sites. This is
partly because the maximum surface excess is lower than
with added KBr and partly because the monomer concentra-
tion is higher and therefore the contribution of micellar
adsorption is less significant.

CcTAC behaves very differently from C,;TAB. There is
no increase in sticking ratio at the cme, either with or without
KCIl. A lack of direct involvement of micelles in the adsorption
process may be a consequence of the decreased level of ion
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Figure 8.13 Sticking Ratio versus concentration normalized by
the cmc for C;(TAB in the presence (open squares) and absence
(closed squares) of 10 mM KBr and for C;;TAC in the presence (open
diamonds) and absence (closed diamonds) of 10 mM KCI. The lines
are drawn to guide the eye. Reprinted with permission from [50].
© (2003) Elsevier.
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binding of chloride, which means that the C;;TAC micelles
carry a larger surface charge than C,;TAB micelles and hence
are repelled more strongly from the surface. In the absence
of KCl, the expected increase in sticking ratio with C was
observed below the cmc. This is a result of hydrophobic inter-
actions. For C;(TAC + KCI, however, the sticking ratio
decreases with increasing C. The most likely explanation is
that the higher cmc in the C,;TAC + KCI system compared
to the C;;TAB + KBr system leads to a greater flux of mono-
mers and hence a transition to a situation where electrostatic
interactions dominate at a concentration C that is still below
the cmc. Similar behavior was observed with C,,TAB and
C,TAB in KBr, which have shorter alkyl chains and hence
higher cmc values.

The influence of the coion identity on adsorption behavior
has also been investigated.?® The C,;TAC system was chosen
to investigate this effect, as the presence of added chloride
has little influence on the maximum surface excess or the
aggregate morphology. The rates of adsorption for C,;TAC in
the presence of 10 mM KCl, NaCl, and LiCl were determined.
The results for the three different coions were alike, indicating
that the coion identity has no effect on the adsorption rate.

3. The Slow Adsorption Region (SAR)

A concentration range where long-term increases in adsorp-
tion are observed has been identified in the vicinity of the
critical surface aggregation concentration.48-50.53-54 Thig
region, known as the slow adsorption region (SAR), was first
noted for 0.6 mM C,;TAB in the absence of salt.*® The surface
excess increased rapidly (< 1 min) up to ~2 x 106 mol.m2,
but then required many hours to reach the final equilibrium
adsorbed amount of ~4.7 x 106 mol.m=2. The same limiting
surface excess was reached at higher concentration of C,;TAB
in less than 1 min. A more detailed investigation of these
results was conducted using cetylpyridinium bromide CPBr.4°
The UV activity of CPBr allowed solution surfactant C to be
determined spectrophotometrically with high precision, per-
mitting the effect of small increases in surfactant concentra-
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tion on slow adsorption phenomena to be elucidated. Figure
8.14 shows that solutions of CPBr of concentration of 0.202
mM and 0.554 mM lead to equilibrium coverages of 1 x 106
mol.m=2and 4 x 10~ mol.m=2, respectively. Only between these
two concentrations were long-term increases in CPBr adsorp-
tion noted. AFM imaging was used to investigate the struc-
tural changes that accompany these slow increases in
adsorption. No structure was discernable in the adsorbed
layer 20 min after surfactant solution was passed into the
AFM cell. After an additional 22 h, elongated admicelles were
observed.*® The SAR appears to be a consequence of kinetic
barriers to the formation of the thermodynamically stable
arrangement of adsorbed surfactant.?* The boundaries of the
SAR are determined by the adsorbed layer structure and
coverage, and the morphology of the surfactant aggregates in
solution. Below the SAR, the concentration in bulk is not
sufficient to raise the chemical potential of the monomer to a
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Figure 8.14 Measured surface excess of CPBr at the hydroxylated
silica-solution interface versus time for CPBr concentrations of
0.202 (filled circles), 0.274 (filled diamonds), 0.284 (filled squares),

0.306 (filled triangles), 0.315 (open squares), 0.336 (open diamonds)
and 0.554 mM (open triangles) mM with no added electrolyte.
Adsorption occurs over a much greater time period than for other
concentrations. The surface excess initially increases rapidly to 1 X
10 mol m2 (or 2.4 X 10-¥ mol m2 for 0.336 mM CPBr) then continues
to increase over many hours. Reprinted with permission from [49].
© (2003) Elsevier.
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level where surface aggregation is favorable. At C above the
SAR, surface aggregates are clearly forming and are doing so
rapidly. It may be that at concentration above the SAR, but
below the cmc, a number of transient semi-formed aggregates
are present in solution, and these premature aggregates
adsorb to the surface. This removes the requirement for mono-
mer units to reorganize slowly into aggregates on the surface.

A SAR for C,(TAC in the presence of 10 mM LiCl has
been observed.?® This important result shows that long-term
increases in adsorption can occur in the presence of electro-
Iyte, provided that the electrolyte does not influence the sur-
face excess® or structure.*® This indicates that it is the
structural barrier to adsorption that is critical for the evolu-
tion of slow adsorption effects.

4.  Evidence for Kinetic Trapping

Optical reflectometry enables different surfactant concentra-
tions to be analyzed consecutively. This allowed the SAR to
be further probed by cycling experiments.?* Figure 8.15 shows
the increasing concentration cycle and the decreasing concen-
tration cycle, where surfactant concentrations were sequen-
tially equilibrated at the interface. The long-term increase for
0.6 mM C,,TAB observed in this concentration cycling exper-
iment (Figure 8.15a) is somewhat different from that found
in a normal reflectometry experiment,*® as in this case the
surface excess does not reach saturation levels of coverage.
In the cycling experiment, when 0.6 mM C,;TAB was passed
into the cell, the structure initially present at the interface
was the equilibrium structure for 0.5 mM C,,TAB. This pre-
adsorbed structure leads to a different adsorption path that
becomes kinetically trapped at a surface excess below the
equilibrium surface excess. In the cycling experiment, satu-
ration coverage was not reached until a bulk concentration of
0.8 mM.

For C below 0.5 mM, the surface coverages observed in
the desorption cycle were higher than in the adsorption cycle
(Figure 8.15b). Only some of this discrepancy can be attrib-
uted to the drift in the baseline of ~0.2 x 10~ mol.m2. This
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Figure 8.15 Surface excess of C;;TAB on hydroxylated silica versus
time for (a) sequentially increasing and (b) sequentially decreasing
C,csTAB concentrations in the absence of electrolyte. A stable baseline
was obtained in water; the surfactant solutions were passed into the
cell in series. Surfactant concentrations used were 0.05 mM (filled
circles), 0.15 mM (open diamonds), 0.3 mM (open triangles), 0.5 mM
(open circles), 0.6 mM (closed squares), 0.7 mM (closed diamonds),
and 0.8 mM (open squares). Note the long-term increase observed for
0.6 mM. Surfactant concentrations of 1, 3 and 5 mM were also used.
These concentrations all produced an equilibrium surface excess of
4.6 x 10 mol m2 (within experimental limitations) and are not shown
here for clarity. Water (crosses) is passed into the cell after 16,500
seconds and the non-zero surface excess obtained is due to baseline
drift. Only representative data points are provided. However, the line
to guide the eye provides a reasonable indication of the form of the
experiment. Reprinted with permission from [24]. © (2003) Elsevier.
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observation suggests that in the increasing cycle equilibrium
was not achieved despite the fact that the surface excess
was stable — an extreme case of a kinetically trapped sur-
face conformation. It is possible that the SAR extends to
lower concentrations where the approach to equilibrium is
so slow as to fall outside of the experimental time scale, or
that the change in surface excess is below the sensitivity of
the instrument. These results suggest that accurate equilib-
rium adsorption isotherms may only be obtained by desorp-
tion from higher concentrations and highlight the
importance of the structure of the adsorbed surfactant layer,
and not merely the surface excess, in determining the kinet-
ics of adsorption.

C. Mechanism of Adsorption

Detailed kinetic data, in conjunction with adsorption iso-
therms and direct imaging of the surface morphology, allow
the adsorption process to be divided into three concentration
spans.?* They are, in order of increasing C, the electrostatic
concentration span, the electrostatic-hydrophobic concentra-
tion span, and the hydrophobic concentration span. The mech-
anism of adsorption in each span differs and is depicted
schematically in Figure 8.16. The spans are delineated by the
adsorption mechanism that is newly available in that concen-
tration range. Thus, in the hydrophobic span all three mech-
anisms may be operating simultaneously but at different
rates. The hydrophobic concentration span may be subdivided
into above-cmc and below-cmec spans to reflect the direct
adsorption of micelles.

1. The Electrostatic Concentration Span

Here the surfactant ions are electrostatically adsorbed to the
oppositely charged surface sites. The presence of a positively
charged head group at the interface renders nearby hydroxyl
groups more acidic, which induces more negatively charged
sites in the vicinity of the initial negative site.
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Cationic Surfactant Adsorption Process on Oxide Surfaces
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Figure 8.16 Adsorption process for cationic surfactants at the sil-
ica-aqueous solution interface. Each span is described in the text.
Reprinted with permission from [24]. © (2003) Elsevier.
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2. The Electrostatic and Hydrophobic
Concentration Span

Surfactant tail groups will adsorb on any hydrophobic regions
on the substrate. Moreover, the hydrophobic tails of the sur-
factant, along with the newly induced sites of surface charge,
act as nucleation points for further adsorption. Throughout
this span the charge on the underlying substrate continues
to increase. At the end of this concentration span the adsorbed
morphology may resemble a “tepee.” The substrate ionisation
is at a maximum and the overall surface charge is neutralized.

3. The Hydrophobic Concentration Span

Any further adsorption is purely hydrophobically driven, and
will be against a repulsive electrostatic barrier that arises as
a result of overcompensation of the surface charge by the
adsorbed surfactant. This span is characterized by the hydro-
phobic adsorption of surfactant ions to the “tepees” present
at the interface, with charged head groups oriented away from
the substrate. Since the surface charge is overcompensated,
counterion adsorption may become appreciable. The kinetic
evidence suggests that the hydrophobic concentration span is
relevant for all surfactant concentration above charge neu-
tralization. The only variation in the adsorption mechanism
is the direct adsorption of micelles above the solution cmc.

4.  Adsorption Kinetics and the Adsorption
Isotherm

Adsorption at the solid-liquid interface can proceed over long
periods due to kinetic barriers in the SAR. The SAR spans
concentrations that lead to a discrete thermodynamically sta-
ble aggregate morphology on the substrate, but where no
aggregates are formally present in the bulk solution. Addi-
tionally, the fact that stepwise introduction of surfactant led
to values of surface excess less than those seen at the same
concentration for stepwise reductions in surfactant concen-
tration (as shown in Figure 8.15) can be interpreted as evi-
dence that equilibrium has not been reached in the former
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case. In this case, the kinetic trap is so strong that no further
adsorption occurs. Thus, equilibrium adsorption isotherms
that are determined by stepwise changes in surfactant con-
centration should always be conducted under a dilution
regime to prevent false equilibrium values from being
obtained.

IV.  CONCLUSIONS AND OUTLOOK

A. Air—-Water Interfaces

The accumulated evidence from studies on the OFC suggests
that the adsorption of C,, TABs is diffusion-controlled below the
cmce. Above the cmec, there are deviations from a diffusion-
controlled model for C,;TAB + NaBr, which can be quantita-
tively explained by slow micellar breakdown kinetics. The alter-
native of an adsorption barrier cannot be ruled out, though
there is as yet no evidence of structures at the air—-water inter-
face akin to those observed in the SAR at the solid-liquid
interface. More limited studies on other families of ionic sur-
factants in the OFC and MBP apparatus do not show large
deviations from diffusion control. The importance of well-
defined hydrodynamics and accurate equilibrium adsorption
isotherms cannot be overstressed in quantitative studies of
adsorption mechanisms. There is still a need for measurements
at higher strain rates, such as occur in turbulent foams, jet
breakup and impacting drops, and for additional studies with
micellar systems to establish quantitatively the connection
between micellar breakdown kinetics and rates of adsorption.

B. Solid-Liquid Interfaces

In contrast to air-water interfaces, the situation at solid-liquid
surfaces is complicated by the formation of discrete surface
morphologies (hemimicelles, surface aggregates). These struc-
tures can be slow to develop; hence the equilibration time
scales can be much longer than for ideal air-water interfaces.
For this reason it is much more difficult to accurately model
adsorption kinetics at the solid-liquid interface: the limiting
adsorbed amounts are not simply determined by formation of
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a complete monolayer (as for air-water surfaces), and material
may continue to adsorb as the interfacial structures equili-
brate by packing rearrangements.

Analysis of detailed kinetic data in conjunction with
adsorption isotherms and surface aggregate morphologies has
provided new insight into the adsorption process. The adsorp-
tion isotherm is divided into three concentration spans, indi-
cating dominant mechanistic processes in each region. The
hydrophobic concentration span can be divided into above-
cmc and below-cmce spans to reflect the direct adsorption of
micelles, and in this region it is likely that all the processes
may be operating simultaneously and at different rates. This
fundamental scheme can be used as a foundation to explore
surfactant mixtures, surfactant-polymer, and surfactant-poly-
electrolyte complexes. Moreover, it is now possible to further
understanding of a variety of solid-liquid interfaces of prac-
tical interest, such as mineral ore surfaces in froth flotation
processes, adsorption onto dental enamel, antiwear layers on
lubricating metal surfaces, and bio-deposition onto bone.
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I. INTRODUCTION

“novto pet” — All things are in a state of flux and as a function
of time everything tends to flow; everything changes. This
famous statement of the ancient Greek philosopher Heracli-
tus is still valid and expresses the basic ideas of rheological
research. Many substances in daily life cannot be simply
classified as solids or liquids, but show more complicated
intermediate properties. Such systems are often composed of
super molecular, colloidal microstructures. For many indus-
trial applications, it is of special interest to explore the basic
relationships between molecular structures of complex fluids
and their mechanical properties. Such experience is valuable
in the optimal design of products, including foams, emulsions,
suspensions, gels, cosmetics, or cleaning liquids. Surfactant
solutions are usually pumped, extruded, stirred, or mixed
during their processing. Typical products based on advanced
rheological techniques are drag-reducing liquids, which are
used to transport fluids through elongated tubes or pipelines
at relatively low energy costs. Shampoos or hair conditioners
should exhibit gel-like properties in order to form stable
foams. Emulsions or suspensions often have yield values,
which will protect these systems against sedimentation or
coagulation. Well-defined flow properties are often required
in industry and research, and consequently there are increas-
ing demands to study these phenomena. This chapter is an
attempt to summarize recent knowledge on complex flow pro-
cesses, with special emphasis drawn on nonlinear phenom-
ena. The materials, as we will discuss in the next paragraphs,



Rheological Properties of Viscoelastic Surfactant Solutions 421

are viscoelastic surfactant solutions. It turns out that many
rheological properties of these solutions are controlled by
micellar kinetics. Given this special situation, viscoelastic
surfactant solutions can sometimes be characterized by sim-
ple theoretical laws. This holds, at least, in certain concen-
tration regimes or certain temperature intervals. These
special features lead to ideal conditions, which are difficult to
realize in other types of colloidal systems. Viscoelastic surfac-
tant solutions may, therefore, be used as simple model liquids
in order to gain a deeper insight into fundamental principles
of flow.

Il.  VISCOELASTIC SURFACTANT SOLUTIONS

A. Dilute Solutions of Spherical Micelles

Viscoelasticity is a general phenomenon that can be observed
in many colloidal systems. Typical examples are gels, liquid
crystalline phases, or concentrated emulsions or dispersions.
Elastic response can always arise when a mechanical force
leads to reversible sample deformation. In this case, internal
structures are deformed or changed, and they recover their
quiescent states after removal of stress. During the entire
deformation process, elastic energy is reversibly stored in the
sample. This work is instantaneously released after attaining
the original state. Alternatively, elastic properties occur if
supermolecular structures are oriented or changed during
flow. Typical examples are shear-induced phase transitions,
for instance, the transformation of a lamellar phase into a
dispersion of onionlike vesicles. In contrast to these phenom-
ena, an external force can also be dissipated as heat due to
the action of flow processes. In this case, we observe viscous
properties, and the deformation that has taken place is irre-
versible. Most materials show both processes at the same
time, and this leads to striking viscoelastic properties. The
occurrence of such phenomena depends in a sensitive way on
the molecular structures of the samples. Surfactants dissolved
in aqueous solutions generally show both rheological contri-
butions: a viscous resistance, resulting from liquid flow and
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an elastic response that is caused by the deformation, orien-
tation, or change of supermolecular, micellar structures. A
rather simple, limiting case is a highly dilute aqueous solution
of spherical micelles, slightly above the critical micelle con-
centration (cmc). In this case, we should expect mainly viscous
forces that are caused by distortion processes of streamlines
around the micelles. The viscosity increase, induced by the
presence of the spherical aggregates, can approximately be
represented by Einstein’s equation’:

N = Nen(1+2.50,,) 9.1)

Here, n,,,. denotes the viscosity of the surfactant solution
at the cmc and ¢,, is the volume fraction of the globular
aggregates. Einstein’s equation does not include interactions,
and this law is strictly limited to the regime of low concen-
trations. This equation can be used to calculate the volume
occupied by the globular micelles from viscosity measure-
ments. @,, represents the hydrodynamic effective volume of
all micelles, including solvent layers and, in case of ionic
surfactants, surrounding shells of adsorbed counter ions.
Besides a certain increase of the viscous resistance, which is
predicted from Equation 9.1, we will not expect considerable
elastic effects in a highly dilute solution of spherical micelles.
This holds if the micelles do not change their size or shape
during flow; that means they behave as solid particles. It is
also important that they cannot form supermolecular struc-
tures in the quiescent state or during flow. In dilute solutions
of ionic surfactants, the occurring phenomena are generally
more complicated, and purely viscous behavior is only
expected when the counter ion distribution is not disturbed
during flow (electroviscous effects). In most solutions of spher-
ical micelles, elastic effects are very small, but a few excep-
tions exists that do not obey this rule. In this case, spherical
micelles or dilute solutions of rod-shaped aggregates exhibit
striking viscoelastic effects, even at concentrations slightly
above the cmc.2# These phenomena are induced by structural
changes, which occur during flow and they are called shear-
induced phase transitions. Due to enhanced collision pro-
cesses, which occur during flow, these solutions can form new
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micellar structures under the action of a velocity gradient.
This effect, denoted as orthokinetic coagulation, was first dis-
covered by Smoluchowski.>" In this theoretical approach,
coagulation occurs due to the relative velocity of the micelles.
The resulting longer micelles have a larger coagulation area
and a higher relative velocity. This effect tends to increase
the coagulation rate. When the flow stops, the solution recov-
ers its original state and the metastable structures, formed
in the streaming solutions, decay. In this case, elastic response
is caused by structural changes.

B. Viscoelastic Solutions of Rod-Shaped
Micelles

Whereas dilute surfactant solutions usually exhibit only small
elastic effects, this phenomenon is more pronounced at elevated
concentrations. Typical, gel-like properties are observed in
dilute solutions of entangled rod-shaped micelles. This effect
was already known for a long time and is described in the
classical books on colloid chemistry by Freundlich® and Bun-
genberg de Jong.® Later on, extensive studies were done by
Gravsholt,® Candau et al.,''"!® Talmon et al.,'2° Porte et
al.,30-36 Shikata et al.,3”% Cates et al.,1”"185766 Decruppe et
al.,®"-" Hoffmann et al.,”*"® and by our group.”»79-36 In the last
years, interest on viscoelastic surfactant solutions has even
grown, and many data were published from different experi-
mental groups.5387-116 These studies include reverse micelles in
organic solvents and also aqueous solutions of ionic surfactants.
The aggregates that are present in these solutions were char-
acterized by different experimental techniques, such as static
and dynamic light scattering, electric birefringence, NMR,
rheological measurements, kinetic experiments (temperature-
jump, pressure-jump), small-angle neutron scattering, and
transmission electron microscopy. The experimental results of
these different experimental techniques all point to the exist-
ence of elongated, threadlike aggregates. These micelles are
often described as living polymers, whose chains are subject to
reversible scission and recombination processes. In analogy to
polymer solutions, these anisometric aggregates are denoted
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as pseudo-polymers or wormlike micelles. The lengths of these
particles depend in a complicated way on the surfactant con-
centration, the temperature, and the ionic strength of the solu-
tion.18.19,25,33,38,39,46,62,96,101,117-131 Tp vyigcoelastic surfactant
solutions, anisometric micelles can reach lengths of a few
micrometers. This results in rather low entanglement thresh-
olds. Low surfactant concentrations of the order of 0.01 mol/L
are sometimes sufficient to reach the overlap threshold. As long
as the lengths of the rods are still smaller than their mean
distance of separation, the solutions are not very elastic. Above
the critical overlap concentration, however, gel-like properties
appear. Elastic features can arise from mechanical contacts
between the anisometric micelles (entanglements)2438:89:41,4754,
56,87.132-134 or from intermicellar branching processes.!662.98
Cross-linking phenomena between anisometric micelles can
lead to foamlike structures, and these processes were often
observed in regimes of high ionic strengths or at elevated sur-
factant concentrations.12.16:6298,135-138 Ty this context, it is inter-
esting to note that branching processes were observed in
aqueous solutions of alkylamineoxide and alkylethoxylate-
sulfate mixtures by means of cryo-transmission electron
microscopy (cryo-TEM).13? Depending on the salt concentration
or other parameters, anisometric micelles might be completely
stiff or semi-flexible. By analogy with solutions of charged mac-
romolecules, one expects conformational changes when adding
solvent, organic additives, or excess salt.4* Two limiting cases
are well understood. A strong polyelectrolyte is highly extended
in a solvent of low ionic strength, on grounds of repulsive forces
between the surface charges. Under these conditions, the
threadlike micelles should behave as rigid particles. The other
extreme case will be reached at high concentrations of excess
salt. Here, electric forces are weak, because they are screened
by the surrounding atmosphere of counterions. In this case, we
may assume that the anisometric micelles are rather flexible,
and attain wormlike properties. The stiffness of these struc-
tures can be characterized by the persistence length, which
describes the critical dimension where stiffness turns into flex-
ibility. Whenever the persistence length /, is much smaller than
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the total size of the micelle, we may state that the micelle is
still flexible at large scales. On the other hand, if /, is much
larger than the total length of the chain, we obtain a rigid rod.
In surfactant solutions, the persistence length is a complicated
function of the surfactant concentration and the interactions
between the micellar species.394647.69.140-143 T'ypical values are
of the order of 10—100 nm. In the regime of high ionic strengths
and elevated surfactant concentrations one usually observes
the formation of very flexible, anisometric micelles that do
behave similar to entangled macromolecules.39:46:47,69,140-143

C. Flow Properties of Surfactant Mesophases

In the regime of elevated concentration, detergents tend to
form supermolecular structures with pronounced viscoelastic
properties. Lyotropic liquid crystals are multicomponent sys-
tems formed in mixtures of amphiphilic molecules and a polar
solvent. Some of these phases are capable of storing elastic
energy. Typical phases showing this behavior are nematic,
hexagonal, or lamellar liquid crystals and cubic phases. In
contrast to semi-dilute solutions of wormlike micelles, liquid
crystals are anisotropic materials, even in the quiescent state.
The rheological properties of these solutions depend, there-
fore, on the direction of measurement. Because of these aniso-
tropic properties, flow regimes are more complex and more
difficult to study experimentally than in isotropic liquids.
Generally, translation motions of liquid crystals are coupled
to orientation processes, and velocity gradients tends to dis-
turb the alignment. In addition, boundary conditions at the
surface of the measuring cells are sometimes unknown, and
the state of orientation in the vicinity of solid surfaces is often
not well understood. Another problem arises from the poly-
domain texture of liquid crystalline samples, which might be
changed during flow. In order to compensate for these effects,
defined alignment is often induced by external electric or
magnetic fields. Since the rheological properties of liquid crys-
talline materials may also depend on history and aging of the
sample, it is of special interest to insert samples into mea-
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suring instruments without applying or exerting mechanical
forces, which might finally lead to undesired pre-orientations
or phase transitions. In order to avoid these problems, Hoff-
mann et al. have developed special techniques, where liquid
crystalline lamellar phases were formed by means of chemical
protonation reactions.!#4147 The action of shear can also
change phase boundaries, deform microstructures, or induce
the formation of entirely new types of structures. Given these
problems, many of the existing data in the literature cannot
be used for quantitative interpretations.

In conclusion, there exists a broad range of different
phenomena in viscoelastic solutions of liquid crystalline sur-
factants. Non-Newtonian viscous shear flow, viscoelastic prop-
erties, thixotropic and rheopectic phenomena, differences of
normal stresses and stress relaxation processes are caused
by deformation, orientation, coagulation, bursting processes,
or shear-induced phase transitions. It is, therefore, of special
interest to elucidate the crucial interplay between structure
under shear and rheological behavior of self-assembling sys-
tems. Complex rheological phenomena may also result from
two other problems. In most experiments, flow fields are not
completely homogenous, and this might lead to slip, oscilla-
tions, plug flow, and phase transitions. The second problem is
concerned with self-association phenomena of amphiphilic
molecules. At the surface between a solid and water, surfac-
tants tend to form densely packed monomolecular films. These
adsorbed monolayers often have a complicated substructure,
and they can, for instance, consist of hemi-micelles. The sur-
factant aggregates in aqueous solutions are different from
these adsorbed surfactant layers. The transition zone between
surface and bulk solution can lead to slip or flow instabilities
(wall effects). Sometimes, this transition zone contains only
a small amount of amphiphilic molecules (depletion layer).
On the other hand, a solid surface can also induce structure
orientation. This holds for liquid crystalline materials, e.g.,
nematic phases, where this technique is frequently used to
produce electronic displays. Because of the anisotropic char-
acter of these solutions, rheological properties are complicated
and sometimes still unexplored. In contrast to complex fea-
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tures of surfactant mesophases, isotropic solutions of rod-
shaped micelles are, nowadays, well understood. These sam-
ples can also show complicated processes like shear-induced
phase transitions, flow instabilities, or nonlinear rheological
effects. Many of these phenomena are equally observed in
viscoelastic surfactant mesophases. In the next sections, we
will mainly focus on basic properties of entangled solutions
of rod-shaped micelles. These liquids can act as simple model
systems in order to gain a deeper insight into fundamental
principles of complex flow processes.

I1I. INFLUENCE OF MICELLAR KINETICS ON
RELAXATION PROPERTIES OF ENTANGLED
SOLUTIONS OF ROD-SHAPED MICELLES

A. Short Reminder on Micellar Kinetics

The micelles formed at concentration above the cmc are fluc-
tuating, dynamic particles, which can change size and shape
continuously. These dynamic properties can be described by
two different relaxation mechanisms associated with the sur-
factant monomer exchange between micelles and the micelle
formation/breakdown (see Chapter 3, Sections II and
I11).148-157 Both processes can be investigated by chemical
relaxation techniques (see Chapter 2, Section II).1%5-157 The
fast relaxation process with a relaxation time 1, is related to
the association-dissociation exchange of surfactant mono-
mers.555-157 This process is often diffusion-controlled. %5157 The
slow relaxation process with the time constant 1, is attributed
to the micellization-dissolution equilibrium.!#8-157 In a more
general sense, this relaxation time can be denoted as the
average lifetime or breaking time of the aggregates (see Figure
9.1). At least two different mechanisms are known by which
micelles are formed and destroyed. In the dilute concentration
regime, ionic micelles can vary their aggregation number in
a stepwise fashion by reducing the amount of entrapped
monomers, whereas at high concentrations breaking and coa-
lescence processes are assumed to be the main factors causing
structure breakdown.!%55-170 These different processes involve
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Figure 9.1 Schematic representation of the average lifetime of a
surfactant micelle. The breaking process can be described by the
time constant Tt,.

complicated molecular rearrangements, which take a long
time as compared to the simple diffusion processes of mono-
meric surfactants.

Typical values of 1, range from milliseconds up to hours
or days.1%5-163,165-170 Tt turns out that the average lifetime of
micellar aggregates is an important parameter, which can vary
over many orders of magnitude. Apart from their importance
for micellar kinetics, these phenomena have also influence on
macroscopic properties of surfactant solutions. As the reader
may already suppose, there exists a defined correlation
between micellar dynamics and the occurrence of viscoelastic-
ity. This special aspect will be explained in the following section.

B. Relaxation Properties of Entangled Solutions
of Rodlike Micelles

The rheological properties of dilute aqueous solutions of flex-
ible, entangled micelles have been extensively investigated
within the previous few years.!5.16:19.28-30,38,39,4143.45,58,54,56,76,87,
92-94,98,111,120,121,143,171-179 Vjgcoelastic properties usually occur at
conditions, where the lengths of the rod-shaped particles are
larger than their mean distance of separation. The overlap
threshold of anisometric micelles can be very low, and it is
often observed in the millimolar range. Semi-dilute solutions
of entangled micelles show rather simple scaling laws; the
osmotic pressure n and the equilibrium shear modulus G,
increase as a function of the volume fraction?%62.180,181;

G, ~ 022 (9.2)
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Two different processes, diffusion and micellar kinetics,
usually control the transient properties of viscoelastic solu-
tions of wormlike micelles. In semi-dilute solutions of rod-
shaped micelles, stress relaxation can occur by curvilinear
diffusion along the rod contour (reptation motion). At exper-
imental conditions, where the average lifetime of the aniso-
metric micelles is much smaller than the diffusion process of
the whole aggregate (reptation), there are numerous breaking
and reformation processes within the time scale of observa-
tion.??61-63 Whenever surfactant solutions are subjected to
mechanical forces, they develop stresses, which do not imme-
diately fall to zero when the external influence is removed.
The time required for the stresses to relax is referred to as
relaxation time. In semi-dilute solutions of entangled, rod-
shaped micelles, any applied shear stress relaxes through
chemical pathways. Under conditions of short breaking times,
we should observe pure, monoexponential stress decay when
investigating a large ensemble of micellar particles.59:61.62
From a rheological point of view, these are ideal conditions
that can be described by simple theories. Monoexponential
relaxation processes were observed in different surfactant
systems, including polymers as associative thickeners. It is
nowadays well established that these phenomena mostly
occur in the regime of elevated surfactant concentrations
or/and large amounts of excess salt. Under these experimental
conditions, the average lifetime of the anisometric aggregates
is relatively short in comparison to diffusion processes. The
basic dynamic properties of wormlike surfactant micelles
were extensively investigated by Cates.?7%%-62 Starting from a
modified reptation model, where relaxation occurs by curvi-
linear diffusion processes, Cates introduced the concept of
limited lifetimes, in order to include micelle bursting and
stress relaxation. The model predicts the existence of several
viscoelastic regimes depending on the competition between
diffusive motions and reversible micelle breaking pro-
cesses.57.6062.180 Tf the monomer exchange rates are extremely
slow, one can assume that the lengths of the micelles remain
nearly constant within the time scale of experimental obser-
vation. This is the limiting regime of pure reptation, where
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the theory predicts multi-exponential stress decay.5"59:61-63 In
this case, a stretched-exponential relaxation mechanism
results with a critical exponent of Y/, and a relaxation time 1t
depending only on reptation processes. This holds for 1,>> 1

rep*

0,25

)= qexp K * (9.3)

rep

K is a constant, o(t) denotes the time dependent shear
stress, and o, is the initial shear stress at the starting point
of the relaxation experiment. In terms of rheological models,
such relaxation processes are characterized by a broad distri-
bution or spectrum of different relaxation times. In this
regime, the zero shear viscosity n, was found to scale with
concentration C according to!l-182

0 C5.0 5.3 (94)

If the micellar kinetics are fast (1,<<t,,), one should,
however, observe a purely monoexponential stress decay. In
this case, we obtain

)= ,exp © (9.5)

According to Cates’s model the rheological relaxation
time T is now a combination of the average lifetime of the
micelles and the reptation time.5”%%6! For the limiting case of
rapid breaking micelles one obtaing®759-63

= bk (9.6)

The average lifetime of anisometric micelles is theoreti-
cally described by 1,. In this case, the shear stress relaxation
time is characterized by the geometric average of the lifetime
and the reptation time. The zero shear viscosity and the equi-
librium shear modulus G, scale in this regime with?!1,16.182-184

0 C325 355; Go ch20 23 (97)
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A wide range of different reptation and breaking times
could be investigated by Cates et al. using computer simula-
tions.?”18 In these models, the parameter { = T,,,,./7,.,
describes the ratio between the average lifetime of the
micelles and the reptation time that characterizes the diffu-
sion properties.

For small values of {, single-stress relaxation processes
are observed. However, for { larger than unity, clear depar-
tures occur. These deviations can easily be represented in a
Cole-Cole plot, where the loss modulus G"(w) is plotted as a
function of the storage modulus G'(w). A pure exponential
relaxation process appears in such a diagram as a semicircle
passing through the origin:

a'( )=yJa'( )G, a'()) 9.8)

For comparison purposes, experimental data are usually
normalized by dividing the storage and loss modulus by G,,.
the radius of the osculating circle of the Cole-Cole plot at the
origin.57-135.185 Any departure from monoexponential decay is
represented by deviations from the semicircle. This behavior
is schematically shown in Figure 9.2, where nonexponential
behavior occurs at elevated values of the angular frequency.

Numerically calculated Cole-Cole plots as shown in Fig-
ure 9.2 could be successfully compared to experimental data,
and this allows us to calculate the parameter { and, hence,
the ratio 1;,,,/7,, From measurements at low angular fre-
quencies, it is possible to determine the zero shear viscosity
Mo, Which usually coincides with the magnitude of the complex
viscous resistance. The plateau modulus G, will be obtained
by extrapolation of the Cole-Cole data to the horizontal axis.
The terminal relaxation time t, is then obtained from t, =
No/Go.

The model of Turner and Cates can be used to compare
calculated Cole-Cole-plots to experimental data.5”!®> This
method allows us to determine the new parameter { =
Tprear! T- Comparison of { and { then provides information on
the average lifetime and the reptation time of the wormlike
micelles. Typical values of the reptation times are of the order
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Figure 9.2 Calculated Cole-Cole plots from Ref. 135 for three
values of .

of a few seconds, and the breaking process usually takes a
few hundred milliseconds. These values depend much on the
surfactant concentration and the ionic strength of the solu-
tions. It is, in general, not easy to determine the average
lifetime of entangled wormlike micelles by means of chemical
relaxation methods such as pressure- or temperature-jump.
Turner and Cates performed systematic measurements and
observed at least in one surfactant system pretty good agree-
ment between 7, determined by kinetic and rheological
experiments.5”1% We can, therefore conclude that this analy-
sis successfully allows determining the breaking time of
entangled, rod-shaped micelles.

In the regime of small average lifetimes and/or short time
scales, the anisometric micelles do not show reptation
motions, but either breathing or local Rouse motions (rota-
tions around the backbone). For such conditions detailed
results were obtained from computer simulations by Granek
and Cates, using the Poisson renewal model.? In this region,
the relaxation spectrum is Rouse-like. This results in a min-
imum in the Cole-Cole diagram followed by a turn-up at the
right-hand edge.!130.135.181 At these frequencies, aggregate
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motions are controlled by fluctuations of short segments, and
the resulting contributions to the storage and loss moduli are
increasing functions of frequency. The depth of this extreme
value can be used to estimate the number of entanglements
per chain in the system.!8L186 At conditions where 71,,,,,>>Tz
(where 15 denotes the Rouse time of an entanglement length
l,), a simple scaling behavior of the minimum of the loss
modulus was found1!8!.186:

A

G",, = AG,
mm( ) 0 L

9.9
Here, A is a constant of order unity. L denotes the aver-
age micellar length, and /, is the length of a section of a micelle
between entanglements. For flexible micelles, the entangle-
ment length can separately be estimated from relation!8é:

kT
0= lfT (9.10)
In combination with Equation 9.9 it is now possible to
calculate the dimensions of the rod-shaped micelles from the
minimum of G"(w). Kern et al. performed systematic studies
of the average micellar lengths of wormlike aggregates.!86
Typical values are of the order of several micrometers,!% but
extreme values of more than 0.1 mm were also sometimes
observed.'®” These data are in fairly good agreement with
results of cryo-TEM, which also show the presence of entan-
gled wormlike micelles with dimensions as long as several
micrometers.19—22,24,25,28,173,188,189
The model of Cates predicts also scaling behavior of the
zero shear viscosity, shear modulus, and the relaxation time
as a function of the surfactant concentration. Close inspection,
however, reveals that these correlations hold only in a limited
range of ionic strength. At elevated salt concentrations, rod-
shaped micelles can not only form entangled structures but
also form networks of branched or multiconnected micelles.
The rheological properties of such systems was extensively
investigated by Khatory et al.11:3%135 The general flow proper-
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ties of these cross-linked networks are similar to those of
entangled, wormlike aggregates. The connections between
micellar aggregates are very different from the junction points
observed in classical polymer solutions. In branched micelles,
the situation is similar to foams, and surfactant molecules
can flow through the connection points.!®® This leads to a
decrease of the shear modulus. It is also possible that in
branched micelles the junction points can slide along the
aggregates during flow.11:3%135 From a modified reptation the-
ory, Cates and Turner!® and later Lequeux'?91:1°1 proposed an
increasing diffusion motion of the micelle within the reptation
tube. This phenomenon leads to more fluid solutions and
faster stress relaxation processes as compared to entangled
linear micelles of the same size.11:30.135.137 Tt ig, therefore, pos-
sible to detect branching processes on grounds of different
scaling properties. Khatory et al. generally observed a lower
viscous resistance that one would expect from the reptation
theory of linear micelles.3%135 This phenomenon can be
explained by the modified reptation model.'! Fischer et al.
investigated networks of branched surfactant micelles in elon-
gational flow.?® The results indicate that the presence of
branching tends to increase the maximum of the elongational
viscosity as it is known for polymer melts.”® In addition to
rheological experiments, multiconnected micelles were also
observed by Lin using cryo-TEM.13° The investigated network
structures, formed at high salt concentrations, were similar
to bilayer structures of bicontinuous L; phases.!3 The aqueous
solutions of branched micelles exhibited only weak viscoelas-
tic properties, an apparent yield stress, and at elevated con-
centrations monoexponential stress relaxation processes
occurred.’®® Similar network structures were also discovered
by cryo-TEM and light scattering in C,,E /water micellar sys-
tems by Talmon and coworkers.?’ In this case, multiconnected
network topologies were mainly formed in the vicinity of the
critical point.??
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IV. LINEAR VISCOELASTIC PROPERTIES OF
ENTANGLED SOLUTIONS OF ROD-
SHAPED MICELLES

A. Linear Viscoelastic Regime

As semi-dilute solutions of wormlike micelles frequently show
monoexponential relaxation properties, these surfactant sys-
tems can be described by simple equations. These solutions
are often used to explore fundamental rheological properties.
The flow behavior of these viscoelastic samples can be char-
acterized by time-dependent material functions, such as the
relaxation modulus or the transient viscosity. For sufficiently
small deformations, the material functions can be expressed
by linear differential equations. Under these conditions, the
response at any time is proportional to the value of the initi-
ating signal. Doubling the stress will also double the strain
(superposition principle). In practice, we observe that most
materials show linear time-dependent properties even at
finite deformations as long as the shear strain remains below
a certain limit. This threshold varies from sample to sample
and is thus a basic property of the investigated material. In
rubber-elastic systems, the linear stress-strain relation is
observed up to high deformations of a few hundred percent,
whereas in energy-elastic samples the transition occurs
already at very small shear strains of only a few thousandths.
On a molecular scale, this effect is caused by reversible struc-
ture-breakdown and recovery after removal of stress. In the
theory of linear viscoelasticity, all material parameters are
functions of the time or, in oscillation experiments, functions
of the angular frequency o (this frequency dependence results
from the Fourier transformation of the time domain).

B. Methods of Investigation

At least four different types of rheological experiments are
capable of measuring basic material properties. In transient
tests, a stepwise transition is used from one equilibrium state
to another. In these experiments, a certain shear stress o, a
certain deformation y or a certain shear rate * is suddenly
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applied at ¢ = 0 and then held constant. Due to the initial
extension, there is a certain time response of the viscoelastic
material that can be measured to get the desired rheological
functions. In the start-up flow tests, a step function shear rate
is suddenly applied at ¢ = 0. The resulting stress is time
dependent, and this quantity is measured after the amount
of deformation has occurred. From these data, different vis-
coelastic parameters can be obtained. The relaxation modulus
G(t) can be calculated by the relation:

G(t)= _® (9.11)

In the limit of linear stress-strain relations, the relax-
ation modulus does not depend on the initial deformation step
and the rheological properties are only described by transient
functions. Equation 9.11 suggests that the relaxation modulus
describes the stress relaxation after the onset of a step func-
tion shear strain. In viscoelastic liquids of entangled solutions
of rod-shaped micelles, an applied stress is always relaxing
to zero after infinite long periods of time.

We will now consider another type of transient response.
Let a shear stress ¢ be applied at the viscoelastic solution at
t = 0. In a general case, a time-dependent shear strain is
developed that can be measured to get the creep compliance
J(t). The creep compliance has the dimensions of a reciprocal
modulus, and it is therefore an increasing function of time.
From theories of viscoelasticity, it is possible to calculate the
creep compliance from the relaxation modulus and inverse:

J(t)= @ (9.12)

In a third test, a step function shear rate ~ is suddenly
applied at ¢ = 0 (start-up flow). In this case, the shear stress
6 is measured as a function of time and the shear stress
growth coefficient (stressing viscosity) n*(¢) can be calculated:

()= ﬂ (9.13)
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In viscoelastic solutions, this function is exponentially
increasing. It is easy to show that the time derivative of n*(¢)
gives again the relaxation modulus:

=G(z) (9.14)

dt

In a similar test, the applied shear rate is suddenly
reduced to zero. This process is called stress relaxation after
cessation of steady-state flow. The decaying shear stress is
measured as a function of time:

W) = "(Y” 9.15)

The shear stress decay coefficient 1~ (¢) evidently describes
the relaxation properties of the viscoelastic samples.

Beside these transient methods, there is another test,
which can be performed to provide information on the viscoelas-
tic properties of the sample: periodic or dynamic experiments.
In this case, the shear strain is varied periodically with a
sinusoidal alternation at an angular frequency . A periodic
experiment at frequency o is qualitatively equivalent to a tran-
sient test at time # = 1/ . In a general case, a sinusoidal shear
strain is applied to the solution. The response of the liquid to
the periodic change consists of a sinusoidal shear stress o,
which is out of phase with the strain. The shear stress consists
of two different components. The first component is in phase
with the deformation and the second one is out of phase with
the strain. From the phase angle 6 between stress and strain,
the amplitude of the shear stress =~ and the amplitude of the
shear strain ~ it is possible to calculate the storage modulus
G' and the loss modulus G":

G'( )=— cos , G"( )=— sin (9.16)

The storage modulus describes the elastic properties of
the sample, and the loss modulus is proportional to the energy
dissipated as heat (viscous resistance). It is convenient to
express the periodically varying functions as a complex quan-
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tity, which is termed the magnitude of the complex viscosity
|n“(w)|. This quantity can be calculated from the following
equation:

*( )‘ \/G‘2+G"2

= (9.17)

C. Maxwell Model for Viscoelastic Solutions

It can be shown that for most viscoelastic solutions there
exists a simple correlation between dynamic and steady-state
flow characteristics.!®2 In a first approximation, the complex
viscosity at certain angular frequency o can be compared with
the steady-state value of the shear viscosity n( ) at the
corresponding shear rate ~ . This empirically observed rela-
tionship is called the Cox-Merz rule.'®> Simple mechanical
models can represent some of these rheological properties. A
purely elastic material deforms under stress, but regains its
original shape and size when the load is removed. A practical
example of elastic material is a spring working within its
limits. For completely elastic materials, stress is directly pro-
portional to strain. However, when a material has viscous as
well as elastic properties (as in plastics), deviation from this
linear relationship occurs. In this case, deformation is found
to be irreversible. This is caused by flow processes, which can
be represented by a Newtonian dashpot. The simplest model
that can describe viscoelastic surfactant solutions is called
the Maxwell material. It consists of a spring and a dashpot
connected in series (see Figure 9.3).

The elastic spring corresponds to a shear modulus G,and
the dashpot represents the constant zero shear viscosity n,.
The spring shown in Figure 9.3 represents the elastic portion
of a plastic material’s response. When a load is applied to the
spring, it instantly deforms by an amount proportional to the
load. Moreover, when the load is removed, the spring instantly
recovers to its original dimensions. As with all elastic
responses, this response is independent of time. The dashpot
represents the viscous portion of a material’s response. The
dashpot consists of a cylinder holding a piston that is
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Mo

14

Figure 9.3 Schematic representation of the Maxwell material.

immersed in a viscous liquid. When a load is applied to the
dashpot, it does not immediately move. However, if the appli-
cation of the force continues, the viscous material surrounding
the piston is also displaced and the dashpot does deform. This
occurs over some period, not instantly, and the length of time
depends on both the load and the rate of loading. Viscous
response, therefore, has a time-dependent rate of response.
The dynamic properties of the Maxwell-element can be
represented by a linear differential equation, and the solu-
tions give the desired material functions. The behavior under
harmonic oscillations is characterized by simple formulas:

2 2
G()=G,— (9.18)
1+
G'( )=G01+ — (9.19)
() o —— (9.20)

V14 22

In transient experiments, single exponential relaxation
processes can describe the Maxwell material:

G(t)=G,exp - 9.21)
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. t t
(t) = o0 1 exp — , (t) = oexp — (9.22)

J@)=d,+ b (9.23)

0

The Maxwell model can also be used in order to charac-
terize the dynamic properties of viscoelastic surfactant solu-
tions. The simplicity of comparing rheological data with the
theoretical predictions of a Maxwell material is rather attrac-
tive. In this way, it is easy to interpret viscoelastic flow pro-
cesses.

Before comparing the dynamic characteristics of entan-
gled solutions of rod-shaped micelles with the general prop-
erties of the Maxwell material we must first modify the
theoretical equations in order to include the effect of solvent
friction. In real surfactant solutions, the magnitude of the
complex viscosity |n“(w)| and the dynamic viscosity

()=G ( )/ cannot decay to zero for ® — < but they
must reach a limiting value in the regime of very high shear
rates. Either this threshold value represents the solvent vis-
cosity or, in surfactant solutions, the viscous resistance of the
highly aligned micellar structure as, for instance, rods ori-
ented in the direction of flow. This effect can be described by
adding the term n(=)w to the corresponding equations of the
Maxwell material. From Equation 9.18 and Equation 9.19 we
obtain

2 2
G'( )=G01+ — (9.24)
G ( )=Goﬁ+ (c) (9.25)

D. Experimental Results

Monoexponential stress relaxation properties are often
observed in cationic detergent solutions at conditions where
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special counterions are added. Typical examples are aqueous
solutions of cetylpyridinium chloride or cetyltrimethylammo-
nium chloride upon addition of salicylate. Combinations of
anionic and cationic surfactants may also form entangled
solutions of rod-shaped aggregates. Myristyldimethylamine-
oxide (MDMAO, C,,H,,-N(CH,),-O; trade name AMMONYX
MO, from Degussa Goldschmidt AG, Essen) represents an
example of neutral surface active compounds, which also may
exhibit gel-like properties. Although amine oxides are gener-
ally regarded as nonionic surfactants, they can behave in
certain aspects similar to amphoteric surfactants. Amine
oxides may be partly protonated at low pH-values and their
cationic character is then more pronounced. This process can
be induced by adding nitric acid. A 15% aqueous solution of
MDMADO titrated with HNO; to pH = 3.5 leads to a solution
showing striking viscoelastic properties. This solution is sub-
sequently denoted as 15%-MDMAO-HNO,. Typical features
of such a solution are summarized in Figure 9.4.

102 T T T
) ol
©
o,
=
= 10'§
N :
S
ED 0
= 10°F , E
= E = G () [Pa)])
g o G”(w)[Pa])
5 s |n*(o)| [Pas)
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107! 100 10! 102
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Figure 9.4 Storage modulus G'(w), loss modulus G"(w) and the
magnitude of the complex viscosity |n*(w)| as a function of the
angular frequency ® compared to the Maxwell model (lines).
(Aqueous solution of 15 %wt MDMAO-HNO,, pH = 3.5, y=10 %, T

= 2000)‘204, 205
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It is evident that the dynamic properties are represented
by a Maxwell-like behavior. Lines represent data calculated
from Equation 9.24 and Equation 9.25. In the high frequency
regime, elastic properties are dominant. At these conditions,
the storage modulus attains a plateau and the loss modulus
is much lower than G'(w). With decreasing angular velocity,
G"(®) becomes more important. The intersection point where
G' = G" denotes the inverse relaxation time (®;,,,, = 1/1). From
the experimental data one obtains 4 = 1.05 s and an equilib-
rium shear modulus G, = 549 Pa. The region of very small
angular frequencies is denoted as terminal zone. This regime
is controlled by flow processes.

Deviations from the rheological properties of a simple
Maxwell material can also be represented in a Cole-Cole plot.
In this special diagram, the loss modulus is represented as a
function of the storage modulus. For a single-exponential
relaxation process, we obtain a semicircle (see Equation 9.8).
Relevant data are represented in Figure 9.5.

It is evident that the data follow the theoretical curve in
the regime of small angular frequencies. Deviations, however,
occur at elevated frequencies. This phenomenon is caused by
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Figure 9.5 Cole-Cole plot for an aqueous solution of 15 %wt
MDMAO-HNO,, pH = 3.5, v = 10%, T = 20°C.204 205
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nonvanishing values of n(e~)® and the onset of the Rouse
regime. Due to the linear presentation, Cole-Cole plots are
very sensitive and can be used to detect very small deviations
from pure monoexponential stress decay. In double logarith-
mic scales of G'(w) and G'(w) small discrepancies are often
not visible.

Pure monoexponential stress decrease can also be
observed from measurements of the relaxation modulus,
G(t), as shown in Figure 9.6. In this experiment the relax-
ation modulus was measured after applying a step function
shear strain. The drawn line corresponds to predictions for
a Maxwell model (Equation 9.21) and gives the same relax-
ation time as obtained from the dynamic measurements T =
1.05 s + 0.14 s. Small deviations, occurring at long times,
are sometimes caused by electronic instabilities of the torque
transducer and should not be interpreted as real discrepan-
cies to the Maxwell material. For comparison purposes, the
relaxation modulus was also calculated from measurements
of G'(w) and G"(w). This can be achieved by solving the
following integral equations!®3:

G@t)= E=G sin td, G@#)= E=G cos t d (9.26)
# 0 # 0

Both integration procedures gave identical results. The
zero shear viscosity, n,, can be derived from the magnitude of
the complex viscosity, |n*(w)| at infinite small strains and
frequencies or from the relation n, = G,t. These methods
coincide within the limits of experimental error and we obtain
Ny =577 = 9 Pa-s. It is also possible to calculate the zero shear

viscosity from Equation 9.27:

o == (t)dt (9.27)

0

In this case, we obtain from the data of Figure 9.6 n,=
571.6 Pa-s.

It is worthwhile to mention that the dynamic properties
of these viscoelastic surfactant solutions can evidently be
described by monoexponential relaxation properties. This cor-
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Figure 9.6 Measured values of the relaxation modulus G(¢) (filled
symbols) and calculated values from G'(®) and G"(®) (open symbols)
as a function of time t, compared to the theoretical predictions of
the Maxwell model (line) (y = 10 %, T = 20°C, 15 %wt MDMAO -
HNO,, pH = 3.5).204, 205

responds to the ideal case, which is quantitatively explained
by the Cates theory.

V. NONLINEAR VISCOELASTIC PROPERTIES
OF ENTANGLED SOLUTIONS OF ROD-
SHAPED MICELLES

The Maxwell model can successfully describe monoexponen-
tial stress relaxation properties. This holds for the regime of
small deformations, shear rates, or shear stresses. In the
region of elevated mechanical forces, severe departures from
simple Newtonian and Hookean occur. In viscoelastic surfac-
tant solutions, it is often observed that the shear viscosity
decreases markedly with increasing amount of shear. This
typical behavior is called shear thinning or pseudo plastic.
The non-Newtonian behavior of such solutions is of great
practical interest, and it is intimately connected with orien-
tation processes or structural changes that occur during flow.
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Nonlinear rheological phenomena, which are caused by struc-
tural alignment processes, usually depend on two parameters.
The shear viscosity (¢, ) for example, is a function of the
shear time and the shear rate. The relaxation modulus G(z,y)
depends on time and deformation. Nonlinear rheological pro-
cesses can be described by a theoretical model, first proposed
by Giesekus.!94-290 In this theory, nonlinear effects are intro-
duced by taking into account an average anisotropy of the
molecular conformation during flow. In the simplest case there
is only one configuration tensor controlling the anisotropic
mobility.194196-198 Giesekus proposed the following linear rela-
tionship for such a simple situation!94196-198;

S
1+ (C 1) (C 1)+ =2 D (9.28)

Here, C denotes the configuration tensor and D describes
the rate-of-strain tensor of the material continuum. The
dimensionless anisotropy factor, o, characterizes the anisotro-
pic character of the particle mobility. It is easy to show that
o attains values between zero and one. The limiting case o =
0 corresponds to the isotropic motion and ultimately leads to
an upper convected Maxwell material. In order to derive a
deformation-dependent constitutive equation, a Hookean law
connecting the tensor of external stresses S, the configuration
tensor C, and the shear modulus G was suggested95-199:

S=G(C 1 (9.29)

Here, G is the shear modulus and S the stress tensor. It
is easy to see that the Giesekus model gives a simple relation
between all rheological parameters by inducing the anisot-
ropy of a streaming solution.

A. Analytical Solutions for Steady-State
Shear Flow

For steady shear flow three equations are obtained from

Equation 9.28. This holds for the general case, where 0 < o
< 1.79,99,194—197,201
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(Ny(°,7) 2N,(°, N+1 (°,)= (01 Ny°,") (9.30)
(N,(°,7) 2N,(°, N+1 N,(°,)=2 " (°,") (9.31)

1 Ny°,) N,°,)= 2, (9.32)

All parameters depend on the time and the shear rate.
Steady-state conditions are obtained for ¢ — o. Vari-
able (°,") denotes the steady state values of the shear
stress. The anisotropic character of the flowing solutions give
rise to additional stress components, which are different in
all three principal directions. This phenomenon is called the
Weissenberg effect, or the normal stress phenomenon. From
a physical point of view, it means that all diagonal elements
of the stress tensor deviate from zero. It is convenient to
express the mechanical anisotropy of the flowing solutions by
the first and second normal stress difference:

N1(07'): 11(0,') 22(07‘)a Nz(o,'): 22(0,.) 33(0’-)
(9.33)

N, denotes the first normal stress difference and N, the
second normal stress difference. Both functions depend on the
shear rate and the o-sign describes the equilibrium, which is
reached at steady-state shear conditions.

For steady-state shear flow the set consisting of Equation
9.30, Equation 9.31, and Equation 9.32 can be solved analyt-
ically for oo = 0.5. This special value of the anisotropy factor
was often observed in viscoelastic surfactant solutions.”™ The
shear stress and first and second normal stress difference can
be expressed by the following equations!®4-198:

e, ')=2G°.(~/1+4 22 1) (9.34)

1 2

N, )=2G, (9.35)
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N,C,)=G, 1 (9.36)

where A? describes the expression

J+a77 1
2_N2FR 2 (9.37)

= 9 22

Equation 9.34 describes the evolution of shear stress as
a function of the shear rate. The steady state shear viscosity
can easily be obtained from this equation:

©,)= (o."):ZG?Q(\/1+42'2 1) 9.38)

This law gives a decreasing viscous resistance with
increasing shear rate and it therefore describes shear thin-
ning or pseudo-plastic behavior. It is often convenient to use
dimensionless variables in order to compare experimental
data with the predictions of the Giesekus model. This can be
achieved by dividing the steady-state shear viscosity by the
zero shear viscosity and by multiplying the shear rate with
the relaxation time:™

xX=Ty (9.39)

“,)
(¢,0)

Here, y denotes the normalized shear rate and n,(c,)) the
dimensionless steady-state shear viscosity. Relevant data and
comparison with Equation 9.38 are summarized in Figure 9.7.

It is evident that the Giesekus model can quantitatively
describe the shear thinning behavior of the entangled solu-
tions of rod-shaped micelles. The decrease of the viscous resis-
tance is caused by the alignment of the anisometric
aggregates in the streaming solutions. Similar conclusions
can be drawn from measurements of the first normal stress
difference. This parameter is often represented in terms of
the first normal stress coefficient:

20 )= (9.40)
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Figure 9.7 Normalized shear viscosity m,(,x) as a function of
normalized shear rate x compared to the theoretical predictions of
the Giesekus model (lines) (T = 20°C, 15%-MDMAO-HNO;, pH =
3.5)_204, 205

C o NCL) L) L)
(05 )= 12.2 =4 2,222 (9.41)

It is easy to see that in the regime of small shear rates
a simple relation holds:

im. ,( ,,))= ,0) (9.42)

The difference between the first normal stress difference
and the zero shear viscosity is just given by the relaxation
time 1. Therefore, normalization can be achieved by

o v 1(°,7)
(5 © 0 (9.43)

In Figure 9.8 we compare measured values of the nor-
malized first normal stress coefficient with Equation 9.35.
Again, we observe a pretty good agreement between experi-
mental data and the predictions of the Giesekus model. We
can thus conclude that this theory describes very well the
mechanical anisotropy of the streaming viscoelastic surfac-
tant solution.
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Figure 9.8 Normalized first normal stress coefficient, y,,(eo,x) as
a function of normalized shear rate y, compared to the theoretical
predictions of the one-mode Giesekus model (lines) (T = 20°C, 15%-
MDMAO-HNO,, pH = 3.5).204,205

B. Transient Flow

For transient flow, three coupled differential equations are
obtained from Equation 9.28 by using derivations of the con-
figuration tensor, C:

@&, )+ (N, ) 2N,@, N+1 (¢, )= 1 N, )
(9.44)

N,(t, )+ (N,(t, ) 2N, N+1 N, )=2 " (t,') (9.45)

N,(t, )+ 1 N, ') Nyt )= 2@ ) (9.46)

Here '(¢,7) denotes the time derivative of the shear
stress, and N,(¢, ) and N,(¢, ) the time-dependent first and
second normal stress differences. In order to describe time-
dependent properties, one has to solve this set of three equa-
tions, which contain three unknown variables. In Equation
9.46 the shear stress enters quadratic and this leads to non-
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linear properties. For dynamic processes, such as start-up flow
or relaxation after cessation of steady-state flow, one has to
solve the entire set of three coupled differential equations
given by Equation 9.44, Equation 9.45, and Equation 9.46.
Although it is possible to get analytical solutions for some
special values of the mobility factor o, the corresponding
equations are very complicated and not practical to use. On
the other hand, it is rather simple to solve these nonlinear
differential equations by numerical computer programs for
any arbitrary value of o. This can be done with Runge-Kutta
computer programs. We will not go into further details at this
point. The interested reader is referred to recent publications,
where this method is described in detail.7®99:201-204¢ Here, we
will briefly discuss two results. A common test in order to
determine viscoelastic properties can be performed by sud-
denly increasing the shear rate from zero to a desired value.
The shear stress growth coefficient can be calculated in such
an experiment from Equation 9.13. In order to compare exper-
imental results with the predictions of the Giesekus model,
it is convenient to use the dimensionless shear time s = ¢/
The shear stress growth coefficient and the first normal stress
growth coefficient can easily be normalized:

e ) 04

(s, )=

(&)

0

Iﬂ s’ ):

(9.48)

Typical examples of experimental values are summa-
rized in Figure 9.9. We observe a striking overshooting behav-
ior of the shear stress growth coefficient and a more gentle
increase of the first normal stress growth coefficient. Given
the large number of experimental values, it is difficult to see
the underlying lines, which represent the numerical solution
of the Giesekus model. Close inspection, however, reveals that
the data are in perfect agreement with calculated results.
Similar results were obtained after suddenly stopping the
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Figure 9.9 Normalized shear stress growth coefficient ;(s, )
and normalized first normal stress growth coefficient |, (s, ) as
a function of the normalized time s at a shear rate of 2s! (T = 20°C,
15%-MDMAO-HNOQO,, pH = 3.5). Predictions of the Giesekus model
are represented by lines).204 205

shearing action.?999:201.203.204 Again, the Giesekus model quan-
titatively describes the experimental data. It is interesting,
to note that the first normal stress difference and the shear
stress tend to relax with the same time constants, but this
behavior is multi-exponential. This observation is called the
Lodge-Meissner criterion.193.205

Beside these relaxation experiments, the Giesekus model
was also applied for different types of rheological experi-
ments.79-99,201,203,204 [p to now, no significant deviations
between experimental values and theoretical predictions were
detected. The Giesekus model thus gives a successful descrip-
tion of the nonlinear rheological properties of viscoelastic sur-
factant solutions. This holds for an anisotropy factor o = 0.5.7°

V1. SHEAR-INDUCED PHASE TRANSITIONS

Up to now, we have only discussed relatively simple processes
where the action of flow leads to the orientation of anisomet-
ric, rod-shaped micelles or to the reduction of the entangle-
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ment density. At these conditions, one observes characteristic
rheological phenomena resembling semi-dilute solutions of
macromolecules. In addition to these effects, surfactant solu-
tions can change their aggregation structure during flow. In
this case, a new phase is formed that is only stable under the
action of a velocity gradient. This metastable phase, formed
during flow, is called shear-induced structure (SIS).73:76,206
When the stirring action stops, the SIS decays and the qui-
escent state begins reforming again. In the last decades, dif-
ferent types of SIS were observed. This includes flow-induced
formation of vesicles, nematic phases, gel-like structures, lig-
uid crystals, or turbid rings.19-24.78,101,102,174,207-212 A recent paper
of Mendes et al. even describes a new shear-induced transition
from vesicles into rod-shaped micelles.'* This special type of
flow-induced phase transition was also observed by Talmon
et al. using cryo-TEM.213 In this chapter, we mainly focus on
the behavior of rod-shaped micelles, because these solutions
were extensively investigated in the last two decades. Com-
pared to other surfactant systems, entangled solutions of
wormlike micelles show rather simple properties, and we may
use these special samples to understand more complicated
flow-induced phenomena. The large amount of experimental
results gives, at least, qualitative information on the nature
and special features of SIS. It turns out that shear-induced
phases can already be formed in the highly dilute concentra-
tion regime, at conditions where the lengths of the rod-shaped
particles are much smaller than their mean distance of sep-
aration.?378214 Typical examples for complex fluids, showing
these special phase transitions, are aqueous solutions of 2
mM cetylpyridinium or cetyltrimethylammonium salicylate.
The striking effect of SIS can be visualized by simply swirling
the flask and observing the recoil of entrapped air bubbles or
dust particles. In rheological experiments, these solutions
show shear thickening and large first normal stress differ-
ences.?? These phenomena occur after a long induction period,
which is of the order of 104 strain units. Shear-induced phases
can only be observed after passing a well-defined threshold
value of the velocity gradient.>378214 The shear-induced struc-
ture behaves like a gel and exhibits strong flow birefrin-
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gence.>376215 From measurements of the extinction angle, it
becomes clear that the flow-induced structure can only grow
in the direction of flow.2# Light-scattering experiments sug-
gest that the stirring action forms new micron-sized struc-
tures that are much larger than individual wormlike
micelles.?'® Similar conclusions were obtained from investiga-
tions with an optical Toepler Schlieren technique.?17:218
Patches of the new structure connect to form network super-
structures that span hundreds of microns.?%22! These perco-
lating, gel-like superstructures are responsible for the shear
thickening. New investigations of Keller et al. with freeze
fracture electron microscopy have revealed large patches of
shear-induced structures, which contain a higher surfactant
concentration than the surrounding micellar fluid.???2 The new
structures are characterized by a submicron stippled or
sponge like textures.??? Images of the shear-induced phase
observed with this technique did not show evidence that the
new phase still consists of individual, rod-shaped micelles.?22
More likely, the elongated supermolecular structures resem-
bled sponge-like phases or bilayers.??2 With increasing velocity
gradient, two different processes can occur in shear-induced
structures: it is either possible that more micelles undergo
coalescence or the supermolecular gel structure can be
stretched in the direction of flow. As soon as the shear-induced
gel structure forms, it coexists with aligned and randomly
oriented wormlike micelles.??? By direct imaging of scattered
light, Liu and Pine observed the gelation process of anisomet-
ric micelles.?!6 The initially formed shear-induced gel phase
did partly break during flow, and this process induced the
formation of extremely elastic, oriented gel bands.?'6 SANS
studies of Oda et al., which were performed in aqueous solu-
tions of gemini surfactants, were consistent with the shear-
induced formation of loosely connected networks of rod-
shaped micelles.??? In this case, the formation of SIS was
mainly explained by the attractive forces of the counterions.??3
Cryo-TEM experiments, performed for gemini surfactants
with two hydrophobic chains of different lengths, showed that
wormlike micelles evolved into a ribbonlike structure (elon-
gated bilayers) after shearing the sample.??* In the regime of
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high concentrations, the ribbons transformed into multilay-
ered structures with well-defined diameters.?*

Systematic experiments, performed by Barentin et al.,??5
showed an instability of flow above a threshold value of the
shear rate. At elevated values of the velocity gradient, the
micelles aggregated and formed networks of bundles.??> The
magnitude and the temperature dependence of the critical
shear rate were in good agreement with experimental data.

Shear-induced phenomena can only occur if the micelles,
suspended to flow, acquire enough energy to overcome the
repulsive forces between them. According to theories of ortho-
kinetic coagulation, the number of particle collisions increases
during flow.5>7 When the micelles touch, they may coalescence
and stick together. These processes can evidently lead to the
formation of supermolecular structures during flow. When the
stirring action stops, the large aggregates break and return
to their initial form. For the mechanisms of formation of the
SIS different theories were proposed. Turner and Cates have
suggested a simple shear-induced aggregation process, which
is based on perikinetic coagulation.!9%?26 In this model, aniso-
metric micelles are randomly pushed around by Brownian
forces. If they come together with their end caps, they stick
and may form elongated structures. The assumption that
coagulation will only happen if the micelles approach col-
linearly is caused by their electric charge.!®%226 Shear flow
leads to a partial orientation of the wormlike micelles increas-
ing the coagulation rate. A transient, metastable structure
resembling a gel is formed in this way. Bruinsma describes
the formation of the shear-induced state employing the idea
of orthokinetic coagulation.??” The different velocities of the
micelles induce this process. Collision leads to fusion, and the
resulting longer micelles have larger coagulation areas. This
effect tends to increase the growth of shear-induced struc-
tures. In contrast to other theories, this phenomenon does not
require attractive interactions. The Brownian motion and the
velocity shear gradient are the dominant transport mecha-
nisms leading to the formation of elongated particles. Employ-
ing a mathematical aggregation model, first proposed by
Israelachvili, Koch succeeded in calculating hydrodynamic
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forces with a rigid dumbbell model.??® In this theoretical
approach, it was shown that aggregation forces are weak
compared to hydrodynamic forces. SIS formation can then be
explained by the flow-induced destruction of rodlike
micelles.??® Wang explained the formation of SIS in the pres-
ence of shear and elongational flow by basic thermodynamic
principles.178219-221,229.230 The free energy of a micelle usually
grows if it is compressed or elongated. Long aggregates are
better oriented in the direction of flow. Wang showed, that
under special conditions, the mean free energy of a surfactant
monomer in a longer micelle is smaller than that of shorter
micelles.?21:230 This process finally induces micellar growth.
Olmsted investigated the behavior of rod-shaped particles on
the basis of a modified Doi theory.107-109.231,232 Thijg work
allowed investigating shear-thinning and shear-thickening
solutions, and it was performed in order to calculate phase
diagrams under condition of constant imposed stress and
shear rate. Four fundamental flow curved could be derived,
describing different types of shear-induced structures.107.109,232
New theories of Cates predict that the shear thickening might
alternatively be induced by the formation of large, micellar
rings.!'” This idea was supported by recent rheological and
light scattering results.'% One important consequence of SIS
was the detection of nonuniform velocity gradients. This effect
is called “shear banding” (see Section VII).

Summarizing the theoretical approaches and experimen-
tal studies, we may state that the exact nature of the shear-
induced state and the complicated mechanisms involved are
not yet completely understood. One important problem, which
is still unsolved, concerns the role of electrostatic interactions.
Many experiments show that SIS mainly occurs in the regime
of very low ionic strengths, where repulsive forces are pre-
dominant.?37678215 Addition of salt should lead to enhanced
collision frequency between the micellar particles, and this
phenomenon should favor SIS. This assumption is, however,
in contrast to experimental observations, where shear-
induced structures usually disappear upon addition of
salt.2376.78215 Begides the large number of new results, some
phenomena of SIS still remain mysterious. It is interesting
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to note that shear-induced phases can even have some tech-
nical applications. It is well known that the turbulent fric-
tional drag of water can be reduced dramatically by adding
small amounts of viscoelastic surfactants, which tend to form
shear-induced phases. The amount of drag reduction easily
reaches values of 80%. Up to now, several hundred papers
were published focusing on this special process. On grounds
of these special features, viscoelastic surfactants have numer-
ous drag-reducing applications in petroleum pipelines, heat-
ing systems, heat exchangers, bio-reactors, or noise-reduction
systems of high-speed vehicles.

VII. INSTABILITIES OF FLOW (SHEAR
BANDING)

At least two different types of flow instabilities can occur in
complex fluids: the classic Taylor instability and the shear-
banding process. In both cases, one observes a banded struc-
ture along the vorticity direction in a Couette cell. The inter-
nal band microstructure tends to be different for both
processes. Whereas the Taylor instability is mainly caused by
density and inertia effects, which occur in the regime of ele-
vated shear rates, shear-banding processes are induced by the
shear-thinning or -thickening process of complex fluids. The
phenomenon of shear banding can be observed in different
viscoelastic fluids, including surfactants, polymers, liquid
crystals, emulsions, and suspensions.!%:113 The onset of shear
banding manifests itself by a discontinuity in the steady-state
Shear stress Of the System.35’68’71’72’108’113’129’131’174’233_249 Many
solutions of complex fluids show shear thinning behavior. In
the double logarithmic representation of experimental data,
a slope of -1 is often obtained. According to Newtonian’s law
(Equation 9.49), this means that the stress is constant in
certain regimes of the velocity gradient.

“c,H= (¢, (9.49)

The common explanation for the shear stress plateau is
slip at the walls of the measuring system or shear banding,
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which means partitioning of the material into two different
zones.%? In this context, it is interesting to note that many
theories, for instance the Giesekus model, predict the onset
of a stress plateau. Relevant data are summarized in Figure
9.10.

The shear stress of the Giesekus model is represented
by Equation 9.34. This parameter can easily be normalized:

(9.50)

2

It is easy to recognize that the shear stress ¢ attains a
plateau for ">

lim =G, (9.51)

The Giesekus model evidently predicts a shear stress
plateau that is equal to the shear modulus. Equation 9.51 can
easily be verified, and it was found to be in good agreement
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Figure 9.10 Normalized shear stress 206/G, as a function of the
normalized shear rate y for the Giesekus model.
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with experimental data.?99.202-204241 A nonlinear viscoelastic
equation based on the reptation-reaction model has been
derived by Cates et al.5860-62.181 This model also predicts pla-
teau values and a stress maximum where shear banding
occurs58,60—62,181:

5, = 0.67G, (9.52)

This theoretical concept was extensively investigated and
found to be in good agreement with experiments.5860:6263384
Typical examples, obeying these laws, are aqueous solution
of cetylpyridinium chloride and sodium salicylate.?8.63.84
Whereas the Cates theory seems to hold in the regime of small
and medium salt concentrations, the Giesekus model could,
up to now, only be applied in viscoelastic solutions of high
ionic strengths. The maximum shear stress, derived from
Cates’s model, automatically leads to the onset of flow insta-
bilities (the spurt effect). At conditions where the shear stress
decreases with increasing velocity gradient, the linear velocity
profile becomes unstable. The new state is characterized by
two regions (the “bands”). Within this band structure, the
shear rate remains constant. In the small region (the “inter-
face”), which connects the two bands, the velocity gradient
changes very rapidly with position. The interfaces between
the bands can be aligned in the direction of the flow gradient
or perpendicular in the direction of the flow vortic-
ity.174.233,237,245,247.249 The steady-state stress curve of shear
banding systems can be qualitatively different, depending on
whether the average stress or the average shear rate in the
system is held fixed.®3 Each band has its own characteristic
features. The phenomenon of flow-induced phase separation
is evidently induced by constitutive instabilities (such as iso-
tropic-to-nematic transitions).63131.247.250 The transition usu-
ally occurs above a critical shear stress or velocity gradient.
The flow-induced bands are distinguished by different shear
rates or shear stresses, and this may also lead to varying
orientations or microstructures.68174.233.237.245 T ghear-thin-
ning systems, for example, a stress plateau in the flow curve
usually indicates gradient banding. This phenomenon has
been unambiguously observed in solutions of entangled worm-
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llke micelles_63,68,72,110,131,174,233,237,239,241,245,247,249 In Strain_con_
trolled experiments on shear-thinning solutions, a stress
plateau coincides with shear banding in the gradient direc-
tion.?%% In shear-thickening solutions, a gel-like phase can be
induced during flow.?> Some surfactant solutions can even
show subsequent shear-thinning and shear-thickening effects,
depending on the applied shear rate. Typical example are
equimolar solutions of 30 or 40 mM cetylpyridinium chloride
and sodium salicylate.?4174212 In the regime of shear thicken-
ing, a transient phase separation into turbid and clear ring-
like patterns occurred.'’212 These rings were stacked like
pancakes in the direction perpendicular to the vorticity axis.
These solutions showed several unusual features as no induc-
tion period of the shear-induced phase, no structure formation
at the rotating cylinder, a jumping pancake structure, and
oscillating shear stresses.!212 This example unambiguously
shows the existence of different types of shear-banding struc-
tures. Despite the large number of experimental results, the
exact nature of shear-banding structures and their formation
on grounds of shear-induced phase transitions is still mainly
unexplored.

VIII. CONCLUSIONS AND PROSPECTS

In this chapter, we discussed the rheological properties of
viscoelastic surfactant solutions. We described the complex
properties of liquid crystalline phases, and in contrast to these
solutions, we have seen that entangled solutions of wormlike
micelles exhibit rather simple flow phenomena. It turns out
that the kinetic process of micellar breakage and reformation
is the main parameter leading to monoexponential stress
decay. In situations where the lifetime of elongated micelles
is much shorter than reptation motions, we observe very sim-
ple scaling laws, which are quantitatively predicted from
Cates theory. The linear viscoelastic properties of these solu-
tions can also be described with the phenomenological Max-
well model. Extension of this theoretical approach into the
regime of nonlinear phenomena leads to Giesekus model. It
is remarkable and surprising that complex properties, such
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as shear thinning or normal stresses, or transient features,
such as stress overshoot and relaxation processes after ces-
sation of steady-state flow, are in excellent agreement with
predictions of the Giesekus model. This hold for an anisotropy
factor oo = 0.5. It is interesting to note that the Giesekus model
also predicts the existence of different semi-empirical laws,
which are well known from experimental observations. Within
the limits of experimental errors, this holds for the Cox-Merz
rule, the Yamamoto relation, the Laun rule, and both Gleissle
mirror relationships.”99.201-204 Tn contrast to these observa-
tions, more complex phenomena as shear-induced phase tran-
sitions or shear-banding processes are still not completely
understood. The rheological properties discussed in this chap-
ter are of general importance, and they are equally observed
in different materials, such as polymers and proteins, or inor-
ganic gels. Viscoelastic surfactant solutions can, therefore, be
used as simple model systems to study fundamental princi-
ples of flow.
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I.  INTRODUCTION

Self-assembly systems, from the viewpoint of this chapter,
comprise predominantly micellar and microemulsion systems
and vesicle assemblies. Most reactions have, however, been
studied in micellar systems, and until recently, these were
predominantly organic and inorganic processes, although
recently there has been considerable work involving enzyme-
catalyzed processes, especially in microemulsion and gel
media. Because this topic is now a mature field of study, this
chapter will necessarily be selective, and will be mainly
focused on the personal interests of the authors.

1. THEORETICAL CONSIDERATIONS OF
REACTIONS IN MICELLAR SYSTEMS

An early and very useful theoretical approach for the inter-
pretation of kinetic data for ground-state reactions in micellar
systems was developed by the group of Berezin, working at
Moscow State University in the early 1970s.1-? Prior to this,
there had been a number of experimental studies of organic
reactions in micellar and reverse-micellar systems, and one
of the pioneers here was Janos Fendler, whose contributions
were contained in a significant book published in 1975.4 How-
ever, most emphasis before the 1970s was concerned with
characterization and structure of micelles and related sys-
tems (by means of an increasingly wide range of physical
methods) rather than with reactions in self-assembly systems.

In Reference 1, Berezin and coworkers considered the
effects of both partitioning of reactants and products between
micelles and the external aqueous medium and their reaction.
In their scheme, the overall reaction was considered to take
place in one of two possible domains of the reaction medium:
either in the aqueous solution or in the micellar pseudo-phase,
as shown in Figure 10.1. A and B are two reactants involved
in a bimolecular reaction to form the product P. Partitioning
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Ag + Bg ) P

Ka Kb K,

Am + Bwm Pu

Figure 10.1 Reaction scheme according to Berezin et al.! The sub-
scripts M and B refer to micelle and bulk phase.

equilibria for A, B, and P between the bulk and micelle phases
are associated with equilibrium constants K,, K,, and K,
respectively.

Of particular interest is the situation where both reac-
tants partition strongly to the micelle environment for sur-
factant concentrations in excess of the critical micelle
concentration (cmc) of the surfactant. Then there is an
increase (effectively a step change) in the observed rate of the
reaction between A and B in the vicinity of the cmc. For
partitioning of both reactants to the micelle, the apparent rate
constant for the association reaction between A and B can be
effectively increased by factors of up to 102 to 10* in the cmc
region, which might represent only a factor of 2 or so in the
micellar concentration. On the other hand, if one reactant
partitions to the micelle and the other is predominantly
located in the water pseudo-phase, then the rate of the bimo-
lecular reaction will decrease above the eme, as the two reac-
tants are effectively locating into different microenvironments
in the micellar solution. The rate in water (or at surfactant
concentration C < cmc) is then the maximum measured rate.
The measured equilibrium constants determined at different
concentrations of surfactant above the cmc will also reflect
these changes in the apparent bimolecular rate constant for
reaction between A and B, in the absence of operation of any
special factors. The most likely of these is a significant change
in the rate constant for the reverse reaction from P to reform
A and B.
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For the situation where the reaction is accelerated, it
might be thought that the micelle is functioning as a catalyst
by lowering the energy barrier for the forward reaction, but
in fact the rate enhancement is most likely to be due to the
reactants A and B locating on the micelle simply as the result
of a local concentration enhancement effect. A typical system
that demonstrates this effect is for reactions involving diva-
lent or trivalent metal ions in complex formation with neutral
hydrophobic ligands, in the presence of micelles having a
surface charge opposite to that of the metal ion. Then, for
strong partitioning of both the metal ion and ligand to the
micelle, as the surfactant concentration is increased above
the cmc, the rate enhancement effect and the change
(increase) in the apparent equilibrium constant for the reac-
tion become less pronounced.

It is interesting to speculate on the differences between
this process and true catalysis, with particular reference to
metal ion complex formation. The following points are rele-
vant:

¢ The micelle concentration is not changed during the
reaction. This is a general characteristic of both micelle
and true catalysis.

e [t is generally found that, comparing the reaction in
water with that in the presence of micelles, the acti-
vation energy (enthalpy of activation) for the associa-
tion reaction is not significantly lowered. This is in
contrast to the situation in the more conventional type
of catalysis, where the energy barrier is lowered for
both the forward and reverse reactions, as a result of
stabilization of the transition state (reduction of the
energy difference between the ground and transition
states). The reactants (and products) become associ-
ated specifically with the catalyst, which, in the case
of simple enzymes, is an “active site.”

These points have been discussed in some detail in a
recent article by Romsted, Bunton, and Yao.? Despite the fact
that micellar catalysis is strictly a misnomer, the term con-
tinues to be widely used by workers in the field.
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Part of the problem with “catalysis” by micelles is that
the micelles have a dynamic structure, which is associated
with the two relaxation times developed in the relaxation
theory of micelle kinetics by Aniansson and Wall®” and tested
experimentally by a number of groups, most notably those of
Hoffmann and Zana (see Chapter 3, Section III).® Both sur-
factant exchange between the micelle and water and micelle
breakdown/formation are important, the former taking place
for simple surfactants in the nanosecond-to-microsecond time
range, and the latter in the millisecond-to-second time range.
Micelles do not usually have in their structure any specific
binding sites, which show a resemblance (as found in an
enzyme) to an “active site,” where the reactants can be spe-
cifically adsorbed, and where the reaction between A and B
can be truly catalyzed. In the absence of such sites, the reac-
tants can locate to any position on/in the micelle. We will be
particularly interested in reactions where both reactants
locate near the micelle surface. It is not helpful to give exces-
sive consideration to this process at this stage, since the
Berezin theory provides an adequate approach for discussion
based on a single “micellar” location.

Clearly a quantitative interpretation of the “hydrophobic
effect” would be useful in consideration of the detailed reac-
tion environment for reactions in the presence of micelles,
and indeed other self-assembly systems. A detailed review of
the hydrophobic effect, directed at chemists, has been
reported by Blokzijl and Engberts,® who showed that there
are a number of difficulties concerned with an interpretation
of the hydrophobic effect based on more traditional ideas, e.g.,
the notion of frozen (low entropy) water around alkyl chains
and nonpolar groups, which is transferred to a higher entropic
state when the apolar part of a molecule is incorporated in
the micelle and the water forms bulk-like water. These
authors suggested that neutron diffraction and computational
studies offered the best hope for progress in understanding
the detailed nature of the interactions involved. Work in both
these two areas has accelerated in recent years, but there are
still fundamental questions to be answered. However, a
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detailed discussion of these topics is outside the scope of this
chapter.

The diffusional motion of (reactant) molecules when asso-
ciated with micelles is not generally discussed, but it is rea-
sonable to assume that, when A and B are metal ions and
hydrophobic ligands, both will be relatively mobile in the
(restricted) micelle environment. Metal ions will be expected
to remain hydrated at the micelle surface in that they will
not form inner-sphere complexes with the micelle surface
group, and will likely diffuse relatively easily over the micelle
surface before they eventually desorb from the micelle and
re-enter the aqueous pseudo-phase. Because of the generally
small size of the micelle, it is likely that the preferred location
of both reactant molecules (again for the situation of positive
metal ions and anionic micelles) will be close to the micelle
surface, with more hydrophobic molecules favoring a less
polar micellar environment. In principle, ligand partitioning
could be further characterized by defining an additional par-
tition coefficient for fast migration of the ligand between
micelle surface and micelle core locations.

It is implicit in the Berezin treatment that partitioning
of both reactants between the micelles and water is rapid on
the overall time scale of the reaction. The micelle-water par-
tition coefficients then essentially represent a pre-equilibrium
situation before the main reaction. Test reactions involving
inorganic reactants can cover a very wide time range, from
nanoseconds to minutes, but most organic reactions are tak-
ing place on time scales of the order of seconds or longer.

In this chapter, first metal-ion/ligand complex formation
kinetics will be discussed together with applications in metal
extraction, and then organic reactions will be briefly
described. The theoretical treatment will then be extended to
cover inorganic reactions in microemulsion media.

Ill. METAL COMPLEX FORMATION

Some of the earliest experimental work on the kinetics of
reactions of metal ions with hydrophobic ligands in the pres-
ence of anionic micelles was carried out by James and Rob-
inson, who studied in detail 1:1 complex formation between
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Ni?*(aq) and hydrophobic dye ligands such as pyridine-2-azo-
p-dimethylaniline (PADA).1® PADA has limited solubility in
water (< 103 mol dm=), but the solubility is considerably
enhanced in micellar solutions, e.g., in the presence of micelles
of anionic surfactants such as sodium dodecylsulfate (SDS).
This is as a result of a favorable interaction of PADA with
the micelle. For surfactant concentrations > cmec, the metal
ion will preferentially adsorb to the dodecylsulfate micelle
surface and the ligand will also locate to the micelle surface
rather than the micelle core, since it is partly polar. (If PADA
would locate into the micelle core, with the metal ion confined
to the micelle surface, the reaction might not be so effectively
promoted, or maybe would even be inhibited.) James and
Robinson analyzed their kinetic data in the presence of SDS
in terms of a surface reaction, and showed that the kinetics
could be explained solely on the basis of a local concentration
enhancement effect of the reactants on the micelle surface,
with no significant specific effect of the micelle on the reaction.
In particular, it was observed that the activation energy for
the micelle reaction was not significantly changed when com-
pared with the reaction in water. As discussed for the general
case, when the micelle concentration is increased further
above the cmc of the surfactant, the reactants are diluted over
the micelle surface and the rate enhancement effect becomes
less pronounced, as shown in Figure 10.2. The kinetic effect
on the reverse reaction — that of dissociation of the metal-
ligand complex on the micelle surface to form metal ion and
the free ligand — is much less dramatic, but for the Ni>*/PADA
system, the rate of reformation on the SDS surface of the
discrete metal and ligand species can be increased by a factor
of close to 10, essentially independent of the micelle concen-
tration.'’ Work on other metal ions'? showed that Zn?*(aq)
also complexed with PADA in the same way as Ni?*(aq), even
though the kinetics with Zn?*(aq) is some orders of magnitude
faster than for Ni?*(aq), requiring the use of the temperature-
jump method to follow the kinetics. This would suggest that
surfactant monomer exchange between the micelle and water
is not a significant factor. There was also evidence found for
rate enhancement of the forward reaction at concentrations
somewhat below the cmc of the surfactant. Reinsborough and
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Figure 10.2 Promotion and inhibition of metal ligand complex
formation reactions by micelle. (a) Metal ions attracted to micelle,
hydrophobic ligand; (b) metal ions attracted to micelle, hydrophilic
ligand.

Robinson compared the behavior of a number of partitioning
bi-dentate ligands in terms of reaction with Ni?*(aq) in the
presence of anionic micelles.!® More recently, Reinsborough
and co-workers also studied in more detail the sub-cmc rate
enhancement effects that are evident in surfactant solutions
at concentrations near the cmec.* It was concluded that, for
the Ni2*/PADA reaction, nickel ion-surfactant aggregates
could form below the normal cme, and data from surface
tension, dye solubility, and fluorescence probe measurements
supported this interpretation. A more recent study has
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involved the study of Ni?*(aq) with PADA in zwitterionic sur-
factant solutions. Modest rate enhancements are found with
carboxybetaine micelles, but rate inhibition was noted with
sulfobetaine micelles. The authors interpreted these observa
tions as being associated with different interactions of the
metal ion with the micelle surfaces, although changes in the
conformation of the head-group region may also be an impor-
tant factor.’ Very recently, reformation of the metal ion on
decreasing the pH in micellar solutions has been investigated,
in some detail,’! for the Ni>*/PADA and the Cd*/PADA sys-
tems, and, in general, the scheme is shown in Figure 10.3.

A detailed analysis shows that the mechanism of metal
ion recovery as a result of pH perturbation is different in
water and in SDS micellar solution. The kinetics of dissocia-
tion of Ni(2-methyl-8-hydroxyquinoline) by H* have also been
studied in aqueous and micellar solutions of the ionic surfac-
tants SDS and CTAN (cetyltrimethylammonium nitrate) and
of the nonionic surfactants Triton X-100 and Brij 35.16 Acti-
vation parameters were the same in water and neutral
micelles, but very different in SDS and CTAN. The rate-
determining step was claimed to be dissociation of the NiL.*
complex at the micelle-water interface.

MeL + H¥ <«——> MelLH* ——> Me+LH*

Figure 10.3 Reformation of the metal ion on decreasing the pH
of the solution. Me is the metal ion, and L. and LH* represent the
ligand and the protonated ligand.

IV. METAL EXTRACTION

Metal extraction continues to be an important industrial pro-
cess, and a number of reviews have appeared over recent
years.'”"19 The bulk of research publications related to this
topic have been concerned with extraction of metal ions, par-
ticularly Cu?+, into a coexisting organic solvent containing the
extractant species. Szymanowski and Tondre reviewed the
field® in 1994, and it was clear that traditional methods based
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on emulsion systems have continued to be the preferred
approach to extraction. Tondre!® has recently restated the case
for the use of micellar extraction systems, but there still does
not appear, so far, to have been much enthusiasm for this
approach. Albery and coworkers studied the complexation of
Cu?* with an extractant based on an alkylated salicylaldoxime
derivative, and they monitored both the complexation and
stripping reactions by means of a rotating diffusion cell
assembly.2?2! Other groups have also studied similar systems
for copper extraction, but using a range of methods. It is
surprising that there still remains much confusion as to the
mechanism(s) involved. Stevens, Perera, and Grieser?? have
recently reviewed the field, and suggested a classification of
extractants into three groups as follows:

1. Acidic extractants, containing ionizable protons
2. Basic or ion exchangers
3. Solvating extractants

The advantages of using a micellar assembly over a
water/organic solvent two-phase system include the following:

¢ The micellar system is essentially a single homoge-
neous phase, with a very low organic component. No
stirring of the micelle system is required. The two-
phase water-organic solvent mixture has a much
greater organic component, which is nowadays
increasingly environmentally unacceptable.

¢ A micellar solution may be at its most efficient in terms
of extraction just above the cmc of the surfactant, so
it is possible to work with very dilute micellar solutions
(<1% viv).

e There is no consumption of ligand or micelles associ-
ated with the overall complexation/extraction process.

As already indicated, as well as extracting the metal ion,
it is also necessary to recover the metal ion, preferably at a
higher metal ion concentration. This is normally achieved by
reducing the pH, and this is straightforward for metal ions,
which complex with ligands like PADA on the micelle surface.
As the pH is reduced, the ligand will become protonated, and
in that state the metal ion will complex with the ligand with
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a much reduced stability constant. As a result, the complex
will dissociate. Adjusting the pH back to that used for extrac-
tion of the metal ion restores the ligand/micelle system to its
original state.

The metal ion can conveniently be recovered from the
acid micellar solution by ultrafiltration. Ismael and Tondre??
demonstrated the use of ultrafiltration in the back extraction
of metal ions from micellar solutions containing Ni?* and Cu?*
using the extractants 8-hydroxyquinoline (HQ) and an alky-
lated derivative (C,;-HQ) in the presence of cationic micelles
of cetyltrimethylammonium bromide and 1-butanol. Decreas-
ing the pH to pH = 3 led to effective extraction of Ni%* in the
presence of Cu2+ but, for Cu?* extraction, it was necessary to
reduce the pH further to less than 1. It is interesting to note
that for these systems cationic surfactant systems were used
rather than the anionic systems described previously.

Recent work with surfactant assemblies has been reported
by Scamehorn et al.?#?> and especially by the group of Ton-
dre.26-30 There is a useful review by Tondre, who discusses the
coupling of extraction and ultrafiltration in the extraction of
metal ions.!® The Stevens/Grieser/White groups in Melbourne
have studied the kinetics of Cu?* extraction by Kelex-100 (7-
(4-ethyl-1-methyloctyl)8-hydroxyquinoline) at the heptane-
water interface and in a C;,EOg micellar system, and the reac-
tion was modeled using a one-dimensional diffusion model and
a diffusion-limited interaction between Kelex-100 and Cu?+.3!
Work has also been done on the extraction of Rh3* complexes
into an organic phase of Kelex-100.32 Although the extraction
of both copper and nickel has been well studied, there are very
little published data on toxic metals such as cadmium, but a
recent study was carried out by Lee and Choi.33

There is also active interest in the extraction of precious
metals such as Pt and Pd and the use of dioctyl sulphide and
Kelex-100 as extractants has been reported by Freiser and
Al-Bazi®* in the extraction of PdCl;” into an organic phase.
The Secco group in Pisa has studied in some detail the reac-
tion of Pd in the form of PdCl;” with PADA in the presence
of cationic micelles of dodecyltrimethylammonium chloride.?>
The reaction works well, but to strip the metal ion from the
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complex it is necessary to reduce the pH to less than 1.
Mentasti and co-workers3¢ have studied the reaction of gal-
lium and indium with 4-2-pyridylazoresorcinol (PAR) in
water and mixed solvents, both in acidic solutions where the
pH is less than 3. The dissociation reaction of the metal/PAR
complex with hydrogen ions was also investigated, and a
quadratic dependence of the rate constant on the hydrogen
ion concentration was observed. Interestingly, with these two
metals, the ligand should contain a hydroxy binding site, so
PADA cannot be used. Recently Secco and coworkers® have
also studied this reaction in SDS micellar solutions. Catalysis
is indeed observed, and again the metal ion (in the case of
In3*) can be recovered in strongly acid solution.

At the commercial level, it is essential to use a cheap
extractant in order to minimize operating costs. In addition
it is probably advisable to work at reasonably high concen-
trations; however, for toxic (or valuable) metals, it is likely
that metal concentrations will be present at only the micro-
molar (or submicromolar) levels.

V. CATALYSIS OF ORGANIC REACTIONS BY
MICELLES

A significant number of studies have been carried out by the
groups of Romsted and Bunton,?”3° who have progressively
developed the pseudo-phase ion-exchange (PSIE) model to
interpret their data, although some very early work in this
field was done by the Menger group.‘®>4! They investigated
ester hydrolysis in anionic micelles, where inhibition is
observed as the reactants are separated, and in cationic
micelles where the reaction is promoted. Many studies have
been carried out using OH- and cationic micelles, since both
OH- and the organic substrate will be preferentially located
in the micelle environment.

The main assumptions of the PSIE model are as follows
(adapted from V.C. Reinsborough, Reference 42):
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¢ The micelles are a separate phase uniformly distrib-
uted through the solution and invariant in composition
with micelle concentration.

¢ The degree of counterion ionization is constant and
independent of ion type and surfactant concentration C.

¢ The micelle surface region can be treated as analogous
to an ion-exchange resin.

The model has been tested over many years, and the
approach has been reasonably successful. The basic scheme
is shown in Figure 10.4. The overall first-order rate constant
(adapted from Reference 41) is given by

B k,+k, K (CT cmc)
T 1+ Ky (CT cmc)

(10.1)

This equation can be rearranged to give an equation from
which £,, and %, can be evaluated, provided %, is known:

1

(B k) =(kn k) +(kn k) Ks(Cr eme)' (10.2)

This area is not being reviewed in detail as there has
recently been an excellent review of this area.*?

A comparison of the Berezin and PSIE approaches has
recently been carried out.** However, there are a number of
cases where the PSIE model is inappropriately applied.*

S,, + Mic &} S,,Mic
ky kp,
Products (S)

Figure 10.4 Basic scheme for micellar catalysis.
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V1. REACTIONS IN MICROEMULSIONS

A. Reminder on Microemulsions

Reactions have been studied in microemulsion media since the
1970s. Some of the earliest work involved organic reactions in
reverse micelles (surfactant-in-hydrocarbon systems in the
absence of water), and Fendler and coworkers observed dra-
matic rate enhancements for some organic reactions in com-
parison with the rate in the surfactant—free system (see, for
instance, References 46 and 47). However, microemulsions con-
tain some water, and the most used model system is that of
sodium bis(2-ethylhexyl)sulfosuccinate (Na-AOT)/H,0/Alkane.
A thermodynamically stable system is readily formed on mix-
ing the three components and shaking for a few seconds. The
microemulsion is a discrete dispersion of nm-sized droplets in
which a water core, containing the counterion to the sulfosuc-
cinate head group, is coated by a curved monolayer of surfac-
tant. The size of the droplets is essentially monodisperse, and
the water droplet core radius is linearly related to the water
to surfactant mole ratio w,. Core radii are in the region 0-10
nm for w, values from 0 to 50. Droplet sizes can be structurally
characterized using a wide range of methods, including small-
angle neutron scattering, photon correlation spectroscopy, time-
resolved fluorescence spectroscopy, and fluorescence correlation
spectroscopy.*8-5 It is possible to substitute water by glycerol
and structural studies of these systems by both SANS and PCS
have been carried out.’65” There is again a good linear corre-
lation between the glycerol core radius and the value of the
molar concentration ratio [glycerol]/[surf]. The mobility of AOT
in glycerol and water droplets was studied by quasi-elastic
neutron scattering, and it was shown that changing the core
from water to glycerol only reduced the mobility of AOT by a
factor of 2. Addition of the enzyme alpha chymotrypsin sug-
gested that 250 or so water molecules associated with the
enzyme had a dramatically reduced mobility.5®

B. Metal-Ligand Complex Formation

Some of the earliest work on metal ligand complex formation
reactions involved the reaction of Ni?*(aq) with the water-
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soluble complexing agent ammonium purpurate (murexide)
in water droplets with a w;<20.5%6° It was shown that the
kinetics in the water droplet system proceeded at a compara-
ble rate to that in bulk water; only a small kinetic effect on
the rate constant for loss of water from the metal ion was
observed, which is rate-controlling in the overall complex for-
mation process. The initial exchange of reactants between
separate water droplets was found to be a much more rapid
process, taking place on the millisecond-microsecond time
scale. (This is similar to that for surfactant exchange between
micelles in aqueous systems). Later work on Na-AOT
systems®!' showed that exchange of solubilizates (reactants)
between droplets could be expressed by a second-order rate
constant, with values in the range 10%-10% dm?mol-'s~! being
determined. Similar results were found by Pileni et al. based
on a stopped-flow and small-angle scattering study.®? System-
atic studies of the exchange of fluorescent probes and of flu-
orescence quenchers between droplets have been
performed.%3-7° The values of the exchange rate constants were
also found to be of the order of 10-108 dm? mol! s! and to
depend on temperature, the water/surfactant molar ratio w,
nature and length of the oil (alkanes, aromatic solvents), and
the nature and chain length of the surfactant and cosurfac-
tant (see Chapter 5, Section VL.F). This clearly demonstrates
that the exchange is an intrinsic dynamic property of the
droplet interfacial layer.

A number of reactions that are close to diffusion-con-
trolled in the water pools were investigated, including proton
transfer, electron transfer, and complexation between Zn?*(aq)
and murexide. The rate-limiting solubilizate exchange process
was associated with a considerable enthalpy of activation and
also a large positive entropy of activation. Data are shown in
Table 10.1.

The effect of added cholesterol and benzyl alcohol to Na-
AOT was also investigated.f! Addition of 2 x10-2 mol dm™
cholesterol decreased the exchange rate constant by a factor
of 3, whereas addition of 10-! mol dm=3 benzyl alcohol
increased the exchange rate constant by the same factor.
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TaBLE 10.1 AH? (kJ mol?) and AS# (JK-! mol1)
for the Solubilizate Exchange Process in Na-
AOT/Water/n-heptane Microemulsions

Proton Transfer Electron Transfer
W, AH* AS* AH?* AS*
10 70 93 67 116
15 83 140
20 95 180 87 180
30 108 250

Data from Reference 61.

TaBLE 10.2 Kinetic Parameters for the Ni2*/PAP Reaction at
25°C

Medium ky ky, AHY, AH?,
(s (s (kJ mol1) (kJ mol1)
Water/SDS micelles 2000 1.0 48 91
Heptane/water/Na- 3600 1.2 50 93
AOT

Data taken from Reference 71.

The kinetics and mechanism of a range of slow metal-
ligand substitution processes have been investigated, and a
generalized theory was proposed that was very similar to the
Berezin model for the interpretation of micelle kinetics in
aqueous solutions.”>”? Ligands of different hydrophobicity
were studied in terms of their reaction with Ni**(aq), and it
was found that for pyridine-2-azo-p-phenol (PAP), the rate
constants k, for reaction in SDS micellar solution and
water/Na-AOT/heptane systems were comparable, as shown
in Table 10.2. (k;is expressed as a first-order rate constant in
the microemulsion.)

For the more hydrophobic ligand PADA, there will be
partitioning of the ligand into the bulk heptane phase. This
can be expressed in terms of an equilibrium constant

papa _  [PADA]g
s [PADA], [AOT]

(10.3)



Reaction Processes in Self-Assembly Systems 491

When this partitioning is allowed for, there is again excel-
lent agreement between the Ni/PAP and Ni/PADA reactions
in Na-AOT microemulsions. Other systems were studied,
including reactions of Co?*(aq) and Zn?*(aq), and all the
results were consistent with the general model when ligand
partitioning was incorporated in the model. Similar reactions
have been studied in glycerol-in-heptane microemulsions.”

C. Preparation of Nanoparticles

A related field of interest has been the preparation of nano-
particles in microemulsions. A pioneer in this field has been
Marie-Paule Pileni, based at Université P et M Curie, Paris.
She has studied the synthesis of metals, e.g., Au and Cu,
semiconductors (CdS, CdTe) and salts (Ag,S). She has also
made microemulsion dispersions in which Na* is replaced by,
e.g., Cd** or Cu?+, and shown that a range of interesting
structures can be formed.”8" She has recently reviewed her
work.8! Of particular interest is the preparation of nano-sized
particles of semiconductors. Early characterization work was
carried out by Henglein® and Brus.?? Other significant work
on CdS nanoparticles was carried out by the group of Kerry
Thomas at Notre Dame University, Indiana.?* For CdS parti-
cle formation in Na-AOT microemulsions, a good correlation
was found between the size of the particles and the dimen-
sions of the parent microemulsion.®> It was shown that the
kinetics of particle growth of CdS nanoparticles were consis-
tent with nucleation and growth, with interdroplet exchange
of Cd and sulfide solubilizates being rate limiting. This inter-
pretation is similar to the model originally proposed by
Smoluchowski for diffusion-controlled reactivity in a homoge-
neous medium.® Hirai at Osaka University has variously
studied the formation of titanium dioxide nanoparticles,?” lead
sulfide,?® and CdS/ZnS composites® in AOT reversed micelle
systems. Watzke and Fendler have also reported the formation
of nano-sized CdS particles in dioctadecyldimethylammonium
chloride vesicles in water.?°

For formation of platinum nanoparticles, the correlation
between particle size and droplet size is much weaker.%1-%
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Silver bromide nanoparticles,? magnetic colloids,*? and
superconducting particles?” have all been synthesized. Mag-
netic nanoparticles have also been synthesized in a catanionic
vesicle system.”® The Mann group, originally based in Bath,
UK., also investigated the formation of iron oxide nanopar-
ticles within unilamellar phosphatidylcholine vesicles. The
particles were spherical or disk-shaped and had dimensions
in the range 1.5-12 nm. Such studies are relevant to biological
mineralization.?® Another system of interest has been the
synthesis of nanoparticles of salts such as BaSO,, BaCO,, and
CaS0, in AOT-stabilized microemulsions.1%-192 BaSQO, particle
synthesis in cyclohexane microemulsions stabilized by the
nonionic dispersant C;,E, produced monodisperse nano-
spheres of 4-5 nm in radius, whereas BaSO, prepared in Na-
AOT-stabilized microemulsions led to the formation of slightly
irregular aggregates 850 nm in diameter. CaSO, formation
in microemulsions stabilized by Na-AOT in dodecane pro-
duced only 25 nm diameter nano-spheres, whose size was
essentially independent of microemulsion composition and
reaction conditions. A wide range of particle morphologies are
observed in different microemulsions, but the mechanisms
involved in their formation are still not understood.

D. Separation Processes and Extraction

Another important area of research is concerned with sepa-
ration processes and extraction in microemulsions, and a
number of systems are discussed by Tondre in this book (see
Chapter 5, Section VIII). Of particular interest is the use of
Winsor I and Winsor II systems as liquid membranes in
extraction processes. The partitioning behavior of simple sol-
utes dimidium ion, p-nitroaniline, and murexide between
water and a water-in-oil microemulsion has been studied,%3
and in a follow-up paper, the partitioning of a-chymotrypsin,
pepsin, and lysozyme was investigated.'% High values of the
partition coefficient were found when positively charged pro-
teins interacted electrostatically with the negatively charged
surfactant head group.
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VIl. THE MATRIX EFFECT

This concept has been developed by Luisi and coworkers in a
series of papers over the last few years, which have been
particularly concerned with autopoiesis, as originally defined
by Varela and Maturana.'® The proposition is that vesicles
can be considered as possible precursors of protocells.106.107
Luisi has a continuing interest in molecular evolution, auto-
poiesis, and the origin of life, and the matrix effect contributes
to that debate. An autopoietic unit is a structure capable of
self-maintenance, and this includes the option of self-replica-
tion.'® The work has been developed in a series of recent
papers.109-112

A general discussion of the role of lipid vesicles as key
intermediates in the origin of life has also been reported,!3
and there have been a few reports of enzyme—catalyzed reac-
tions in vesicles,'* although few new insights have emerged
and this situation has not significantly changed since the
article was written. Previous studies on self-replicating
reverse micelles have also been carried out.!'>!16 Vesicles
made by phospholipids or fatty acids can be extruded to give
close to a monodisperse vesicle assembly (e.g., at 50 or 100
nm diameter). When further fatty acid is added to this
extruded assembly, the vesicle size of the combined system is
very close to that of the original system, but the number of
vesicles is increased. The rate at which additional vesicles are
formed is much faster than the control system in which fatty
acid is simply added to a buffer solution at the same pH,
corresponding to a micelle-vesicle transition. In the control
process, the vesicles formed are very polydisperse, with sizes
ranging from 20 to 1000 nm. Thus the matrix effect is con-
cerned with both a dramatic rate enhancement effect, and
essentially a replication of the original vesicle structure. In
fact, it is possible to add the additional fatty acid in several
stages and still observe the matrix effect. The role of fatty
acids is of particular interest since they have been identified
in the Murchison meteorite''” and so may be considered as
prebiotic species. Further work carried out recently!'® has
shown that the matrix effect is still in evidence even at fatty
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acid to phospholipid composition ratios of up to 100:1. There
is now a need for a better developed theoretical basis to
interpret these experimental data.

VIII. POLYMERIZATION IN VESICLE SYSTEMS

It is interesting to consider the possibility of modifying the
bilayer vesicle structure to improve its stability/penetration
properties. Traditionally, one way to achieve this is to attempt
to polymerize the bilayer or to add a reactive monomer which
is then polymerized. Early ideas were discussed in the book by
Janos Fendler,'® and the work was developed further by the
groups of Ringsdorf'?0:121 and O’Brien.??123 Pioneering polymer-
ization experiments were carried out by J.K. Thomas'?* and
more recently by Hotz and Meier.'?5-127 In a useful review, Hotz
and Meier!?® have covered both polymerization of reactive lipids
and polymerization by adding reactive monomers. In reactive
lipids the polymerizable group can be located in the head group
adjacent to the surface, or at a defined location within the tail,
including the tail end. The authors conclude that the polymer-
ization approach is promising for making nano-capsules for
drug delivery and gene therapy as well as for making nano-
reactors for the controlled crystallization of inorganic nanopar-
ticles and inorganic-organic composite materials. In an exten-
sion of this approach, Pouligny and coworkers!'?® have
manipulated giant vesicles and latex spheres, studying adhe-
sion of spheres to the vesicle, dragging vesicles by manipulation
of the spheres, and inserting and expelling the latex spheres
in and out of the vesicles. Polymerization over the bilayer has
recently been claimed.!3%-132 Kaler and coworkers!3%131 used two
monomer species, styrene and divinylbenzene, in a catanionic
vesicle system, and this approach looks to be promising for the
future. However, during polymerization there is another pro-
cess that can occur. Phase separation of the polymer within the
vesicle can take place and so-called parachute structures are
formed on each vesicle.!3%134¢ The kinetics of the polymerization
process has recently been studied in some detail for d-styrene
polymerization in didocyldimethylammonium bromide
(DODAB) vesicles using online small-angle neutron scattering
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(SANS) in real time.!35136 The process was complete in about 1 h
and the final product was an oblate polymer ellipsoid of 20—30
nm in each vesicle.

Marie-Pierre Krafft at the Institut Charles Sadron,
Strasbourg, has studied the polymerization of hydrophobic
monomers such as isodecylacrylate (ISODAC) in small unil-
amellar vesicles of perfluoroalkylated phosphatidylcholine (F-
PC). The process was compared with that for polymerization
of ISODAC in egg PC vesicles. In the case of F-PC vesicles
the formed polymer was homogeneously distributed through-
out the vesicles whereas for egg-PC, parachute polymerization
was found to be operative.’3” Ferro and Krafft!3® have also
studied the effect of addition of semi-fluorinated alkanes
(C,H,,,..C,Fy,.., H,F,) such as H,j)F; on Ca?-induced fusion
and the rate of release of 5,6-carboxyfluorescein referred to
as (CF) from the water cores of the vesicles. For H,)Fg, the
rate of fusion was reduced by an order of magnitude, and
there was a 40-fold decrease in the rate of release of CF, as
compared with phosphatidylserine vesicles as a reference.!8
It will be interesting to see what further changes can be
induced in these two processes following polymerization of
the bilayer.

IX. ENZYME PROCESSES

“Enzymes can function in organic media.” This claim was
made by Alexander Klibanov in the 1970s, and he and others
demonstrated that this was possible for a number of enzymes
in hydrocarbon solvents.'3%-144 This work provided the foun-
dation for research by a number of groups who were interested
in catalyzing reactions in the opposite direction to that in
aqueous solution, so, e.g., condensation would be favored over
hydrolysis. Reactions of hydrolases and lipases were thus of
particular interest. There was also an interest in regio- and
stereo-selective synthesis. Extending the work from organic
solvents to a water-in-oil microemulsion system was a natural
progression, and indeed this proved to be an interesting new
area of research for chemists. However, it was not always clear
as to where precisely the enzyme was located. For water-
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soluble enzymes like o-chymotrypsin (CT), a location in the
water core of the droplet was preferred, whereas lipases might
be expected to partition to the interface region where the
surfactant is located. However, there have been uncertainties
for many years over the precise enzyme location. The recent
use of fluorescence correlation spectroscopy has suggested
that the discrepancies can be resolved when the enzyme is
fluorescently tagged and droplets containing tagged o-chy-
motrypsin were consistently larger than the parent micro-
emulsion for a given water/surfactant ratio.?> Useful reviews
have been published by Luisi.!*5146 A summary of some of the
early kinetic data is given in Table 10.3, taken from the review
by Luisi, Giomini, Pileni, and Robinson.”

In addition to studies in microemulsions, it is of interest
to consider the possibility of operating with a more rigid gel
system. The preparation of gels based on incorporation of
gelatin into a Na-AOT stabilized water-in-oil microemulsion
was first reported in 1986.148149 Later work!®%151 suggested
that an adequate structural description of the system can be
based on a rigid network of gelatin-water rods stabilized by
Na-AOT in the oil, which coexist with small microemulsion
droplets dispersed through the structure. However, the exact
type of structure is quite sensitive to the composition of the
system. A later paper!? provided further information on the
phase stability of the gels, and it was shown that the fre-
quency dependence of the elastic moduli of the organo-gels
was similar to that of aqueous gelatin gels, and characteristic
of a viscoelastic solid.

Reverse-enzyme synthesis in microemulsion-based
organo-gels has been reported.!315* Chromobacterium Visco-
sum (CV) lipase was used as the catalyst, and ester synthesis
was reported for a wide range of primary and secondary alco-
hols with n-decanoic acid. Some typical data are given in Table
10.4. With primary alcohols the reaction was quite fast and the
conversion to the ester was close to 100%. For the secondary
alcohol octan-2-ol reaction proceeded to 45%, but some days
were needed to reach equilibrium. Selective esterification of
the (-) enantiomer was found to occur with enantiomeric excess
values of > 90%. No reaction was observed with the tertiary
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TaBLE 10.3 Kinetic Parameters for Enzymes in AOT
Hydrocarbon Reverse Micelles

Enzyme Aqueous solution Reverse micelles
Reat K, Reat K ov
(s (mM) (s (mM)
o-Chymotripsin 0.83 0.6 5.06 0.4
Trypsin 8.7 4.10-3 11.0 3.5.10°3
Lipoxygenase 9 2.7.102 450 20.102
Lysozyme 3.10+* 4.102 410+ 5.102
Lysozyme? 0.14 10.10-3 0.130 2.10-3
LADH 114 0.37 80 0.3
Ribonuclease 0.165 — 1.230 —
Peroxidase 1.100 — 19.100 —

The kinetic values of the micellar systems are compared under optimal
pH conditions for reaction, i.e., generally at the same pH values for an
aqueous solution.

2 Using 2,4-dinitrophenol-NAG-3 as substrate (NAG-3 is N-acetyl glu-
cosamine).

b Using chitin as substrate.

Source: Reference 147

alcohol. Regio-selectivity was also demonstrated, and the gel
was found to be effective in sectioned form at temperatures as
low as —20°C. The enzyme-containing gel was stable over many
months, insofar as the rate of the esterification reaction
between 1'-octanol and decanoic acid was unaffected. Reviews
of the field have been published!®51% in which stereo-selective
synthesis involving resolution of chiral alcohols was achieved.
In a later paper,'®” Na-AOT stabilized water-in-oil microemul-
sions containing CV lipase were dehydrated by addition of
either 4 A molecular sieve powder or by vapor phase drying
with a saturated solution of LiCl. When the water is removed
(w, < 1), the enzyme is in a dormant state in the microemulsion.
On rehydration after one week the full activity of the enzyme
containing microemulsion is immediately restored in terms of
a model esterification. After one month a small 20% retardation
of the esterification rate is observed, but the extent of conver-
sion is not affected.
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TaBLE 10.4 CV Lipase-Catalyzed Synthesis from a Variety of
Different Alcohols and Decanoic Acid

Incubation  Recovered

Alcohol Product time (days)  Yield (%)
0}
CH,CH,OH CH,CH,0-C-C4H. 1 93
(0]
CH,(CH,),CH,0H CH,4(CH,)(CH,0-C-C,H 4 1 92
O
CH,(CH,),,CH,0OH  CH5(CH,),CH,0-C-C4H,q 1 93
/\/\/Y
OH O-ﬁ-CQH19 5 45
% &8
OH 0O-C-CH,, 5 0

2 Batch-type syntheses using 10 mL of sectioned microemulsion-based gel in 30 mL
of n-heptane containing 0.10 mol each of acid and alcohol. [CV lipase] = 250 ug mL!
of gel. Incubation temperature, 25°C.

Source: Reference 153

X. THE FUTURE

Reaction kinetics has been studied in micelles and microemul-
sions for the last 20-30 years and we might ask what has
been achieved in terms of applications. Some of these are
indicated in the review by Reinsborough,*? but generally these
systems have not to date been exploited as effectively as they
should have been by industry. Metal extraction by aqueous
micelles and in microemulsions has not been used to a signif-
icant extent; industry has preferred to use tried and tested
methods that are often based on work carried out 50 years
ago. The same is true of reactions in enzyme systems. The
authors are not aware of significant take-up of new
approaches in reversed enzyme synthesis (except for lipase
catalysis in polymer synthesis), despite the large amount of
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data that is now available. This is not good news; let us hope
there will be a more profitable interaction between industry
and academia in the future.
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