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Foreword

ThE ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

M. Joan Comstock
Series Editor
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Preface

ALTHOUGH THE RHEOLOGY OF SURFACTANT SOLUTIONS has been
the focus of industrial and academic research for much of this century,
only during the past decade has a quantitative understanding of the
underlying phenomena begun to emerge. This understanding of the
causes of flow behavior and the development of reliable models takes us
beyond empirical characterization of individual samples and provides the
ability to predict the behavior of whole classes of systems. In addition,
the rheological behavior of these solutions provides a tool for gaining
insight into the dynamic behavior of surfactants and the various self-
assembling structures that they can form. Although further advances in
our understanding of the rheology of surfactant solutions will continue,
we have reached a point at which predictive tools can be successfully
applied to the solution of many relevant problems.

Many papers have been published on this topic, and a number of
excellent review articles have appeared in journals and as chapters in
more general books on surfactants. To date, however, there has not been
a comprehensive volume that deals exclusively with the subject. This
book assembles for the first time a collection of papers on the rheology of
surfactant solutions that range from discussions of theoretical models to a
review of some of the practical industrial applications of these systems.
Topics covered include the rheology of solutions containing novel surfac-
tants, mixed surfactant systems, and solutions containing polymers and/or
other additives. The modeling of viscoelastic surfactant phases in both
the linear and nonlinear regimes is reported. The underlying structures
responsible for the rheology are covered in many of the chapters, and
include discussions of cryo-transmission electron microscopy, small-angle
neutron scattering, small-angle X-ray scattering, light scattering, time-
resolved fluorescence quenching, NMR spectroscopy, rheo-optical tech-
niques, and optical probe diffusion as methods for studying the link
between structure and rheology. The effect of shear fields on solution
structure and phase behavior is also considered.

The multidisciplinary nature of the field is reflected in the range of
backgrounds represented by the authors of this book. For example, solu-
tions of cylindrical surfactant micelles provide an opportunity for the
study of “living polymer” systems. Other surfactant systems form liquid-
crystalline phases and “self-assemble” in ways that often mimic biological
membranes. The wealth of phenomena and the analogies with other
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fields of condensed matter physics, physical chemistry, and biophysics
makes the research reported here of interest to physicists, pharmaceutical
scientists, chemical engineers, polymer scientists, mechanical engineers,
and chemists. Almost one-fourth of the chapters include industrial
authors representing the surfactant, pharmaceutical, petroleum, personal
care, and chemical industries. Contributing authors represent the United
States, France, Germany, United Kingdom, Japan, Netherlands, Israel,
Spain, and Australia.

The book is arranged in five sections. The first section (Chapters
1-4) as well as the first chapter of each subsequent section (Chapters 5,
18, 23, and 25) provides sufficient review material to serve as an introduc-
tion to the topic for people just entering the field. At the same time,
these chapters and the remainder of the book contain enough new
material to provide a comprehensive update of the international research
in progress in this important area of colloid and surface science.
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Chapter 1
Viscoelastic Surfactant Solutions

H. Hoffmann

Physical Chemistry, University of Bayreuth, 95440 Bayreuth, Germany

A review is given on rheological data of viscoelastic surfactant solu-
tions. The viscoelastic properties in the discussed systems are due to
entangled threadlike micelles. In such solutions that have this
microstructure the zero shear viscosities depend strongly on conditions
like the charge density of the micelles, the salt and cosurfactant
concentration, and the chainlength of the surfactant. For a 1% solution
the viscosity can vary between one and 106 mPas. Over extended con-
centration ranges the viscosities show simple power law behaviour
(M° = (c/c*)* with x = 1.5 - 8.5). The largest values for x are observed
for systems with charged unshielded micelles and the smallest values
for shielded or neutral systems which are close to the L;/L,-phase
boundary. The various exponents are explained on the basis of differ-
ent scission mechanisms as proposed by M. Cates. Many viscoelastic
surfactant solutions show simple Maxwell behaviour.

In various areas of detergency, in particular in cosmetics, it is of importance to con-
trol the flow behaviour and the viscoelastic properties of fluids (/). Furthermore it is
often necessary to prevent particles or oil droplets that have been dispersed in the
aqueous phase from sedimenting or from creaming. All these objectives can be
achieved with surfactants, which organize themselves into supramolecular structures.
Such systems have viscoelastic properties. They are optically transparent, look alike
and they contain only a few percent of surfactants or sometimes other additives. The
networks which can exist in these solutions can, however, have a different origin and
morphology. In this symposium we are mainly concerned with networks from long
cylindrical micelles. These micelles have been described as worm-, thread- or rodlike
in the literature. These terms were chosen in order to express that the micelles have
some intrinsic flexibility and that the micelles cannot be visualized as being stiff if
their contour length is longer than their persistence length. The persistence length de-
pends, however, on many different parameters like charge density of the micelles, ex-
cess salt concentration, chainlength of the surfactant and so on and can vary a lot.
Values for the persistence length have been determined which range from 1004 to a
few 1000A. So, to describe cylindrical micelles as stiff or flexible depends very much
on the conditions and one's own liking. In this article the terms worm-, thread- or
rodlike will be used interchangeably. Viscoelastic systems from entangled rodlike mi-
celles can be made from practically every surfactant. They can be prepared from

0097—6156/94/0578—0002$09.80/0
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1. HOFFMANN  Viscoelastic Surfactant Solutions 3

ionic surfactants in combination with strongly binding counter-ions by mixing cat-
ionic and anionic surfactants or by mixing surfactants with cosurfactants. The con-
trolling parameter for the sphere rod transition is the packing parameter for a surfac-
tant. In the article the rheological properties of some of these systems will be de-
scribed. As will be seen, their rheological behavior depends very much on the condi-
tions and can vary from system to system even though all of them are in the entangled
region. Nevertheless, it will be possible to draw some general conclusions. At the end
of the article a viscoelastic system will be discussed with a completely different be-
havior. It has a yield value while all the systems that are formed from entangled
cylindrical micelles have a finite structural relaxation time and a well defined zero-
shear viscosity.

Surfactant solutions with globular micelles always have a low viscosity. The
theoretical basis for the viscosity n of solutions with globular particles is Einstein's
law according to which the viscosity is linearly increasing with the volume fraction®
of the particles.

n=n,(1+2.50) 1)

This volume fraction is an effective volume fraction and takes into account hy-
dration of the molecules. In extreme situations like for nonionic surfactants or block-
copolymers the effective volume fraction can be two to three times larger than the
real volume fraction. But even under such situations the viscosity of a 10% solution is
only about twice as high as the viscosity of the solvent. This is still true if nonspheri-
cal aggregates are present as long as they do not overlap which means as long as their
largest dimension is shorter than the mean distance between the aggregates.

On the other hand many surfactant solutions can be very viscous at low concen-
trations of about 1%. From this result alone, i.e. that a dilute surfactant solution is
much more viscous than the aqueous solvent, one can already conclude that the sur-
factant molecules in this solution must have organized themselves into some kind of a
supramolecular three-dimensional network.

The viscosity of such a system depends very much on parameters like the salin-
ity, the temperature and the cosurfactant concentration (2). When any one of these
parameters is increased one often observes a maximum in the viscosity. In deter-
gency, the parameter salinity is usually used to adjust the viscosity for a particular
application. At the maximum the viscosity of the solution can be many orders of
magnitude higher than the viscosity of the aqueous solvent. Solutions that are that
viscous have usually also elastic properties because the zero shear viscosityn® is the
result of a transient network, which can be characterized by a shear modulus G° and a
structural relaxation time

Tlo =G-1 2

In a single phase micellar solution the network is normally composed of cylin-
drical micelles and the shear modulus is determined by the number density of the en-
tanglement points

G°=v-kT 3)

The networks of entangled cylindrical micelles can be made visible by cryo-
electron microscopy. Beautiful micrographs of such networks have been published by
Talmon et al. (4). While such pictures show us clearly the shape of the micelles and
even their persistence lengths, they do not reveal their dynamic behavior. The viscos-
ity is however always the result of structure and dynamic behavior, in this particular
case of the structural relaxation time. This time constant depends strongly on many
parameters and can vary many orders of magnitude for the same surfactant when, for
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4 STRUCTURE AND FLOW IN SURFACTANT SOLUTIONS

instance, the counterion concentration is changed (5). This is demonstrated in a plot
of the viscosity of cetylpyridiniumchloride (CPyCl) against the concentration of sodi-
umsalicylate (NaSal) in Figure 1. With increasing NaSal the viscosity passes over a
maximum, then through a minimum and finally over a second maximum. Results like
this have been obtained on many systems by various groups. The data clearly express
that the viscosities of micellar solutions can behave in a seemingly complicated way.
The complicated pattern is the result of different existing mechanisms for the relaxa-
tion of stress.

It is thus not possible to predict the viscosity for an entanglement network of cy-
lindrical micelles. The viscosity of a 1% solution can be anywhere between the sol-
vent viscosity and 106 times the solvent viscosity.

A schematic sketch of an entanglement network is shown in Figure 2. It is gen-
erally assumed that the effective network points which are responsible for the elastic
behavior are due to entanglements (6). This might, however, not always be the case in
all systems. The network points could also have their origin in adhesive contacts be-
tween the micelles or in a transient branching point which could be a many armed
disklike micelle (7,8). Some experimental evidence for both possibilities have been
observed recently. The entangled thread- or wormlike micelles have a typical persis-
tence length which can range from a few hundred to a few thousand A, and they may
or may not be fused together at the entanglement points.

The cylindrical micelles have an equilibrium conformation in the networks. The
micelles constantly undergo translational diffusion processes, and they also break and
reform. If the network is deformed or the equilibrium conditions are suddenly
changed, it will take some time to reach equilibrium again. If the network is deformed
by a shear stress p) in a shorter time than it can reach equilibrium, it behaves like
any solid material with a Hookean constant G°, which is called the shear modulus and
we obtain the simple relation

Py =G’y )

(y: deformation). If on the other hand the network is deformed slowly it behaves like a
viscous fluid with a zero-shear viscosity n° and the shear stress is given by

Pa=1°-y ®)

where 7 is the shear rate.

A mechanical model for a viscoelastic fluid consists of an elastic spring with the
Hookean constant G° and a dashpot with the viscosity n° (Maxwell-Model). If this
combination is abruptly extended the resulting stress relaxes exponentially with a
time constant which is given by 15 =n1°/G°.

The zero-shear viscosity is thus a parameter that depends on both the structure of
the system, because G° is determined by the entanglement points (G° =vkT), and the
dynamic behavior of the system through 1. Both quantities are usually determined by
oscillating rheological measurements (9). From the differential equations for the
vjscgelastic fluid, the equations for the storage G' and the loss modulus G" can be de-
rived.

- 2,2
G'=%-cosa=c°~l°’ L (©6)

Y +0°T

i_Pa1 s _ o, OT
G'= 5 -sind =G Tra?s? @)
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Figure 1. Double log plot of the zero shear viscosity n° for three CPyCl
concentrations against the NaSal concentration.

Figure 2. A schematic drawing of an entanglement network from long
cylindrical micelles. Note the different length scales: k is the meshsize and 1
the mean distance between knots.
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6 STRUCTURE AND FLOW IN SURFACTANT SOLUTIONS

3 'GIZ +G' 2

In*= @®
®
lim |n*(m )j = lim n(7)=G° -1 ©)
@—0 70
Here ﬁz is the amplitude of the shear stress,{ the amplitude of the deformation,
0 the phase“angle between the sinusoidal shear stress and the deformation and |n*| is

the magnitude of the complex viscosity.

Many rheological results of viscoelastic surfactant solutions can be represented
over a large frequency range with a single structural relaxation time and a single shear
modulus G° as is demonstrated in Figure 3a. Fluids with such a simple rheological
behavior are called Maxwell fluids (10). However there are other situations in which
the rheograms are very different. This 1s shown in Figure 3b. In this situation there is
no frequency independent modulus and the results cannot be fitted with one G° and
one T, In such situations the shear stress after a rapid deformation can usually be fit-
ted with a stretched exponential function (/7).

P21=P21 R (10)

We note from Figure 3b that G’* is increasing again witho. This increase can be
related to a Rouse mode of the cylindrical micelles. On the basis of a recent theoreti-
cal model, the minimum of G’* can be related to the ratio of the entanglement length
l and the contour lengths Iy of the cylindrical micelles in the semidilute region (12).

G _l (11)
Gmin L
Different Viscoelastic Solutions

All solutions with entangled threadlike aggregates are generally more viscous than the
solvent. In this article the increase of the viscosity with the surfactant concentration is
of general interest. To put this problem into a wider perspective it is interesting to
look at the behavior of other non surfactant systems. Entangled rodlike micelles are
complicated objects to deal with. They break and reform and the length of the aggre-
gate and hence their molecular weight is certainly going to change with the total con-
centration of the surfactant. However in the entangled region there is no easy method
from which we can determine the mean length of the rods. It would be ideal if we
would have a method from which the number density of end caps could be deter-
mined. It is absolutely certain that the size distribution of the rods is going to effect
the time constants for the disentanglement processes. It is thus a good basis for the
evaluation of the data on the surfactants to compare their rheological data with the
rheological results on other systems. Of interest in this context are systems which are
used as thickeners in formulations, like water soluble polymers and polyelectrolytes.
Such molecules do not change their molecular weight with concentration and they
might thus serve as a reference for our surfactant results. In Figure 4 zero-shear vis-
cosities of hydroxyethyl cellulose (HEC) and sodium-poly-styrene sulfonate (Na-
pSS) and two surfactants are shown in a double log plot. For all systems we observe
in this representation straight lines for the viscosities. The viscosities follow a power
law behavior of the type n oc (%/c*)* where x has different values for the different
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Figure 3a. Rheological data for a solution of 100 mM CPyCl and 60 mM
NaSal. The solution behaves like a Maxwell fluid with a single modulus G°
and a single structural relaxation time.
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Figure 3b. Oscillating rheogram for a solution of 100 mM tetradecyl-,
dimethyl-amineoxide (C14DMAO) and sodium dodecylsulfate (SDS) 8:2 +
55 mM hexanol (C4OH). Note the difference to the rheogram in Figure 3a.
There is no plateau value for G' and G" does not pass over a maximum as it
does for a Maxwell fluid. G' rises after the crossover with G" with a constant
slope of about 0.25 for two decades in frequency.
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8 STRUCTURE AND FLOW IN SURFACTANT SOLUTIONS

systems. The slope for the poly-electrolyte is very small even though they are charged
and have about the same molecular weight as the hydroxyethyl cellulose. We find that
for small concentrations (c < 0.5%) the viscosity of the polyelectrolyte is higher than
for the uncharged polymer. The exponents for the surfactants are somewhere in be-
tween the exponents for the polymers and the polyelectrolyte. We also note that the
viscosities of the surfactant and HEC-solutions rise rather abruptly at a characteristic
concentration c*. This concentration c*marks the cross-over concentration from the
dilute to the semidilute solution. For HEC we have nonoverlapping coils for ¢ < c¢*
while for ¢ > c* the coils do overlap and form an entangled network.

Ionic Surfactants

Most single chain ionic surfactants form globular micelles in aqueous solutions. This
is the result of the large repulsive interaction of the charged headgroups (/3). As a
consequence of this mutual repulsion an ionic surfactant occupies a large area at an
interface whether this is a micellar interface or a bulk interface. Solutions with such
surfactants have, therefore, low viscosities. Rodlike micelles in such surfactant solu-
tions are formed when the charge density in the micellar interface is shielded. This
can be accomplished by adding excess salt. In such conditions high salt concentra-
tions are usually required for the sphere rod transition to occur (/4). However, when
salts are used with a counterion that can bind strongly to the ionic surfactant on the
micellar interface, then only little salt is needed for the formation of rodlike micelles.
Such counterions are usually somewhat hydrophobic and they act as small surfactant
molecules or cosurfactants. Typical representatives are substituted benzoates, or ben-
zensulfonates or trihaloacetates (15). Micelles of such surfactants are weakly charged
because of the strong binding. In many combinations the micelles have a dissociation
degree of less than 10 percent while ionic surfactants with hydrophilic counterions
have usually a dissociation degree of 30 percent and more.

Such surfactants do form rodlike micelles at low surfactant concentration of less
than 1% of surfactant. While the charge density on the micellar interface is low in
these systems the intermicellar interaction in these systems is still large enough for
the system to show a prominent scattering peak in scattering experiments (/6). Rod-
like micelles are also formed with surfactants that have two chains and hydrophilic
counterions. For such combinations the correct spontaneous curvature at the micellar
interface is determined by the large required area of the two chains. All these surfac-
tant solutions become rather viscous and viscoelastic with increasing concentration.
Some results of such systems are plotted in Figure 5. We note the remarkable result
that all systems show a concentration region in which the slope of the viscosity
against the concentration in the double log plot is the same and about 8, which is very
high by any comparison. We also note that the viscosities rise rather abruptly from the
viscosity of the solvent and within a small transition concentration follow the scaling
law n oc (¢/*)*. The exponent for all shown systems is the same even though the
chemistry of the systems is very different. We have a double chain surfactant (/7), a
perfluorochain surfactant (/8), two single chain surfactants (/5) and one system that
E:}m)sists of a zwitterionic surfactant which was charged by adding an ionic surfactant

9).

Obviously the detailed chemistry of the systems is of no importance. The com-
mon feature of all the systems is that they form rodlike micelles and the rods are
charged. Obviously the power law exponent must therefore be controlled by the elec-
trostatic interaction of the systems. The slope of the systems with 8.5+ 0.5 is much
larger than the slope of 4.5 £ 0.5 which is expected for a large polymer molecule,
which does not change its size with concentration. Qualitatively we can, therefore,
understand the data by assuming that the rodlike micelles continue to grow for ¢ > c*.
Indeed, it was shown by MacKintosh et al. that charged rodlike micelles beyond their
overlap concentration should show an accelerated growth (20). The details for this
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Figure 5. Double log plot of the zero shear viscosity against the concentration
for several surfactant systems which are charged: mixture of lecithin,
C14DMAO and SDS (Lec/C;4DMAO/SDS); tetraethyl-ammonium perfluoro-
octanesulfonate (CgF;7SO3NEt,), cetyl-, trimethyl-ammonium salicylate
(C16TMASal); equimolar mixture of cetyl-pyridinium chloride and sodium
salicylate (C¢PyCl+NaSal), hexadecyl-, octyl-, dimethyl-ammonium brom-
ide (C14CgDMABI). ) o
Note that all the systems show the same power law exponent in a limited
concentration region above c*.
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situation, where the viscosities are controlled by the behavior of charged micelles, are
given in a contribution from Leguex and Candau in this volume (2J).

Charged Systems with Excess Salt

The results in Figure 6 for CPyCl + NaSal show that the high power law exponent is
sometimes even observed in the presence of excess salt if the total concentration of
surfactant and salt is low enough. When CPyCl is combined with NaSal in a stoi-
chiometric ratio the rodlike entangled micelles are formed from CPySal, and excess
NaCl is in the bulk solution. The high slope for the viscosity on this system is only
observed in the relatively low concentration region between 3 and 10 mM. For higher
total concentrations the viscosity decreases and finally increases again. Historically,
this observation proved to be of special importance for the theoretical understanding
of the processes in entangled rodlike systems and was the starting point for more
studies (3). It could be imagined that the maximum and the minimum of the viscosi-
ties could be the result of a change in the micellar structure in the system. Detailed
rheological oscillating measurements on this system revealed, however, that for con-
centrations that are above the first maximum the frequency dependent rheological
data are determined by a single shear modulus and a single relaxation time, and the
zero-shear viscosity is simply the product of these two parameters (equation 2). Fur-
thermore, it was found that the shear modulus increases smoothly with concentration
in the different concentration regions and follows the same scaling behavior. It turned
out that the seemingly complicated dependence of the viscosity on the concentration -
a behavior which is not found for polymer systems - is a result of a complicated be-
havior of the structural relaxation time. The relaxation time - concentration curves
also show breaks in the slope at the same concentration as the viscosity. From the two
observations it was concluded that the mechanism for the structural relaxation time
can be controlled by different processes. It was assumed that in the concentration
range with the high slope the relaxation time is as for polymers entanglement con-
trolled, while after the first break it is kinetically controlled. It was also obvious from
the data that there are even different mechanisms in the kinetically controlled region.
It was then when the term kinetically controlled viscosities was coined (3, 22). This
term was meant to illustrate a situation that occurs when the entangled network, upon
deformation by shear, can relax faster to an undeformed state by breaking and
reformation processes than by reptation processes as in polymers. That this was in-
deed the case could be proven by temperature jump measurements which showed that
the micellar systems relax with about the same time constant when the system is
forced out of equilibrium by either a change of temperature or deformation (23).
Somewhat later M. Cates introduced the term living polymers to describe the situation
in which the structural relaxation time is completely or partly controlled by kinetic
processes (24). In retrospect it is also worth noting that in the first temperature jump
experiments it was found that the structural relaxation time and the chemical relaxa-
tion time were practically identical. This is not necessarily the case as it was later
shown by J. Candau (25). It is possible that the structural time constant is affected by
the kinetics but not identical to the kinetic time constant. The resulting relaxation
process depends very much on the conditions of the system, which will be expressed
in the different power law exponent for the viscosity.

The different relaxation mechanisms for different concentration regions are also
very obvious in experimental results in which the surfactant concentration for CPyCl
is kept constant and the NaSal concentration is varied (Figure 1). With increasing
NaSal concentration one observes for the zero-shear viscosity first a maximum which
is followed by a minimum and then a second maximum. Again, detailed oscillating
measurements showed that the structural relaxation time follows the viscosity, and the
shear modulus, which is a measure of the density of the entanglement points, is the
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same in the different regions. The different viscosities are thus a result of a different
dynamic behavior and not of the structure. These conclusions which were made on
the basis of rheological measurements were recently confirmed by cryo-TEM meas-
urements on such systems. Beautiful micrographs of the entangled threadlike micelles
were obtained for all four concentration regions and it turned out that no difference in
the appearance of the micellar structure could be detected (4). It is actually very re-
markable that no large differences are noticeable on first view on the micrographs. At
least the persistence length of the micelles in the different concentration regions
should be somewhat different. For NaSal concentrations before the first viscosity
maximum the micelles are obviously highly charged because the Sal/CPy ratio is less
than one, while at the minimum of the viscosity the micelles are completely neutral,
and at the second maximum they carry a negative charge. The persistence length
should have a contribution from the charge density. The reverse of charge of the mi-
celles with increasing NaSal can be proven by mobility measurements of emulsion
droplets which are made from the surfactant solutions.

The power law behavior in the three regions is very different as is demonstrated
in a plot of the viscosity against the concentration for the situations in which the vis-
cosity is at the first and second maximum and at the minimum. The result show the
three exponents 8, 1.3 and 2.5 (Figure 6). The exponent 1.3 is extremely low even for
a surfactant system. No theoretical explanation is available at present for this low ex-
ponent even though it has been observed for several different systems, which vary
completely in chemistry and conditions. The low exponent, therefore, again seems to
represent a general behavior of a situation that is controlled by fundamental physics.
Similar situations are encountered with zwitterionic and nonionic systems and a
qualitative explanation will be given when the different mechanism for the relaxation
behavior is discussed.

Zwitterionic Systems

Viscosities for several alkyldimethylamineoxides are given in Figure 7. The data
again show power law behavior over extended concentration regions (7). Some of the
results show breaks in the double log plots of the viscosity concentration curves. This
is an indication that even uncharged systems can undergo a switch of the relaxation
mechanism when the concentration is varied. At the lowest concentration region in
which a power law behavior is observed, the slope is the highest and close to the slope
that is observed for polymers. This might however be pure coincidence because we
should expect to observe a higher slope with surfactants than for polymers iftg is en-
tanglement controlled because it is likely that the rodlike micelles become larger with
increasing concentration. It is thus likely that even under the conditions where the
slope is in the range of the polymers, the dynamics of the system are already
influenced by kinetic processes.

For higher concentrations we observe a lower exponent. Obviously for these
conditions a new mechanism comes into play that is more efficient in reducing the
stress than the mechanism that is operating in the low concentration region. This
mechanism might actually still occur but it is now too slow to compete with the new
mechanism. A mechanism that comes in with increasing concentration can only be-
come determining when it is faster than the previous one. It is for this reason that the
slope of the n°-c plots can only decrease but never increase. The moduli, which have
been determined by oscillating measurements, are given in Figure 8. Again they in-
crease with the same exponent in the different concentration regions. Figure 7 shows
that the absolute value of n° for C;sDMAO and ODMAO differ by an order of
magnitude even though the slope is the same in the high concentration region. This is
the result of the fact that in a kinetically controlled region the breaking of micells de-
pends very much on the chainlength of the surfactant.
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Figure 6. Double log plot of the zero shear viscosity n° against the
concentration of CPyCl for solutions that are at the first maximum (o), the
second maximum (V) and at the minimum (o). For comparison see Figure 1.
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1. HOFFMANN Viscoelastic Surfactant Solutions 13

Alkyldimethylamineoxides and Cosurfactants

Cosurfactants can be looked at as surfactants with an extremely small headgroup.
When they are added to normal surfactants and incorporated into micelles, the aver-
age area per headgroup of surfactant and cosurfactant is lower than an area that is
occupied by the surfactant on its own. It is for this reason that one usually observes a
sphere to rod transition when cosurfactants like n-alcohols with more than five carbon
atoms are added to micellar solutions with spherical micelles. If rodlike micelles are
already present in the micellar solution, the rods will become larger (26). As a conse-
quence of this, the viscosity of the solutions will increase with the cosurfactant con-
centration. Such a situation is shown in Figure 9 where the viscosity of 100 mM
C14DMAO is plotted against the cosurfactant concentration of several cosurfactants.
The viscosities are increasing first and then pass over a maximum. The situation is
thus similar as in Figure 1 where NaSal was added to CPyCl. The reason for the
maximum is the same as in Figure 1. It is likely that the threadlike micelles for
c> c,Rax are still increasing in size with the cosurfactant concentration but the system
switches from one mechanism on the left side of then-maximum to a faster mecha-
nism on the right side to reduce stress in the entangled threadlike system. The reason
for the switch has probably to do with the rods becoming more flexible and deform-
able with increasing cosurfactant/surfactant ratio.

The different mechanisms, indeed, become obvious in double log plots of the
viscosity against the surfactant concentration as shown in Figure 10 for mixtures of
C14DMAO and decanol. The cosurfactant decanol has such a small solubility in water
that we can safely assume that all of the added decanol is present in the mixed mi-
celles and the ratio of cosurfactant /surfactant in the micelles remains constant. The
plot shows that the viscosities of mixtures which are on the left of the maximum in-
crease with the same slope while the mixture with the highest cosurfactant/surfactant
ratio has the lowest slope. Higher mixtures could not be prepared because then the
systems are no longer in the single phase region. It turns out now that the slope for the
systems with highest cosurfactant/surfactant ratio is the same as for the CPySal sys-
tem at the viscosity minimum in Figure 1. Even though the viscosities for the CPySal
system are higher for the same concentration both systems seem to be controlled by
the same mechanism. Actually there are more rheological data on other systems in the
literature for which such power law exponents have been observed (27, 28). A sum-
mary of several systems for which the slope is the same is given in Figure 11. We
note the chemistry of these systems is very different, their absolute values are differ-
ent, yet the slope is the same. We determined the structural relaxation time from elec-
tric birefringence measurements and calculated a shear modulus. The results are given
in Figure 12. They show that the modulus for a given surfactant concentration is very
similar as for other systems. It furthermore scales with the same exponent. The low
exponent for the viscosity comes about by the structural relaxation times becoming
shorter with increasing concentration T « (c/c*)™!. The solution to the low viscosity
exponent lies, thus, in finding an explanation for the exponent -1 for the structural re-
laxation time.

Influence of Charge Density on Surfactant Systems

The data in Figure 5 contained one system that was composed of a zwitterionic sur-
factant, which was mixed with an ionic surfactant. For such systems it is of interest to
vary the charge density on the rodlike micelles and observe the influence of this
variation on the viscosity. Such data for the ODMAO is given in Figure 13. We note
that the sign of the charge plays a role in the amineoxide system. We observe a
maximum in the viscosity with increasing charge density. The maximum is, however,
much higher for the negatively charged system. We also observe that with SDS as an
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ionic surfactant the maximum occurs at a mole fraction of around 25% while with the
cationic surfactant the maximum occurs already at about 5%. This system has been
studied in detail and it was concluded that the maximum was caused by adhesion
contacts between the rods (7). These adhesion contacts could slow down reptation
processes. With an increase of the charge density, the adhesion contacts finally break
and, therefore, the viscosity could become much lower. However, it is noteworthy to
mention that even with higher charge densities, the system is still in the semidilute
region.

The fact that the alkyldimethylamineoxide micelles can be charged more with
anionic than with cationic surfactants before the viscosity decreases strongly has to do
with the synergism between the amineoxides and the anionics. Mixtures of these two
surfactants are more surface active than the two components by themselves. It can be
argued that the synergism is a result from the cationic group of the zwitterionic head
being closer to the hydrophobic chain than the negative charge. The system therefore
has some cationic character. In combinations of uncharged surfactants that do not
have this polarity, the dissymmetry of the sensitivity to charged surfactants disappears
(29). This is demonstrated on results of mixtures of alkyldimethylphosphineoxides
with SDS and CPyCl in Figure 14. For both combinations the maximum appears at
the same mole fraction of charge and the maximum has about the same height. The
growth of micellar rods can generally be achieved by the addition of cosurfactants to
surfactant solutions (see Figure 9). This is also possible in mixtures of zwitterionic
and ionic surfactants as is demonstrated in Figure 15 where the viscosities of mixtures
of C;4,DMAO and C4TMABr are plotted against the added hexanol concentration
(26). When the mole fraction of the cationic surfactant X is larger than 0.1 we ob-
serve viscosities which continously increase up to the phase boundary. The viscosity
at the phase boundary is, however, the smaller the higher the charge density is. For
the mixtures with the highest charge density the viscosity does not increase at all, and
no rodlike micelles seem to be formed in these mixtures. In the presence of excess salt
the viscosity is found to increase again as has been shown by several groups on solu-
tions of C;4,TMABr with different salinities (30).

The results in Figure 13 demonstrate that the sign of the charge in mixed ionic
nonionic surfactant systems is of importance for the absolute value of the viscosity.
Actually, the viscosities are even different for mixed systems with the same sign of
the charge but where the headgroup that carries the charge is different (37). This is
shown in Figure 16 where viscosity data of mixed alkyldimethylamineoxides with
different positively charged headgroups are shown. In one system the positive charge
was introduced by the surfactant C;,TMABr while in the other system it was intro-
duced by adding HCI which transforms the amineoxide to the ammonium salt. Both
cationic systems are thus very similar. They have the same chainlength and in the
headgroup one CHj-group is replaced by a OH-group. The two surfactant solutions
differ already by a factor of 10. With increasing decanol concentrations the viscosities
pass over a maximum and then decrease again. At the maximum then-values are
three orders of magnitude different. Surprisingly, for decanol concentrations above
the maximum the viscosities are the same. It is unclear why the two systems have
such a different behavior even though they are so similar in their chemical composi-
tion. It is conceivable that the differences are related to the distribution of the posi-
tions of the charges on the cylindrical micelles. At least two different microscopic
distributions are possible. The charges could be randomly distributed or they could be
concentrated at the end caps of the rods where a strong curvature would favour their
location. In principle the distribution of the C;4TMABr in the micelles can be deter-
mined from SANS contrast variation measurements. Such measurements have been
carried out for mixtures of SDS with C;4,DMAO (32). Within experimental error ran-
dom distribution in the mixed surfactants was observed. Since these mixtures behave
in many ways very similar to the mixtures of C;4DMAO/HC], it is likely that the last
mentioned system also has a random distribution while the mixed C;,TMABTr system
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would then have a nonrandom distribution. A nonrandom charge distribution would
result in a different intermicellar interaction than for the random distribution.

The different intermicellar interaction energy between the rods in the two sys-
tems is reflected in the results of electric birefringence measurements. The system
with C14TMABr shows a single relaxation process, the time constant of which in-
creases continuously with the hexanol concentration. This time constant is identical
with the structural relaxation time which determines the zero-shear viscosity. This is
evident in the plot of the time constant againstn® in Figure 17. The system with HCI
on the other hand shows four distinct relaxation processes with increasing hexanol
concentration (3/).

The disappearance of the difference for high decanol concentrations obviously
means that the intermicellar interaction for the two systems now becomes the same. If
this difference is, indeed, associated with non random charge distribution between the
end caps and the cylindrical part of the micelle, the transition in the n°-c curve could
indicate the formation of a real crosslinked network in which end caps no longer ex-
1st.

Viscosities and other Parameters

The results in the previous sections show that the scaling exponent for the viscosities
can vary between 1.3 and 8 and depends on specific conditions of the system. The
question, therefore, arises whether it is possible to predict the correct exponent from
other experimental results. In order to be able to compare the rheological results with
some other results, we show here some results of other techniques on the discussed
systems. In Figure 18 light scattering data of some of the investigated systems are
shown. The scattering data for CPySal at the composition of the minimum of the vis-
cosities are compared with those of C;4,DMAO with different molar ratios of decanol.
For all systems we observe in the overlap regions a linear decrease of log Rg with
log(c). The slope of these curves is determined by the scaling theory of polymers. For
good solvents we should expect a value of -0.3, while for8-solvents we should ob-

serve a value of -1 (33). One of the observed slopes is close to -1 while the CPySal
system has a slope of -0.4. We thus find no strict correlation between the exponents of
the scattering data with the exponents of the viscosity data. The light scattering data
with a different mixing ratio of C{4DMAO and C;oOH have, however, different
scaling exponents in the semidilute region. The difftrent scaling exponents for the
viscosities of those systems are, thus, reflected in the scaling exponents of the scatter-
ing data. The scattering data reflect the structure and we may ask whether the differ-
ences of the systems are also reflected in the translational diffusion coefficients in the
semidilute region. Some data are given in Figure 19. With the exeption of CPySal in-
deed we observe the largest slope in the semidilute region for the systems that have
the lowest exponent for the viscosities. The dynamic light scattering data are, thus,
consistent with the static scattering data. We find that the semidilute
C14DMAO/decane surfactant systems behave under these conditions like polymers in

0-solvents. Similar results as those described were found by Kato et. al. for the non-
ionic systems C;,E5 and C1E; (34) and (35). It should be noted that as was observed
by Kato for Cj¢E; the maximum of the scattering intensity and the minimum of the
collective diffusion constant does not occur at the overlap concentration c*which di-

vides the dilute from the semidilute range and from which the viscosity begins to in-
creases but at a higher characteristic concentration c** at which the scaling exponent
changes from a value of 3.5 to a value of 1.3. It is interesting to note in this connec-
tion that Kato et. al. determined also self diffusion constants for the surfactants in
their systems. For ¢ < c** they observed results which were similar to the results that
have been found by other groups and other systems. For giant cylindrical micelles one
usually observes a strong decrease of Dg with concentration (3.2). Usually the data can
be fitted with power laws with an exponent of 1.5. For ¢ > ¢** Kato observed, how-
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Figure 16. Semilog plot of n° against the concentration of the cosurfactant
C10OH for 200 mM solutions of C;;DMAO which were charged by adding
40 mM HCI or by replacing 40 mM of C;4,DMAO by C;;TMABTr.
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Figure 17. Double log plot of the rotational time constantt,,; as measured by
the electric birefringence method against 1°. (Reproducelc‘ip with permission
from ref. 26. Copyright 1993 Academic Press, Inc.)
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ever, a change in the general behavior and observed an increase of Dg with the surfac-
tant concentration. The relevance of this behavior for the micellar structures and the
structural relaxation time will be discussed in the section on theoretical models.
Interesting data on the various diffusion processes in CPySal systems and the
underlying laws have also been published by Nemoto (36).

The existence of rodlike micelles is determined by the packing parameter of sur-
factants in a micellar aggregate. This parameter is reflected in the value of the inter-
facial tension of a micellar solution against a hydrocarbon (37). High interfacial ten-
sions (6 > 0.2 mN/m) mean strongly curved interfaces and low interfacial tensions
mean bilayer type structures (¢ < 0.1 mN/m). Interfacial tension results of some of
the systems for which viscosity data were discussed are given in Figure 20. The result
for the CPyCl + NaSal system shows that the minimum of the viscosity coincides
with the minimum of the interfacial tension. We also find a continuous decrease of
the interfacial tension in the alkyldimethylamineoxide system with the decanol con-
centration. The smallest slope in the exponent corresponds with the lowest value in
the interfacial tension for which single phase solutions could be prepared. It thus
seems clear that the interfacial tensions can be related to the exponents of the viscos-
ity. Systems with a low exponent are close to the phase boundary L;/L, while high
exponents are found for systems that are far from this phase bounJary. At present
there is no good quantitative theory available to interrelate interfacial tensions with
scaling exponents of viscosities. The presented data suggest, however, that such a
relation exists. Obviously when the systems approach the phase boundary the systems
can undergo fluctuation between rod and disklike micelles. It is then conceivable that
entanglement networks are transformed to networks with branching points which
consist of disklike micelles.

Viscoelastic Systems with a Yield Value

The different viscoelastic solutions that have been described so far have one feature in
common: They all have a finite structural relaxation time. This means that a network
that is deformed by stress will always relax within a finite time to an undeformed
state. This means that the solutions have a well defined zero-shear viscosity and that
for very small shear rates or oscillating frequencies the viscosity reaches a constant
value. Particles or bubbles that are dispersed in the solution will therefore always
sediment or rise and after a day or so we will see again a clear solution that is free of
bubbles or dispersed particles. On this criteria the situation can be quite different for
another type of viscoelastic solution that will be described now. It can also look per-
fectly clear and may have about the same elasticity as the normal viscoelastic solution
(38). When we handle containers with the two fluids we might actually not notice a
difference. However, when small bubbles are dispersed in this solution they will not
rise to the top, not in a day, not in a month, and not in a year (Figure 21). In
oscillating measurements we find that the storage modulus is independent of
frequency and is always larger than the loss modulus (Figure 22).

If we slowly increase the shear stress in a stress controlled rheometer we find that
the solution in the cell does not begin to flow until we reach the yield stress value
(Figure 23). For small shear stress values the new system behaves like a real
crosslinked network, while the previous viscoelastic solution behaved like a tempo-
rary network. Obviously the microstructures which exist in both cases must be very
different. The shear modulus in the two types of networks has also a different origin.
In the normal viscoelastic network the modulus is given by entropic forces, while in
the real network it is determined by electrostatic interactions. This is demonstrated in
Figlire 24 where the shear modulus is plotted against the square root of the added salt
concentration for two viscoelastic systems. In the first situation it is independent of
salinity while in the second situation the modulus breaks down with the salinity. The
difference in the behavior is also obvious in strain sweep measurements. While the
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Figure 20. Comparison of the zero shear viscosityn® for the system CPyCl +
NaSal with the interfacial tension measured against decane.
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Figure 21. Samples of a viscoelastic solution of 100 mM C,4,DMAO and
C14TMABr with a mixing ratio of 9:1 and 200 mM hexanol with various
amounts of KCl. Note that the solutions with the trapped bubbles have a yield
value. (Reproduced with permission from ref. 44. Copyright 1994 VCH Ver-
lagsgesellschaft mbH.)
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entropy elastic solutions can be stretched by 100% before the modulus decreases, the
energy elastic solutions can only be deformed by about 10% before the modulus de-
creases. Above this strain the system begins to flow. The yield value is therefore ap-
proximately one tenth of the value of the shear modulus.

The energy elastic system had a composition of 90 mM tetradecyldimethylamine
oxide, 10 mM tetradecyltrimethylammoniumbromide and 200 mM hexanol in water.
As mentioned it looks perfectly transparent and is a single phase. However, the sys-
tem is not in the L;-phase. The surfactant solution without the hexanol is a normal
micellar solution of globular micelles. With increasing cosurfactant concentration the
globules grow into cylindrical micelles and the solution becomes viscous. At about a
concentration of 100 mM hexanol the solution becomes turbid and a two phase sys-
tem. At a somewhat higher hexanol concentration the system is clear again and a sin-
gle phase. At this state the surfactants are assembled in single and multilamellar ves-
icles as is shown in a freeze fracture diagram in Figure 25. The electron-micrograph
shows that at the concentration of the sample the vesicles are more or less densely
packed. Because of their charge, the bilayers furthermore repel each other and the
vesicles can not pass each other in shear flow without being deformed. It is for this
reason that the system has a yield value. When necessary, the charges on the vesicles
can also be reversed by replacing the cationic surfactant by an anionic system (39).

Theoretical Models

All studied surfactant solutions follow the same qualitative behavior. The viscosity
begins to rise abruptly at a specific concentration which is characteristic for the sur-
factant and which is the lower the longer is the chainlength of the surfactant. This
specific concentration c* can be associated with the transition from the dilute to the
semidilute regime. For ¢ < c¢* we have isolated nonoverlapping cylindrical micelles
while for ¢ > ¢* the micelles do overlap and a network is formed. In principle this
network can be an entanglement network like it is assumed in polymer solutions, or it
can be a connected network in which the micelles are fused together or are held to-
gether by adhesive contracts. All types of network have been proposed and it is
conceivable that all three different types can indeed exist (40). In the theoretical
treatment of such networks it is usually assumed that the cylindrical micelles are
"wormlike", i. e. their contour length 1, is larger than their persistence length L, and
the micelles are, therefore, considered l%’lexible. While this can be the case for some
systems - some micelles in this investigation might actually belong to this category -,
it is certainly not the situation for the binary surfactant systems of this investigation.
This can be unambigously concluded from several experimental results. The OD-
MAO and the HDMAO have very low cross-over concentrations. If we would have a
similar situation as for polymers, we would expect to find for ¢ < c*coiled micelles in

the dilute state. This is, however, not the case. By electric birefringence measurements
and by dynamic light scattering measurements we find rodlike micelles that have
around c* the same length as the mean distance between the micelles. This shows that
the cylindrical micelles for ODMAO are fairly stiff and have persistence lengths of
several 1000 A. In this context it should also be mentioned that the electronmicrog-
raphs which have been obtained from viscoelastic surfactants show cylindrical mi-
celles with 1, oc 1000 A. Experimentally we find that the rodlike micelles are rather
stiff, and at the same time we find that the viscosity is increasing abruptly when
¢ > c*. For stiff rods this should not be the case even when we allow a further growth
of the rods for ¢ > ¢*. For many systems with rodlike particles it has been shown that
the rotational time constant for the rods is very little effected at c* and the solutions
do not become viscoelastic for ¢ > c*. We have to assume therefore that other interac-
tions than just hard core interactions between the rods must exist and become effec-
tive when ¢ > c* and must be responsible for the formation of the network. It is con-
ceivable that the rods form adhesive bonds when they form contacts or that they ac-
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Figure 24. Comparison of the behavior of the shear modulus in two
viscoelastic systems against salinity. The modulus in the systems with
entangled rodlike micelles is insensitive to salt concentration while in the
system with charged bilayers the modulus breaks down with increasing salt
concentration. (Reproduced with permission from ref. 44. Copyright 1994
VCH Verlagsgesellschaft mbH.)

Figure 25. Electronmicrograph that was obtained with the freeze fracture
method. The bar represents 1 pm.
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tually form a connected network from fused rods as has been proposed by M. Cates
(41). In such situations different types of networks have to be differentiated, namely
saturated and interpenetrating networks. In the first case the mean distance between
the knots or entanglement points is equivalent to the meshsize. In the second case the
distance between knots can be much larger than the mean meshsize between neigh-
bouring rods.

The viscosities for ¢ > c* rise abruptly and can be represented by a power law
behavior of 1 oc (¢/c*)* with x > 3.5. The power law exponent for the shear modulus
is about 2.3. The behavior in this concentration region is the same as the one that has
been treated in detail by M. Cates et al. (42). For this situation the structural relaxa-
tion times which are measured in this range are affected both by reptation and by
bond breaking processes and can be given by g = (T,7)l/2. M. Cates treats three
different kinetic mechanisms, a scission mechanism in which rods break and two new
end caps are formed. In the reverse recombination step the two rods have to collide
end on in order to fuse into a new rod. In the second mechanism end caps collide with
arod and in a three armed transition state form a new rod and a new end cap. In the
third mechanism, which Cates calls a bond intercharge mechanism, two rods can col-
lide and can form, through an intermediate four armed transition state, two new rods.
It is obvious that all three mechanisms can lead to a release of strain. At first glance it
seems difficult to decide which of the mechanisms is the more effective one even
though the microscopic situation is quite different in the solution. Mechanism three,
for instance, does not assume the presence of end caps in the solution. For this
mechanism we could then have a fused connected network. Even for such an assump-
tion different possibilities exist. It is conceivable that the network points are locally
fixed and the points cannot slide or, as has been assumed recently, that they can slide
(40). The three different mechanisms lead to somewhat different power laws for the
kinetic time constant on the concentration. But for all of the mechanisms the result is
T, oc (¢/c*)* with x between 1 and 2. Mechanism 3 is probably less likely in systems
where c¢* is low and the rods are rather stiff. This would make it difficult to the linear
regions to diffuse and to collide. For this argument it is, therefore, likely that mecha-
nism 2 or 3 is effective in the more concentrated region I of the pure alkyldimethy-
lamineoxide solutions (Figure 7).

For both the ODMAO and C;4DMAO we note that the slope in the double log
plot changes suddenly at a particular concentration which we call c**. For both linear
regions we find the same scaling law for the shear modulus while the power exponent
for the relaxation times changes from one to zero. Since we find that the modulus in-
creases with the same law on the concentration, it can be concluded that the structure
of the viscoelastic solution is the same in both concentration region. The change in the
slope must then be caused by a new mechanism that becomes effective for ¢ > ¢**.
The independence of the structural relaxation time on the concentration makes it
likely that dynamics in region II (Figure 7) is controlled by a pure kinetically con-
trolled mechanism and that a reptation process after a break of the coils or a contact
between rods is no longer possible. This situation has not yet been treated theoreti-
cally. M. Cates mentions, however, that there might be situations where the reptation
loses on importance. It is conceivable that we found experimental evidence for such a
situation. The more effective mechanism in region II with respect to region I could be
the bond interchange mechanism. It could also be that reptation effects in region II are
still present and that the independence of T on the concentration is a result of a com-
pensation of the change of the entanglement time constant and the kinetic time con-
stant. Such a possibility seems, however, fortuitous and is, therefore, unlikely. In any
case, the data clearly show that a new mechanism becomes effective in region II for
the release of strain which is even more effective than the one which operates in re-
gion L. :

For the mixtures of C14,DMAO with C;oOH and the CPySal system at the point
of zero charge we find the extremely low power law exponent of 1.3 (Figure 11) for
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the viscosities and an exponent of -1 for the structural relaxation times (Figure 12).
The exponent of about 1.3 has also been observed by J. Candau et al. (28) on another
system. A detailed explanation has, however, not yet been given. In the following an
explanation will be presented for the first time for this low exponent. For the systems
for which we find this low exponent, we assume that the cylindrical micelles are in-
deed very flexible and the expression "wormlike" is, therefore, a very good descrip-
tion of the situation. In such a situation the persistence length would be much shorter
than the contourlength between two neighbouring entanglement points.

Furthermore, the persistence length should be independent of the concentration.
The diffusion of the rods can, therefore, be described by a constant diffusion coeffi-
cient. In order that two arms can collide they have to diffuse a distance x. In order for
two neighbouring rods to undergo a bond exchange process they have to diffuse at
least the average distance x between two arms. The time constant tp for the diffu-
sion should thus be oc x2/D. Since the meshsize x decreases with the square root of the
concentration we finally obtain

1
T, € — 12
s Do (12)

This single mechanism explains the experimental data very well. We conclude,
therefore, that for situations wheren oc (¢/c*)1-3 the viscosity is controlled by a diffu-
sion controlled bond interchange mechanism. The absolute values of the viscosities
and the time constants for such situations might still vary from system to system be-
cause the persistence length of the systems should depend on the particular conditions
of the systems. With decreasing chainlength the persistence length should decrease
and D increase. For such situations we would expect to find the lowest activation en-
ergies for the viscosity. A somewhat different but still similar explanation for the
1 oc @-1 dependence could be based on the assumption that the threadlike micelles are
connected or fused together at crosslinks. These crosslinks points could be visualized
as disklike micelles from which the threadlike micelles extend. In other words, the
transient intermediate species, which are assumed in the various bond intercharge
mechanisms, are now assumed to be stable. In the extreme situation all endcaps could
be connected, and no free end caps are present in the system. The resulting network
could be in the saturated or unsaturated condition. We can then assume that the
crosslink point can slide along the threadlike micelles. The sliding along the contour
length can be described as a one-dimensional diffusion process with a concentration
independent diffusion coefficient. A knot can be dissolved if two network points meet
on their random walk. We can further assume that the structural relaxation time
would be determined by this random walk process. For a saturated network the mean
distance between the knots would depend with 1 oc ®-1/2 on the volume fraction, and
the time constant for the diffusion process across this distance should thus be like in
equation 12.

We note that this model leads to the same concentration dependence as the pre-
viously described diffusion controlled bond intercharge model. Both models, thus,
seem to be consistant with the experimental data for whichn oc (®/®*)1:3. For both
models reptation processes are no longer necessary for the release of strain. The two
models can probably be differentiated on the basis of results of self diffusion coeffi-
cients for the surfactant molecules. For a connected network a surfactant molecule
would be in a similar situation as in a L3-phase. For such phases it has been shown
that the self diffusion coefficient of a surfactant molecule becomes independent of the
surfactant concentration (43). For the connected threadlike micelles we would thus
expect to find similar behavior. The measurements of Kato et. al. show, however, that
the self diffusion of surfactants becomes faster with concentration as does the struc-
tural relaxation time. These results indicate that the networks under the6-condition
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are not connected and the structural relaxation time is indeed given by a diffusion
limited bond interchange mechanism.

Conclusions

Rheological data are reviewed for aqueous viscoelastic surfactant solutions with en-
tangled threadlike micelles. The viscosity of these solutions can be represented by
power laws of the form m o (¢/c*)* in which the power exponent varies between
x = 8.5 to 1.3 for different systems. The exponent does not seem to vary continuously
but seems to have distinct values. Values that have been observed are 8.5, 4.5, 3.5, 2.3
and 1.3. For many systems the viscoelastic fluids follow simple Maxwell behavior,
and the zero-shear viscosities are a product of a single shear modulus and a single
structural relaxation time (n° = G°t5). For the different systems the shear modulus
always follows the same scaling law G° oc (€/c*)2-3. The distinct values of the power
law for the viscosity are, thus, the result of distinct and different mechanisms for the
decay of the structural relaxation times.

The exponent 8.5 is observed for charged micelles when the charge is not
shielded by excess salt. The high exponent is probably due to growth of the rodlike
micelles in the entanglement region above c* and a pure reptation mechanism for the
structural relaxation time. For the lower exponents the structural relaxation time
seems to be controlled by a combination of reptation and disentanglement processes
as has been proposed by M. Cates. An explanation is given for the very low exponent
of 1.3. It is postulated that for systems with this mechanism the structural relaxation
time is determined purely by kinetic processes, which are diffusion controlled, and
the mechanism is called diffusion controlled bond interchange mechanism. It is as-
sumed that the cylindrical micelles loose their identity at each collision. The structural
relaxation time for this case becomes shorter with concentration according to
1¢ o (c/c*)"1. The systems which follow this mechanism are close to the L/L-phase
boundary. Data for the alkyldimethylamineoxides show that even uncharged systems
can undergo a change in the relaxation mechanism with increasing concentration. A
switch in the relaxation mechanism for these systems is also observed when increas-
ing amounts of cosurfactants like n-alcohols (COH) with x > 6 are added to the
alkyldimethylamineoxides. Cosurfactants increase the size of the micelles but the vis-
cosity passes over a maximum with the cosurfactant concentration.
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Chapter 2
Theoretical Modeling of Viscoelastic Phases

M. E. Cates

Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, England

Viscoelastic surfactant phases usually contain long, semiflexible mi-
cellar aggregates; these behave as reversibly breakable polymers. A
“reptation-reaction” model, which couples the diffusive disentangle-
ment of the micelles to the kinetic equations describing their reversible
breakdown, explains many recent experimental observations. Work on
the linear viscoelastic spectrum is reviewed, with an emphasis on ex-
tracting quantitative structural and kinetic data from rheological exper-
iments. This can be done by analysing small departures from Maxwell
behavior in the spectrum. A rheological theory of nonlinear response in
steady shear is also described. The microscopic constitutive equation
displays a flow instability, which leads to a plateau in the shear stress
under increasing shear rate, and large normal stresses.

Wormlike micelles

In many aqueous surfactant solutions, very long, semiflexible micellar aggre-
gates are formed (1-4). Typical systems involve ionic surfactants in the pres-
ence of added salt, though some nonionic surfactants show similar phases. The
overlap threshold of the micelles can be very low (a few percent by volume); at
higher concentrations the resulting phase is viscoelastic, and strongly resem-
bles a semidilute polymer solution. For example, the osmotic pressure II and
high-frequency shear modulus (plateau modulus) G,, each vary with volume
fraction ¢ approximately as $225. These scaling laws are as predicted by poly-
mer theory (5). However, the micellar “polymers” are intrinsically polydisperse

0097-6156/94/0578—0032$08.00/0
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(the chain size distribution is in equilibrium) and break and recombine on ex-
perimental time scales. These factors distinguish entangled micellar solutions

from conventional polymeric materials.

The chain-length distribution for semidilute self-assembling polymers, such
as micelles, can be calculated in a mean-field (Flory-Huggins) approach (6).
Let the number per unit volume of chains containing L subunits be ¢(L). We
choose units so that the volume fraction is

6= Lec(L)~ *Leo(L)dL 1)
Sren= |

The packing energy of a chain can be written as AL+ E, where the term linear
in L comes from the body of the chain and the constant term E is that required
to create two chain ends (or hemispherical end-caps in the case of micelles).
This is typically 5 — 25kT. Taking units where kT = 1 (this is done from
now on unless otherwise stated) we have, in the Flory-Huggins approach, the

Helmbholtz free energy

[o ¢]
F =Y c(L)Inc(L) + E + AL] + Fy(¢) (2

L=1
Here the clnc terms are contributions to the translational entropy and Fy
represents a mean-field interaction term which is assumed to depend only on

the total volume fraction.

Minimizing F with respect to c(L) at fixed ¢ yields the equilibrium distri-
bution
(L) ~ e EeL/L 3

where the mean chain length (or aggregation number) is
E = ¢1/26E/2 (4)

Thus we have a broad distribution of chain lengths with a mean that increases
slowly with ¢, and rapidly with E. These results are independent of the form
of the mean-field interaction term Fy(¢). They can be somewhat modified by
polyelectrolyte effects, and also by excluded volume correlations (beyond mean
field theory) which we do not discuss here (7,8). 1t is very difficult to measure
L directly in experiment; for ordinary polymers one would dilute the system
and use light scattering, but this is not appropriate for micelles where L varies

under dilution.
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The main differences between wormlike micelles and conventional polymers
lie in the reversibility of the aggregation process. In many systems, reversible
breakdown and fusion occur on time-scales comparable to, or more rapid than,
those associated with chain diffusion. Hence the dynamics (such as viscoelas-
ticity) are strongly sensitive to the micellar kinetics. Three different model
schemes for the kinetics of micellar fusion and breakdown have been analysed
(9-11), as follows:

(i) Reversible scission: a chain breaks randomly anywhere along its length.
The reverse reaction is end-to-end fusion.

(ii) End interchange: the end of one chain attacks the central part of
another. The reverse reaction is the same process.

(iii) Bond interchange: two chains swap a central bond via a four-armed

intermediate. The reverse reaction is the same process.
The kinetics can be probed experimentally by the Temperature Jump
method (12). In equilibrium we have for the size distribution (rewriting Eq.(3))
¢ 1T
c(L) = 12¢ L/L

where L ~ ¢E/2kT is the mean micelle length. (Since we must consider changes
in temperature, we suspend temporarily our convention that kT =1.) If T is
suddenly changed (e.g. by a capacitor discharge), L is altered and ¢(L) must
relax to the new distribution. The relaxation is probed by light scattering
which measures some functional f[c(L)] of the size distibution.

Expanding perturbatively for a small jump gives the initial perturbation
Ac(L,t =0) ~ (L — L)e~L/L (5)

To calculate the time evolution, we can substitute this into suitable (mean-
field) kinetic equations describing the mechanisms (i-iii) above. For example
in reversible scission one finds

o0 o0
é(L) = —ky Le(L) + 2k /L (L) dL' + %/Q / e(L)e(L — L')dL’
0

(o o]
—ko /0 c(L)ydr’

The first term represents scission of chains of length L; the second, scission of
chains of length L’ > L (to give a chain of length L); the third (nonlinear) term
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is the combination of two smaller chains to make one of length L, and the fourth
term is loss of chains of length L by combination with another chain. The rate
constants must obey kj/ky = e~ E/FT which is fixed by demanding that the
steady state solution corresponds to thermodynamic equilibrium. Linearizing
the kinetic equation and solving with the appropriate initial condition gives
(10)

Ac(L,t) = Ac(L, 0) exp [~2t/Tbreak]
where Tpqeqr = 1/k1L is the waiting time for a break to occur on a chain of the
mean length. The T-jump perturbation relaxes monoexponentially because it is
an eigenfunction of the kinetic equation (10). This behavior has been observed
unambiguously in experiment (18) for chains near the overlap threshold (the
signal becomes very small in the true semidilute regime).

End-interchange and bond-interchange have similar kinetic equations. Re-
markably, in both cases, T-jump corresponds to a zero mode, and the pertur-
bation Ac(L,0) does not decay in time (11). The presence of a zero mode
is linked in each case to the fact that the reaction scheme preserves the total
number of chains in the system. However, it is unclear why the T-jump exper-
iment should coincide exactly with the relevant mode. All other perturbations
to the size distribution relax with a longest decay time of order 7yeqk; this
we generically define as the lifetime of a chain of length L before undergoing
a reaction. The virtual absence of T-jump decay on a time scale of seconds
has been observed in the system CTAC/NaSal/NaCl (14 ), even though in that
system Ty.eqk is known to be less than 1 second. (This information comes from
analysis of the viscoelastic spectrum — see below.) This is consistent with an
end-interchange reaction mechanism which was proposed for that system (14).

Linear Viscoelastic Spectra

The most spectacular property of entangled micellar solutions is their vis-
coelasticity. The relaxation time for stress response to an applied shear is
highly variable, but typically about 1 second. Of interest is the function u(t),
the fraction of shear stress remaining at time ¢ after a small step strain is made.
This relaxation function, together with the plateau modulus Go, determines
uniquely all the remaining linear viscoelastic functions (15).
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For unbreakable polymers, the relaxation function u(t) can be predicted
using the reptation model, which applies for chains large compared to the
entanglement molecular weight, Le. In this model, each chain is viewed as
trapped in a tube, representing entanglements with its neighbours (5,15). The
chain can diffuse only along its own length (reptate); it does so with a curvi-
linear diffusion constant D, ~ 1/L. (This dependence reflects the fact that
the drag on a moving chain increases linearly with its length.) The final es-
cape from the tube is characterised by a time 7r¢p which varies roughly as
L2/D. ~ ¢%L3. (The exponent for ¢ is slightly model-dependent.) If a step
strain is applied at time zero, the chain creeps out of its original tube gradu-
ally into a new environment, creating new tube as it goes. The new tube is in
equilibrium in the strained environment, and therefore carries no stress. In the
reptation model, therefore, u(t) is given by the fraction of the original (t = 0)
tube through which neither end of the chain has passed before time t.

This can be calculated by casting the problem as a one-dimensional stochas-
tic process (see Doi and Edwards (15)). In this process, we imagine a polymer
represented as a straight line segment. At time ¢ = 0, a particle (representing
a tube segment) is released at a random position on the line, and starts to dif-
fuse (Fig.1a). It is killed when it reaches either end of the line (the end points
are absorbing boundaries). The resulting stress relaxation function pf(t) for
unbreakable polymers of length L is (fairly) close to single exponential. This,
along with many other predictions of the reptation model, has been confirmed
in experiments on conventional polymers (15). Within the reptation picture it
is straightforward to include polydispersity; for an exponential distribution of
chain lengths, the result is the weight average:

() = 671y (L) Lpg(t) = expl—(t/7rep) /] 6

where from now on 7rep denotes Trep(L). (More sophisiticated treatments of
polydispersity yield qualitatively similar results.) This broad relaxation spec-
trum seems to be approached in some micellar systems, such as CPyCl/NaSal
with low amounts of added salt (16,17).

Eq.(6) assumes that the micellar kinetics are so slow as to not influence the
reptation process itself, in which case polydispersity is the sole effect of self-
assembly. In practice, there is a (much larger) class of micellar systems which
show experimentally, instead of (6), behavior approaching a simple Maxwell
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1(a): Reptation model represented as a stochastic process. (b): Motion of a

chain end representing chain scission. (c): Motion representing recombina-

tion of a chain.
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fluid (16,17,18),
u(t) ~ et/ (M

This can be explained by a model in which the reptation process is coupled
to the kinetics of micellar breakdown. Chains move by reptation but are also
subject to intermittent changes in length, brought about by micellar reactions.
The coupled reptation-reaction model can again be cast as a one-dimensional
stochastic process. The diffusing particle, representing a tube segment, is
launched at time zero on a chain whose length is chosen from the equilibrium
distribution; it performs a random walk with the appropriate (curvilinear) dif-
fusion constant. The absorbing boundaries at the chain ends now have their
own stochastic dynamics; portions of chain are removed or added (Figs.1(b),
1(c)) with probabilities that are determined from the kinetic equations for the
reaction scheme selected. This gives an algorithm from which p(t) can be effi-
ciently computed (9,11). The dynamic modulus of the material G*(w) obeys

C*(w)/Go = iw [0 * p(t)eitds (®)

where G, ~ kT'¢/L. is the plateau modulus.

For negligibly slow micellar kinetics (Tpreqk > Trep), the result (6) is recov-
ered, whereas in the opposite limit of rapid reactions, near-Maxwell behavior,
(7), is indeed found. In this limit the Maxwell time 7 is given by

72 (trepThreat)'/”

for reversible scission and end interchange, and
T 736/1:73 Tl:r/e3ak

for bond interchange (9,11). In each case, 7 obeys the inequalities Tyqeqr, <
T < Trep. The limiting form of a single exponential stress decay can be ex-
plained in terms of the fact that the time T for stress relaxation remains much
greater than the breaking time 7p.cqr. On a time scale of a few Typeqk, any
given tube segment loses all memory of its initial position relative to the ends
of the chain which occupies it. For later times, all tube segments are equiv-
alent, and relax with an equal rate. The resulting relaxation is thus nearly
monoexponential, but with departures at short times (¢ < Tpreqk)-

Within the model, a quantitative analysis of these short time, high fre-
quency departures may be made. They are most visible when the complex
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elastic modulus G*(w) is plotted in the Cole-Cole representation: that is, the
imaginary part of G* (the loss modulus, G”) against the real part of G* (the
storage modulus, G’) (15). By comparing the departures seen experimentally
with those calculated in the model, an estimate of Ty.eqr can be deduced from
the viscoelastic spectrum. This has been done for a CTAB/KBr system some-
what above the entanglement threshold (11,19); the result of myreqx =~ 0.1s is
very close to that determined independently by T-jump measurements (13).
This is strong evidence that the model is correct for the system studied. It
shows that the kinetics in this system are of the reversible scission type; as
discussed earlier, end-interchange and bond-interchange do not contribute to
relaxation of the signal in T-jump. Note that, even for reversible scission, this
signal becomes weak in the strongly entangled regime. Hence our viscoelastic
method for determining the breaking time has several advantages.

Another interesting estimate can be extracted from the viscoelastic spec-
trum: that of the mean micellar length. The procedure here is more compli-
cated but again involves analysing the shape of the Cole-Cole plot. In many
experiments one finds a turn-up in the plot at the right hand edge (corre-
sponding to very high frequencies). At these frequencies, the chain motion
is dominated by fluctuations of short sections of chain within the tube; the
resulting contributions to the storage and loss moduli are increasing functions
of frequency. The turn-up can be handled theoretically if we take into account
the internal relaxation modes of the chain (Rouse or Zimm modes); at high
enough frequencies (w > Tl;(l_mk) the physics is the same as for unbreakable
chains.

By incorporating these modes within a Poisson renewal model for reversibly
breakable chains, Granek (20) has shown that the ratio of the minimum of
G"(w) (at the turn-up point) to its maximum (at the top of the main semicircle)
is of order Le/L, where Le is the length of a section of micelle between entan-
glements. The latter can separately be estimated from the elastic modulus (see
above). The resulting estimates for the mean micellar length L are typically
in the micron range for CTAB/KBr, CTAC/NaSal/NaCl, and CPyCl/NaSal
systems (14), but for the most extreme cases (e.g., 15 mM CPyCl + 12.5 mM
NaSal (16)) estimates for the mean contour length of more than 0.1 mm are
obtained. The approach is subject to error from unspecified order unity fac-
tors, but no other method is currently available for estimating micellar contour
lengths in the entangled regime. As with the breaking time, careful analysis of
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the linear viscoelastic properties of entangled micelles allow subtle structural
and dynamic parameters of these systems to be quantified. For more details
on the extraction of length estimates from the Cole-Cole plot, the reader is
referred to the paper by Candau et al. in this volume.

In fact, analysis using this method shows that an interesting anomaly in
the volume fraction dependence of the mean micellar length L arises in certain
systems. Theory predicts an increasing trend (Eq.(4)), and this is often indeed
seen, for example in the system CTAC /NaSal with a fixed molar ratio in 0.1
M NaCl solution (14). The mean micellar length is in the micron range and
increases with concentration of surfactant, as predicted. However, for the same
system in 0.25 M NaCl solution, a decreasing trend for L is extracted from the
fits (20). A possible explanation is that the added salt, as well as inhibiting
end-caps (which is expected, since it effectively reduces the head-group size
of the surfactant) also promotes formation of labile cross-links between the
micelles (for the same reason).

A statistical analysis of the role of crosslinks in micellar systems is given
by Drye and Cates (21). These authors distinguished between “saturated” and
“unsaturated” networks: in the saturated case, virtually all contacts between
chains are converted into links and no entanglements, as such, remain. For an
unsaturated network, in contrast, there are many entanglements still present.
This should be the first state of the system reached on adding a crosslink
promoter (such as salt); the saturated state is likely only close to a phase
boundary involving coexistence with excess solvent.

The impact of reversible crosslinks on the reptation-reaction model has
been examined by Lequeux (22). His analysis is restricted to the unsaturated
case, in which a section of chain between crosslinks can still be considered as
confined to a tube. Relaxation again requires the section of chain to break,
at a point near enough to a given tube segment that the new end can pass
through it before reacting with something else. Lequeux showed that the main
effect of cross-linking was through the curvilinear diffusion constant D, for a
chain end. Remarkably, this is enhanced, rather than reduced, by the presence
of reversible links:

e~ /L, ©

where L; < L is the mean strand length between crosslinks. The enhancement
can be understood in terms of “kinks” or stored length defects. In a linear
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chain, a kink must travel from one end of the chain to another before a small
diffusive displacement of the chain is established. In a network, it has to travel
only a distance of order that to the nearest junction. The remainder of the
network acts as a stored-length “reservoir” and absorbs the kink.

To incorporate Lequeux’s result, we need only make the replacement L —
L, in our previous discussion. (In fact the same applies in the nonlinear vis-
coelastic theory discussed below.) When crosslinks dominate in the determi-
nation of D,, the viscoelastic spectrum provides a sensitive measure of the
cross-link density (just as it provides a sensitive measure of the end cap den-
sity, or equivalently L, when end-caps dominate). The strand length is likely
to be a decreasing function of ¢ at fixed salt, which would help explain the
anomalous data on CTAC at high salinity mentioned above. Lequeux (22)
also considers the case when both chain ends and crosslinks are present, and
provides an interpolation formula for this intermediate regime.

Nonlinear Viscoelasticity

The strongest challenge to a molecular theory of viscoelasticity lies in the
prediction of nonlinear behavior; for entangled micelles this can be spectacular
in both transient and steady flows (16,17,29). Various studies of transient
effects have been made, but only recently have detailed results for the steady-
shear response of an entangled micellar solution become available (17). We
focus mainly on steady shear in what follows.

We seek a constitutive equation relating the stress tensor S at time ¢ to
the strain history of the sample at earlier times:

S(t) = fIK(¥ <))

where K = Vu is the velocity gradient (or rate of deformation) tensor. The
deformation of a vector r due to deformation between times ¢’ and t is written

r(t) = By - x(t)

where the deformation tensor between times # and ¢ obeys

Bve=ew [ t K(¢")at|
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A constitutive scheme for reversibly breakable chains was proposed in
Ref.(24), and has recently been studied numerically (25). We assume that
the deformation, which may be large on the scale of a chain, is not so large as
to cause mechanical rupture of the micelles. This is likely to be a good model,
since for order unity deformations (in the nonlinear range) the chain tension
remains of order kT'/Le. The system is overdamped, so elastic energy asso-
ciated with large length-scale deformations cannot be converted into scission
energy. Only when the elastic energy stored locally (within a diameter or two
of an incipient breakage) exceeds the thermal energy is any change in scission
rates expected. We therefore assume reaction rates are unperturbed by flow;
this may have to be modified, however, at very high flow rates.

The (deviatoric) stress tensor for a polymeric system may be written using
standard ideas from rubber elasticity theory as (15)

15 1

where
W = (uu)

is the (tensorial) second moment of the orientational distribution function P(u)
for tube segments. This second moment determines not only the stress but the
effect of flow on the time evolution of P(u) itself, as shown below.

Consider now the birth and death of tube segments. In the linear region,
we have the survival function pu(t) = e~*/7 corresponding to a death rate for
tube segments D = 1/7. By conservation, this is balanced by a birth rate
B = 1/7. These rates are modified, however, in nonlinear flows. The main
effect is called retraction (15). If a random-walk sequence of tube segments is
subject to a finite deformation, it increases in length by a factor

L'/ = (|E-ul)o

where the subscript 0 denotes average over an isotropic distribution, Py(u) =
1/4w. This stretching effect is compensated by a fast motion (with time scale
TrepLe/L) in which the chain shrinks back down its tube to restore the original
tube length. To a first approximation, the process can be taken as instan-
taneous; for a general P(u) it causes tube segments to die at an additional
rate

v=E3t-=(|i1|)=(u~3u/at)=W:K
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where i = K - u implies the last equality. The death rate by retraction depends
on the current orientational second moment, W, which in turn depends on the
flow history. (The rate v is positive in almost all flows (15).) Treating the two
sources of death as independent, we may approximate B and D by

B=1/r

D=1/r+v(t)

These expressions represent a somewhat simplified approximation to a more
complex interpolation formula which can be obtained from a more detailed

treatment of the stochastic retraction process (24).

To get a constitutive equation, we must find the stress contribution at the
present time (t) due to a segment created earlier, at time t’. Such a segment
was created isotropically (with probability distribution Py(u)) but has been
deformed by the flow. Its new length is |Ey; - u| and its unit tangent is

’ Eyt-u
u ==
|Egz - ul
The mean contribution to W from this portion of tube, if it survives, is there-
fore E, E,
A ,t . u ,t . u
Qut=(—=——"—)o
|Eyz - ul
To calculate the stress at time ¢, we need only compute W (t) as the sum

over contributions from segments born earlier:
t t .
wio = [ st |- [ D] Quiat
—00 t

where the exponential factor is the probability of survival between times ¢’ and
t. In the fast breaking limit considered here, this survival factor is the same for
all tube segments, which means that our constitutive equation for reversibly
breakable chains is in fact much simpler than the one for unbreakable polymers
(15). (The latter is often simplified using an uncontrolled “independent align-
ment” approximation (15); there is no need for such a step here.) However, use
of the single-exponential memory function means that the model is restricted

-1
to flow rates small compared to 7, .-

For steady flows, the constitutive equation can be solved using standard
numerical procedures. The model predicts a shear stress o = Sy that increases
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smoothly from zero as the shear rate 4 is increased, but then shows a maximum
in shear stress o* = 0.67G, at a certain shear rate 4; = 2.2/7. The decreasing
shear stress at 4 > 41 suggests that steady shear flow in this region is unstable.
However, the predicted decreasing behavior cannot persist to infinite shear
rates, and eventually there must be an upturn at flow rates beyond the range
for which the model applies (Fig.2). We denote the upper shear rate at which
Szy again reaches o*, as 4. Steady Couette flow in the regime ¥; < ¥ < 42
can only be supported if the system forms two or more “shear-bands”. These
are layers of high- and low-shear-rate material (of equal shear stress) which
coexist at volume fractions arranged to match the imposed macroscopic shear
rate. At the interface(s) between bands, the shear stress, and the component
of the normal stress perpendicular to the interface, are both continuous (26).

This flow instability is quite similar to one predicted (though not yet di-
rectly observed) in ordinary polymer melts and solutions, where it has been
proposed as the origin of the so-called “spurt effect” (26). In pipe flow, t1/1e
value of o in the coexisting bands is selected by the interfacial boundary condi-
tions on the normal stress. In cone and plate experiments, however, we expect
that, as the shear rate is slowly increased, the flow remains stable up to the
maximum shear stress o*, this limiting stress fixing the value in the shear-
banded region. Thus a horizontal plateau in shear stress should appear at
o = 0* = 0.67G,. Figure 3 shows the predicted shear stress compared with
recent data of Rehage and Hoffmann (17) on an aqueous solution of CPyCl /
NaSal (100mM/60mM). This well-characterized system has a reasonably good
Maxwell spectrum in linear response, indicating Threak <K Trep as required.
The relaxation time 7 = 8.5 s and the plateau modulus G, = 31.2 Pa are
independently found from linear response measurements, so there are no free
parameters in the fit (25). The agreement between theory and experiment is
clearly excellent.

The remarkable qualitative behavior predicted by theory, namely satura-
tion of the shear stress with increasing flow rate, seems to be widely observed
in entangled micellar solutions (see other papers in this volume). This extreme
shear thinning may play a role in several applications (shampoos, etc.) where
a gelatinous behavior at low shear must be combined with flow (e.g. in a
pump) at higher applied stresses. Note that on theoretical grounds, it is much
more informative to plot the shear stress (rather than the effective viscosity)
against flow rate. For a saturating stress, the conventional viscosity plot shows
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2. Qualitative form of the stress vs. strain rate curve in steady flow. The
high shear rate turn-up arises from processes not included in the constitutive
equation. Dotted line is the shear-banding plateau (see text).
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3. Log-linear plot of reduced shear stress /G, against reduced shear rate 7.
The solid curve is the prediction of the model with no adjustable parameters.

The data is from Ref.(17). Note the apparent turnup at high shear. Theory
from Ref. (25).
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a slope of —1 on logarithmic axes; but with such a representation it is hard to
see whether the shear stress is truly constant or only approximately so. Our
model predicts a true plateau for a steady state measurement in which equi-
librium is reached. Since the equilibrium involves an inhomogenous flow, this
may of course take time to develop.

We have also studied the behavior of the first normal stress difference,
Ny = Szz — Syy (25). Experimentally, this shows a roughly linear increase
with shear rate in the plateau region of shear stress. At the upper end of the
range, very large normal stresses are obtained compared to those measured for
shear rates near 4; (where Ny ~ G,). The near-linear dependence is quite
consistent with the shear banding mechanism, so long as we adopt a model of
the high shear phase (of shear rate 42) for which the value of Nj is indeed very
large compared to G,. Well within the banded region, the normal stress will
then increase linearly, in proportion to the volume fraction of the high shear

phase needed to maintain the imposed overall flow rate.

To model the high shear phase more quantitatively is difficult, and involves
extra model assumptions beyond those used above. However, for unbreakable
chains, a model has recently been proposed which does predict a form for the
shear and normal stresses in the very high shear regime (27). The model in-
volves a dumb-bell type chain which at high shear is constrained to lie in a
tube aligned along the flow. (Conventional tube models neglect any fluctua-
tions in the position of the chain about the axis of the tube, and so predict a
monotonically decreasing shear stress (28).) We have assumed that the asymp-
totic results for the modified model, in which transverse fluctuations in chain
position are accounted for, can be applied even for reversibly breakable chains
(25). With this assumption, we can calculate the high shear branches of the
shear and normal stress curves explicitly, and use the results in a fit to the
normal stress data (17) (Fig.4). The fit allows us to extract an estimate of the
interesting parameter L/Le. The experimental data at high shear is somewhat
ambiguous, but if we treat the apparent turnup in the shear stress at high shear
(Fig-3) as a real effect (signifying the onset of 49) we find that L/Le ~ 25. This
estimate is in very good agreement with that found from a Cole-Cole analysis
of the high frequency linear viscoelastic spectrum, using the method outlined

earlier.
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4. Log-log plots of shear and normal stresses, with theoretical fits. Data
from Ref.(17), theory from Ref.(25).
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Conclusion

The “reptation-reaction” model gives a good account of linear viscoelastic re-
laxation spectra in several entangled micellar systems. Good estimates of ki-
netic and structural data can be extracted from the spectra. These include
estimates of micellar breakdown rates, and micellar lengths (or strand-lengths
in systems where labile crosslinks are more numerous than chain ends). The
model also describes the nonlinear flow regime, and results have been presented
for steady shear. Using parameters from the linear spectrum, and without fur-
ther fitting, the results for the shear stress as a function of flow rate are in
quantitative agreement with experiment. Those for the normal stress give a
tentative estimate of the ratio L/L, which is consistent with that found from

the linear spectrum.

In future work we hope to address transient flows in micellar systems. This
is potentially very complex in the nonlinear regime; for example in startup,
shear-banding effects will dominate the steady response so a correct treatment
must allow for the dynamics of the formation of the bands. Moreover, certain
types of transient response observed (such as stretched exponential relaxation
on cessation of shear (17)) have no obvious interpretation within the consti-
tutive equation proposed above; this perhaps suggests that the dependence of
micellar kinetics on the strain history cannot be completely ignored.

The entangled micellar phase is, of course, not the only viscoelastic phase of
surfactant solutions. Several liquid crystalline phases are strongly viscoelastic;
however, their rheology may be controlled by nonequilibrium factors which
determine the domain texture. The study of these metastable viscoelastic
phases, particularly smectic “emulsions” (29,30), in which multilayer bilayer
vesicles arise, is a fascinating field where many advances are likely in the next

few years.
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Chapter 3

Dynamical Properties of Wormlike Micelles
Deviations from the “Classical” Picture

Frangois Lequeux and Sauveur J. Candau

Laboratoire d’Ultrasons et de Dynamique des Fluides Complexes, Unité
de Recherche Associée au Centre National de la Recherche Scientifique
Numéro 851, Université Louis Pasteur, 4 rue Blaise Pascal,
67070 Strasbourg Cedex, France

The dynamical properties of semi-dilute solutions of worm-like
micelles are classically described by a coupled reptation-reaction
model that predicts, in particular, scaling behavior to dilution of
characteristic rheological parameters. The above model is valid for
neutral micelles. However, as the non ionic surfactants do not
generally undergo large micellar growth, most experiments were
carried out up to now on highly screened micelles. Recently it was
observed experimentally that the classical model doesn’t apply to
systems with an excess of salt and this was interpreted by assuming an
intermicellar branching. Also, at low ionic strength and/or large
surfactant concentrations, intermicellar orientational correlations affect
the rheological behavior. In this paper, we give an overview of the
dynamical behavior of worm-like micelles in a large domain of the
surfactant-salt diagram, with special emphasis on the effects of
branching and of orientational correlations.

Recently, evidence has accumulated about the formation in aqueous surfactant
solutions of long flexible cylindrical micelles with a large spread in length and
properties resembling those of polymer solutions (I, 2). While the osmotic
compressibility and cooperative diffusion constant scale as power laws with the
volume fraction of surfactant ¢ in the semi-dilute regime, the dynamical properties
of these systems are more complex. This is due to the self-assembling nature of the
micelles that can be considered as equilibrium polymers undergoing reversible
breakdown process. A recent model based on the reptation theory which describes
the rheological properties of entangled polymeric chains but including the effects of
reversible scission kinetics has been derived by Cates (this book, chapter 2). This
model is meant for neutral or highly screened micelles, the dynamical properties of
charged micelles being more complex as the electrostatic interactions affect
considerably the micellar growth rate (3, 4). Indeed, the experiments performed on

0097-6156/94/0578—0051$08.00/0
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systems containing no or little salt showed unambiguously the effect of electrostatic
interactions (2, 5, 6). But, unexpectedly, the rheology of the systems containing an
excess of salt couldn’t be described by the model of linear micelles and it was
conjectured that the observed behavior was due to an intermicellar branching (6, 8,
10). The classical model doesn’t take into account either the experimental results
obtained at high surfactant concentrations, and these deviations are obviously linked
to the onset of the orientational correlations.

In this paper, we review recent experimental results concerning the effects of the
salt content and of the orientational correlations on the rheological behavior of worm-
like micelles. We also propose a quite general schematic diagram [surfactant
concentration - salt concentration] describing the different structural features of these
systems.

Effects of Surfactant and Salt Concentrations on the Structural Properties of
Micellar Solutions

Figure 1 shows a schematic diagram that gathers the experimental observations and
some conjectural predictions of these last years. The coordinate axis refer
respectively to the surfactant volume fraction ® and to the molar ratio C,/C of the
salt and the surfactant concentrations. The location of the lines delimiting the
different domains in the phase diagram depends strongly on the nature of both the
surfactant and the salt and the possibility of observing all the domains for a single
system rests in a delicate choice of the surfactant-salt couple. Two domains are of
particular interest for the rheological studies.

- The semi-dilute domain, located between the lines $*(C/C,) and &**(C/C),
characterized by a transient network-like structure.

- The Onsager domain, located above $**(C,/C) that corresponds to a regime
where the persistence length of the cylindrical micelle is larger than the mesh size of
the network, leading to strong orientational correlations.

Within these two domains, the micellar morphology varies considerably upon
increasing the salt content.

At very low salt concentration, the micelles are stiffer and smaller but as
discussed later, they grow much faster than the neutral micelles.

‘When the amount of salt is sufficient to screen out the electrostatic interactions,
the micelles are linear, their growth is described by the mean field model and the
coupled reptation/reaction theory of Cates applies (1).

In presence of an excess of salt, several sets of experimental data suggest that
intermicellar branching occurs (7), that can eventually lead at very high salt content
to the formation of a saturated network, stable only at sufficiently high surfactant
concentrations (6-10).

There are some experimental evidences of phase separation at high salt
concentration but it is not clear at the moment whether these phase separations
correspond to the formation of a saturated network or to a classical phase separation
of polymers in poor solvent conditions. The ordered phases in the upper part of the
phase diagram have been observed (11, 12). One also expects to observe in the upper
right corner of the diagram a bicontinuous cubic phase.
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Figure 1. Schematic diagram : surfactant volume fraction ¢ versus molar ratio

Cg/C of salt over surfactant concentrations

In Structure and Flow in Surfactant Solutions; Herb, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.

Cs/C

53



Downloaded by NORTH CAROLINA STATE UNIV on October 26, 2012 | http://pubs.acs.org

Publication Date: December 9, 1994 | doi: 10.1021/bk-1994-0578.ch003

54 STRUCTURE AND FLOW IN SURFACTANT SOLUTIONS

Semi-dilute Regime

Stress Relaxation Function. The main features of the theoretical models describing
both equilibrium and dynamic properties of wormlike micelles can be found in the
Cates chapter of this book (Chapter 2). Here we simply recall the theoretical results
that are needed to discuss our experiments, more specifically regarding the shape of
the stress relaxation function and the scaling laws to dilution. Figure 2 shows an
example of Cole-Cole plots calculated by Granek and Cates (13).

0.8¢ -

Figure 2. Calculated Cole-Cole plots for the scission-recombination process
including the reptation, the breathing and the Rouse regimes for different
values of the parameter { = 7,/ 7, (as denoted on the plot). {/L = 0.1.
The lines are semi-circles fitted to the top of dotted curves. (Adapted from

ref.13).

At low frequencies the behavior is Maxwellian. Above a frequency of the order
of the inverse of the breaking time 7., one observes a departure from the
Maxwellian behavior, the variation of G"(G’) being linear with a slope —1. This is
followed by the breathing regime with a sharper decay of G". Eventually there is an
upturn associated with the occurrence of the Rouse modes. The minimum of G"
delimits the low frequency range (on the left-hand side of the Cole-Cole plot) that
corresponds to modes involving the micellar length and the high frequency range (on
the right-hand side of the Cole-Cole plot) controlled by local modes.

This model was extended later on by one of us to the case of branched micelles
(10, 14). 1t was shown that the general features of the stress relaxation remain,
provided one replaces the average length L of the micelle by a new length L_ defined
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as L = —=2 _
n,+2n,

where n; is the concentration of end-caps, n, the number density of persistence
lengths, proportional to the volume fraction & of surfactant and n; the concentration
of 3-fold connections.

For linear micellesn; = 0and L, = T o« $'2,

For saturated networks n; = 0 and L.=T, x &2

where L, is the average length of the strand of the network. A determination of L,
is prov1ded by the measurements of the minimum Gy;, of G" according to the
relation (13):

Gmin = A i
G. fc
where G, is the plateau modulus, £, the entanglement length and the prefactor A is
of the order of 1.

One must remark that the above relation is valid only in the limit where some
entanglements remain. For saturated networks £, has no meaning and one doesn’t
expect to observe a plateau modulus. Also, for very small 7, (€.8. a small multiple
of the entanglement time) a large departure from Maxwell behavior is observed, due
to the increasing influence of the Rouse regime at high frequencies (cf. Figure 2). In
this regime, the value of Gy, has no particular significance and cannot be used to
evaluate L.

The analysis of the experimental data, based on a direct comparison with the
theoretical Cole-Cole plots calculated by Granek and Cates might be misleading
because it involves an adjustable parameter, namely the amplitude of the tube length
fluctuations.

The following procedure for obtaining the different parameters characteristic of
the micellar systems has been used with some success (10, 15).

First, one determines the ratio { = 7yeeud7rep Where 7., is the reptation time of
a micelle with the mean length L_ by a direct superposmon of the theoretical Cole-
Cole plots calculated by Turner and Cates (16, 17) and that disregard non-reptative
high frequency effects. To do that, we normalize the data by dividing both G’ and
G" by G’ the radius of the osculating circle of the G’ vs G" Cole-Cole plot at the
origin. Then we superimpose to the normalized experimental Cole-Cole plots the
series of calculated ones with different value of {. This procedure is illustrated in
Figure 3 relative to a solution of CTAB at a concentration of 0.35 M in presence of
1.5 MKBratT = 35°C. From this comparison one obtains the ratio { = 7y,eq/ Trcp-
Note the departure in the high frequency range, due to the non-reptative effects.

From the low frequency or low shear measurements one determines the zero
shear viscosity 7. The plateau modulus G, is obtained by extrapolation of the Cole-
Cole data to the horizontal axis. It must be noted that the shallower the minimum of
G" in the Cole-Cole plot, the higher the accuracy in the determination of G,. Then
the terminal time Ty, is determined from the relation 7, = G2, Tg. In the asymptotic
limit Tyreud/Trep <€ 1, T Sales like (yreqy 7rep) /2. This scaling was argued on physical
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grounds (1) but it is also found from simulation experiments that provide also the
prefactor of the scaling law (16, 17), thus allowing an estimate of 7., The
significance of this prefactor has been discussed in detail by Granek and Cates (13).

2.5

CTAB=0.35M, KBr=1.5M
2.0 T = 35°C
1.5

0.5

sepala ety s va sl aaiad

0.0 e
0.0 0.5 1.
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1.5 2.0 2.5

Figure 3. Experimental normalized Cole-Cole plot (open circles) for a
CTAB/Kbr solution. The dotted line represent the best fit of the calculated
Cole-Cole plots to the experimental data, using the Turner-Cates simulations
disregarding the non-reptative effects. This fit is obtained for { = Ty ea/7rep
= 0.06. Also is drawn the osculating semi-circle at the origin (Adapted from
ref. 10).

By combining the measures of Ty and {, and using the simulation results, one
obtains both 7,y and 7, Finally, the ratio Gp,;,/Ga, provides an estimate of the
ratio £./L.. The entanglement length can be estimated from the relation :

G, = kgT/§® = kgT/12?

where ¢ is the correlation length (13).
The values obtained for these different parameters by applying the above
procedure to the data of Figure 3 are listed below :

TbrealJ TR Tbreak/ Trep Mo G; TR Threak G:min/ Ga’o t<:
0.54 0.06 220 Pa.s 320Pa 0.69s 371ms  0.047 067um

Scaling Behavior to Dilution. The only well characterized scaling behavior to
dilution of the different measured parameters refer to the regime of entangled linear
micelles without electrostatic interactions.
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In that regime, the growth and the kinetics of the micelles are described by
Lo~ @7 ryeg=@L)"'~ @712

where k; is the rate constant per unit time per unit arc length.
Combining the above relationship with the classical scaling laws for polymers,
leads to :

Ny ~ P72 G;,m/G; - (I,—7/4

Such a behavior has been observed on several systems (19, 20). But some
detailed studies have revealed significant deviations from the above predictions.
These are illustrated in Figures 4 and 5 showing the surfactant concentration
dependences of respectively 7y, and Gp,;,/G,, for different systems.
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Figure 4. Variations of the zero shear viscosity of CPC103/ClO;Na solutions
as a function of CPCIO; concentration (Reproduced with permission from
ref.6. Copyright 1993 Editions de Physique).

Focusing for instance on the behavior of the zero shear viscosity, one notices that
the exponent of the power law describing 7, vs ® is smaller than 7/2 in presence of
an excess of salt. In some systems it becomes larger than 7/2 at very low ionic
strength (6). The results obtained at low ionic strength can be understood at least
qualitatively by the effect of electrostatic interactions. The main contribution of such
an effect to the free energy is the reduction of the effective end cap energy due to the
repulsion between surface charges that favors the breaking of the micelles, but to a

In Structure and Flow in Surfactant Solutions; Herb, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Downloaded by NORTH CAROLINA STATE UNIV on October 26, 2012 | http://pubs.acs.org

Publication Date: December 9, 1994 | doi: 10.1021/bk-1994-0578.ch003

58 STRUCTURE AND FLOW IN SURFACTANT SOLUTIONS

lesser degree as the concentration is increased (4). Therefore the high values of the
exponent obtained for the zero shear viscosity can be explained by an enhanced
growth rate. Quantitative comparisons are difficult as the growth rate depends on the
energy associated with surfactant packing near the cylinder end caps. The steepest
variation of the viscosity with surfactant concentration is obtained for surfactants with
an end-cap energy high enough that the micellar growth occurs without addition of
salt.

11 41

G”min/G’n

0.1

0.01 T T — T T T T
0.01 0.1 @

Figure 5. Variations of the ratio G);,/G., versus surfactant volume fraction
— Open circles : CTAB/1.5 M KBr solutions ; T = 35°C. The data are fitted
with a straight line with slope —0.88 (Adapted from ref.10)

— Filled circles : CPyCl/NaSal/0.5 M NaCl solution with
[CPyCl]/[NaSal] = 2. T = 25°C. The data are fitted with a straight line with
slope —1.44 (Adapted from ref. 19).

It must however be noted that in the absence of salt the semi-dilute domain is
very limited, if not suppressed, as the long range electrostatic interactions promote
the onset of the Onsager reduced regime at & ~ &".

In the other limit of high salt content the reduced dependence of the viscosity as
a function of the surfactant concentration was attributed to the branching of the
micelles. A model based on the coupled reptation/reaction for branched micelles was
developed by one of us (14). Again, quantitative fits are difficult in the absence of
any information on the respective proportion of end caps and branch points. In the
limit where the network is saturated, no reptation process can be invoked. It was
suggested that the flow mechanism is based on a process similar to that proposed to
describe the rheological properties of the bicontinuous L; phase (18), and that
involves a sliding of the branch points along "the cylindrical micelles" (7-9).
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Concerning the elastic modulus G., which usually is given by the density of
entanglements, it is difficult to relate this parameter to both the density of
entanglements and density of connections. At the present stage, we can just infer
from the experiments that, for a given surfactant concentration, G, decreases upon
increasing the connection density to eventually vanish as the network saturates.

Finally, the behavior of Gy,,/G;, shown in Figure 5 upon dilution is also in
accord with the theoretical expectations. For the system CPyCl/NaSal with a molar
ratio [CPyCl}/[NaSal] = 2 in presence of 0.5 M NaCl which corresponds to the
condition where the effect of electrostatic interactions is suppressed, the variation of
G;.,/Ge with surfactant volume fraction is well described by the theory of linear
micelles (19, 20).

On the other hand, for the system CTAB/KBr with an excess of salt the variation
of Gp;,/Gg With @ is less than expected from such a model (10). Again, this is well
taken into account by a volume fraction dependence of L, intermediate between $!/2
and 12, due to the coexistence of end caps and branch points.

The self-consistency of the above results can be checked by looking to the
behavior of the product L Torealc Both parameters L, and 7., can be determined by
using the procedure descnbed in the preceding paragraph This product should be
constant upon varying the surfactant concentration and equal to k7. This was indeed
observed for the systems CTAB/(1.5 M KBr) as shown in Figure 6.
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Figure 6. Variation of the product 7.y L. versus surfactant concentration for
CTAB/1.5 M KBr solutions ; T = 35°C.
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Onsager Regime

The signature of this regime is the presence of a peak in the static structure factor
(11, 12). Figure 7 shows an example of a scattering curve obtained by small angle
neutron scattering on an aqueous micellar solution of CPCl1O; (0.05 M NaClO;) with
a surfactant volume fraction equal to 0.2.
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Figure 7. Scattering function obtained by S.A.N.S. on a 20 % CPCIO,
solution (Adapted from ref. 21)

In the surfactant concentration range where a peak is observed, the variation of
the position of the peak with concentration is consistent with a $!/2 power law, thus
indicating that the cylinders are highly packed. The peak corresponds to a locally
hexagonal packing of cylinders, as inferred from an analysis involving the position
of the peak, the diameter of the micelles and the volume fraction (21). The system
remains isotropic, even though strong orientational correlations are observed in a
rather large concentration domain :

0.15 < & < 0.345 for the CPCl05/0.05 M NaClO, system.

The effect of orientational correlations appears also in the high frequency local
motions (12). The typical frequency behavior of the viscoelastic modulus is similar
to that observed in the classical semi-dilute regime but with two significant
differences :

- the elastic modulus G} (corresponding to the osculating semi-circle) decreases
upon increasing the surfactant concentration. This effect can be associated with the
orientational correlations that decrease the stress-strain susceptibility as in the case
of solutions of rod like polymers (23)
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- the high frequency modes become slower and slower as @ increases, thus
invading the low frequency relaxation, due to an increase of the range of the
orientational correlations with the surfactant concentration (cf. Figure 8).

Hence, the evolution of the Cole-Cole diagram with the surfactant concentration
clearly shows the role of the orientational correlations, the signature of which is
given by the SANS experiments.
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Figure 8. Viscoelastic behavior near the isotropic-nematic transition in the
isotropic domain for CPClO,/ClIO;Na solutions : as the surfactant
concentration increases, the radius of the osculating circle decreases and the
high frequency modes invade the low frequency half circle region. The
CPCIO; volume fractions are denoted in the plot. A phase separation occurs
at® = 34.5 %.

Conclusions

The versions of the reptation model extended to include the effect of reversible
breakage appear to offer a promising framework for understanding the linear
viscoelastic measurements on entangled linear or branched worm-like micelles. In
particular, they provide an explanation of the general features of the stress relaxation.
Other predictions, such as the scaling behavior to dilution of the different rheological
parameters determined experimentally are less confirmed experimentally. The data
suggest that salt concentration and specific counterion effects are important in
determining the dependence of average micellar size and branching degree on
surfactant concentration which complicates the interpretation of the measurements.
Furthermore, the strong orientational correlations that appear at low salt content
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and/or high surfactant concentration give rise to local collective modes, thus
perturbing the high frequency behavior of the stress relaxation.

From the dynamical experiments, the different micellar structures and

organizations encountered can be drawn in a schematic diagram of surfactant
concentration-salt concentration, but more structural studies are required to confirm
this still rather conjectural diagram.

Literature Cited

1.

2.

See for instance : Cates, M.; Candau, S.J. J. Phys. Condens. Matter, 1990, 2,
6869-6392 and references therein. See also this book chapter 2.

Hoffmann, H. this book, chapter 1. See also : Rehage, H.; Hoffmann, H.
Molecular Physics, 1991, 74, 933-973 and references therein.

Safran, S.; Pincus, P.; Cates, M.; Mackintosh, F. J. Phys. (Paris), 1990, 51,
503-509.

Mackintosh, F.; Safran, S.; Pincus, P. Europhys. Lett., 1990, 12, 697-702.
Delsanti, M.; Moussaid, A.; Munch, J.P. J. Coll. Interf. Sci., 1993, 157, 285-
290.

Candau, S.J.; Khatory, A.; Lequeux, F.; Kem, F. J. Phys. 1V, 1993, 3, 197-
209.

Porte, G.; Gomati, R.; El Haitamy, O.; Appell, J.; Marignan, J. J. Phys.
Chem., 1986, 90, 5746-5751.

Appell, J.; Porte, G.; Khatory, A.; Kern, F.; Candau, S.J. J. Phys. (France)
11, 1992 2, 1045-1052.

Khatory, A.; Kern, F.; Lequeux, F.; Appell, J.; Porte, G.; Morie, N.; Ott, A.;
Urbach, W. Langmuir, 1993, 9, 933-939.

Khatory, A.; Lequeux, F.; Kern, F.; Candau, S.J. Langmuir, 1993, 9, 1456-
1464.

. Porte, G. Private communication.

Schmitt, V.; Roux, D.; Lequeux, F. Private communication.
Granek, R.; Cates, M. J. Chem. Phys. 1992, 96, 4758-4767.

. Lequeux, F. Europhys. Lert., 1992, 19(8), 675-681.

Kern, F.; Lemarechal, P.; Candau, S.J.; Cates, M. Langmuir, 1992, 8, 437-
440.

Cates, M., Turner, M. Europhys. Lett., 1990, 11, 681-686.

Turner, M.; Cates, M. J. Phys. (Paris), 1990, 51, 307-318.

. Snabre, P.; Porte, G. Europhys. Lett., 1990, 13, 641-645.

Berret, J.F. ; Appell, J.; Porte, G. Langmuir, to be published.
Koehler, R.; Kaler, E.; this book chapter 7.

. Schmitt, V.; Lequeux, F.; Pousse, A.; Roux, D. submitted.
. Richetti, P.; Roux, D. Private communication.
. Doi, M., Edwards, S., In The Theory of Polymer Dynamics, Clarendon Press,

Oxford, 1986.

RECEIVED July 8, 1994

In Structure and Flow in Surfactant Solutions; Herb, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: December 9, 1994 | doi: 10.1021/bk-1994-0578.ch004

Downloaded by MONASH UNIV on October 26, 2012 | http://pubs.acs.org

Chapter 4

Interesting Correlations
Between the Rheological Properties
of Rod-Shaped Micelles and Dye Assemblies

H. Rehage

Institute of Environmental Chemistry, University of Essen,
Universititsstrasse 5—7, W—45141 Essen, Germany

Gel-like supermolecular structures are often observed in biological or
macromolecular systems, but they can even occur in dilute solutions of
surfactants or dyes. These molecules, under suitable conditions, assem-
ble reversibly into large aggregates of rod-like geometry. In the quies-
cent state, the dynamic properties are mainly controlled by breaking and
recombination reactions. At these experimental conditions very simple
scaling laws are observed. At finite values of the shear rate, the aniso-
metric aggregates are aligned in the direction of flow, and this process
affects all rheological properties. The present paper gives some insight
into the correlations between orientation and stress, and it describes
some interesting flow phenomena observed in both types of association
colloids.

Many surfactant and dye solutions, even at rather high concentrations, behave as simple
Newtonian liquids with viscosities only slightly above that of water. This is often ob-
served in concentration regimes where the molecules are completely dissolved or at
conditions where spherical aggregates are present. Rod-shaped particles, however,
exhibit more complicated flow phenomena. This has been known for more than 50
years, but the molecular processes underlying these phenomena have only been ex-
plored in recent time. It turns out that some solutions exhibit interesting relaxation
properties. This occurs at experimental conditions where the average lifetime of the
rod-shaped particles is small in comparison to the translation properties of the whole
aggregate. Micelles are in thermal equilibrium with single monomers. In a given time
interval a certain number of monomers are leaving the micelle by diffusion processes,
but at the same time other molecules are just entering the aggregate. In true equilib-
rium, the net exchange is equal to zero, and each micelle can be characterized by a cer-
tain aggregation number. This holds, at least, if we average over long times and many
aggregates. One should keep in mind, however, that such a micelle is a
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fluctuating, dynamic particle that can change its size and shape continuously. Micelles
are fragile, dynamic objects that are constantly formed and destroyed by the addition
and loss of surfactant monomers. They have, hence, a characteristic lifetime or break-
ing time, which depends in a very complicated way on the chain lengths, the ionic
strength, the aggregation number and other parameters. Under experimental conditions
where the average life time of the anisometric micelles is much smaller than the diffu-
sion constants of the whole aggregate (reptation), there are numerous breaking and
reformation processes within the time scale of observation. As a consequence, an ap-
plied shear stress relaxes through chemical pathways. This leads to monoexponential
stress decay when investigating a large ensemble of micelles. In recent years, these
processes were extensively investigated by M. Cates (/-3). Starting from a pure repta-
tion model, where relaxation occurs by curvilinear diffusion processes, Cates intro-
duced the concept of limited lifetimes, in order to include breakage and healing reac-
tions. It is nowadays well established that the theoretical model proposed by M. Cates
describes the basic features of viscoelastic surfactant solutions (4-/0). This holds es-
pecially in the linear viscoelastic regime. At these conditions the response at any time is
proportional to the value of the initiating signal. Doubling the stress will double the
strain (superposition principle). In practice it is found that most materials show linear
time dependent behavior even at finite deformations as long as the strain remains below
a certain limit. This threshold varies from sample to sample and is thus a property of
the 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 systems the
transition occurs already at very small shear strains of only a few thousandths. On a
molecular scale, this phenomenon is due to orientation effects and reversible structure
breakdown. In the theory of linear viscoelasticity all material parameters are functions
of the time or, in oscillatory experiments, functions of the angular frequency ® (the
frequency dependence results from the Fourier transformation of the time domain). At
conditions where the linear relationship between stress and strain are no longer valid,
new phenomena occur. It is, for instance, well known that the relaxation process
changes at these experimental conditions. This phenomenon is often observed in solu-
tions of entangled macromolecules where the superposition of shear flow on the dy-
namic characteristics leads to modifications of the long-time part of the relaxation
spectrum. It is generally assumed that with increasing flow the slow relaxation proc-
esses are suppressed. In a first approximation one could say that a certain shear rate y
influences the relaxation times T=1/7y (here T denotes the relaxation time). In a more
precise model it should be taken into account that in fact a larger region of the relaxa-
tion spectrum is shifted. Such typical processes are even observed in surfactant solu-
tions. It is, therefore, interesting to study the dynamic properties of these entangled
rod-shaped aggregates at large deformations as they occur during flow. Besides these
changes of relaxation processes there is still another phenomenon that becomes impor-
tant at large values of the velocity gradient. During flow, anisometric particles will be
oriented along the streamlines. This is a typical dynamic process because the suspended
aggregates rotate in the fluid. In laminar flow the anisotropic particles are forced to
rotate with a non-uniform angular velocity @(¢). The rotational diffusion rate attains a
minimum at ¢=0° and a maximum at $=90°. The Brownian motion, however, tends to
counteract the hydrodynamic alignment by causing random fluctuation. The competi-
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tion of both influences leads to the flow induced decrease of the orientation angle. At
low values of the velocity gradient, the average orientation of the longest axis is at 45°,
which corresponds to a random distribution of aggregates. With increasing shear rate
this value is gradually shifted towards zero degrees. This orientation process of the
particles leads to changes of rheological properties. It is often observed that the shear
viscosity, the relaxation modulus, the storage modulus or the loss modulus are strongly
decreasing whereas the first normal stress difference or the flow birefringence are in-
creasing because of the alignment processes. At high values of the velocity gradient,
the orientation is certainly one of the most important parameters affecting all rheologi-
cal properties. Whereas the quiescent state of viscoelastic surfactant solutions is mainly
controlled by fluctuations of the micellar aggregates, the behavior during flow is addi-
tionally influenced by orientation processes, which also cause modifications of the re-
laxation spectra. The non-Newtonian behavior of these solutions is of great practical
interest, and it is, therefore, important to understand the principal phenomena that oc-
cur during flow. The present paper is an attempt in such a direction and gives a de-
tailed description of the relationship between shear stress and orientation. The basic
ideas and concepts have a general, universal character, which may lead to a deeper in-
sight into dynamic properties of viscoelastic liquids.

Materials

Viscoelastic Surfactant Solutions. In surfactant solutions, the phenomenon of visco-
elasticity can be induced by addition of specific compounds to some amphiphilic mole-
cules. Up to now, three different types of added molecules are known to give the de-
sired effects: a second, oppositely charged surfactant, organic counterions like the sali-
cylate counterion and uncharged compounds like esters or aromatic hydrocarbons.
Typical examples exhibiting strong viscoelastic properties at very low concentrations
are the cationic surfactants cetylpyridiniumchloride (CPyCl) or cetyltrimethylammo-
niumbromide (CTAB) combined with different amounts of sodium salicylate (NaSal).
Another interesting surfactant system is dimer acid betain, which gives the desired ef-
fects already without adding a second component. The complicated structure of dimer
acid betain is shown in Figure 1. In contrast to anionic or cationic surfactants, where
the mechanical properties depend on the counterion concentration, the zwitterionic di-
mer acid betain nearly behaves as a noncharged system and the results are not influ-
enced by ionic strength. From a theoretical point of view, this corresponds to an ideal
case which is rarely observed in other types of viscoelastic surfactants. The dimeric
acid betain solutions can be used as simple model systems for studies of fundamental
principles of flow. A detailed description of the rheological properties is given in
reference 10.

Viscoelastic Solutions of Chromophores. For about a century it has been known that
many dyes, especially noncharged molecules, tend to form different types of aggregates
in aqueous solutions (71, 12). Specifically for the case of cyanines and related chromo-
phores, it was observed that this aggregation process leads to dramatic changes of the
optical properties of the dilute solutions. The best known molecular assemblies that are
present in these solutions are called Jelley or Scheibe aggregates in honor of the two
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authors who first discovered this interesting phenomenon (/3-7/6). The presence of J-
aggregates usually leads to the observation of an intense narrow absorption band that is
shifted to longer wavelengths relative to the monomer adsorption. Aggregates with ab-
sorption maxima at shorter wavelength are designated as H-aggregates. On the basis of
an extended dipole model, Kuhn and coworkers have proposed a brickwork like ar-
rangement of cyanine chromophores to explain the J-band (/7). In solution, aggregates
have a threadlike, linear structure whereas in monolayers they are arranged in a planar
fashion (/7). J-aggregates were observed in aqueous solutions, at the surfaces of crys-
tals, at oppositely charged polymers or at the surface of monolayers. A typical mole-
cule that forms rod-shaped aggregates in solution is pseudoisocyanine chloride (1,1'-
diethyl-2,2'cyanine chloride). The molecular structure of this compound is given in
Figure 2. Quantum-mechanical calculations of Kuhn and coworkers and comparison
with absorption spectra showed that the rod-shaped aggregates in solutions have a
sandwich-like structure (/7). Such a molecular arrangement is schematically shown in
Figure 3. In monolayers, surface active chromophores can form similar closest packing
structures, where the molecules are in a brick stone work arrangement. A typical dye
showing this behavior at the surface between water and air is shown in Figure 4.

According to investigations of Kuhn et al. these molecules aggregate at the water
surface in a brick stone work arrangement (/7, 18). This special two-dimensional
structure is schematically shown in Figure 5. As in micellar solutions, the aggregates
formed by chromophores are in thermal equilibrium with single monomers. We should,
hence, expect a similar type of stress relaxation. This interesting problem will be dis-
cussed further in the text.

Dye molecules forming J-aggregates can be synthesized following a method first
developed by Sondermann (79). Surfactants that are able to build-up rod-shaped aggre-
gates, are commercially available (Fluka, Merck, Aldrich). The details of the synthesis
of dimer acid betain are summarized in Ref. 10.

Rheological Methods and Fundamental Equations of Flow

Linear Viscoelastic Properties. The properties and dynamic features of supermolecu-
lar structures observed in solutions of surfactants or chromophores can easily be stud-
ied by means of rheological measurements. There are in principal four different types
of tests that can be performed to measure the principal material properties. In transient
tests, a stepwise transition is used from one equilibrium state to another. In these ex-
periments, a certain shear stress o, a certain deformation y or a certain shear rate y is
suddenly applied at t=0 and then held constant thereafier. Although the initial exten-
sion is infinitely fast, there is a certain time response of the viscoelastic material which
can be measured to get the desired rheological functions. In the relaxation test, a step
function shear strain is applied at t=0. The resulting stress is time dependent, and this
quantity is measured after the amount of deformation has occurred. From these data,
the relaxation modulus G(t,y) can be calculated by the relation:

G(t,y)=o(t,y)/y m
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Figure 1. Dimer acid betaine. m, n, p and q are natural numbers which can be

varied during the chemical synthesis.
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Figure 2. Dimer acid betaine molecular structure of pseudoisocyanine chloride.
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Figure 4. Molecular structure of a surface active dye molecule (3-octadecanoyl-
benzthiazol-(2)[3-octadecanoyl-benzoxazol-(2)]-monomethincyanin-iodide.
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Figure 5. Brick stone work arrangement of surface active chromophore molecules
at the surface of water. The dye molecule is approximated by a rectangle with
dimensions 0.6*0.4 nm (bird's-eye view).
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In the limit of the linear stress-strain relationship, the relaxation modulus does not de-
pend on y. The second variable describes the fact that at higher values of the shear
strain the relaxation process depends upon the initial amount of deformation (this proc-
ess is due to changes of the relaxation spectrum). As long as the data are obtained in
the linear region, the second variable may be neglected.

From the above expression it is clear that the relaxation modulus describes the
stress relaxation after the onset of shear strain. In dilute solutions of surfactants or dye
molecules, an applied shear stress always relaxes to zero after infinitely long periods of
time. This does not hold for more concentrated regimes where anisotropic phases oc-
cur. Very often, these systems have yield values, and at these conditions the shear
stress does not relax to zero.

Beside these transient methods there is another type of test that can be performed
to provide information on the viscoelastic properties of the sample: periodic or dy-
namic 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 qualita-
tively equivalent to a transient test at time t=1/0. In a general case, a sinusoidal shear
strain is applied to the solution. The response of the liquid to the periodic change con-
sists of a sinusoidal shear stress which is out of phase with the strain. The shear stress
can be split into 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 3,
the amplitudes of the shear stress &, and the amplitude of the shear strain ¥ it is pos-
sible to caiculate the storage modulus G’ and the loss modulus G”.

G'(0,Y)=[6(,y/¥]cos(8) ¥))
G"(0,7)=[6(0,y/¥]sin(8) 3)

The storage modulus describes the elastic properties of the sample, and the loss modu-
lus is proportional to the energy dissipated as heat (viscous resistance). It is convenient
to express the periodically varying functions as a complex quantity which is termed the
magnitude of the complex viscosity [n*(®,y) This quantity can be calculated from the

following equation:

@

'2 'I2
|n*|(co,y)=‘/G (G,Y)(:G (@,7)

It can be shown that for most viscoelastic solutions there exists a simple correlation
between dynamic and steady-state flow characteristics (20). In a first approximation
the complex viscosity |n *|(m,y) at certain angular frequency ® can be compared with
the steady-state value of the shear viscosity n(,7) at the corresponding shear rate .
Details of these correlations between linear viscoelastic functions and non linear effects
will be discussed further in this text.

The rheological properties of viscoelastic samples can be represented by simple me-
chanical models. In the regime of linear stress-strain relations, it is assumed that the
elastic properties are given by a Hookean spring, and that the viscous phenomena can
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be represented by a Newtonian dash pot. The simplest model that can describe a visco-
elastic surfactant solution is called the Maxwell material. It consists of a spring and a
dash pot connected in series (Figure 6).

The elastic spring corresponds to a shear modulus G, and the dash pot represents
the constant viscosity m,. The dynamic properties of the Maxwell element can be rep-
resented by linear differential equations, the solution of which give the desired material
functions. The behavior under harmonic oscillations can be obtained from the follow-
ing formulas:

2,2

DT
@i ®

G0t
R ®
@)= 7= L @)

+0°T

In the regime of linear viscoelasticity the material functions do not depend upony. Asa
consequence, they are only functions of the angular frequency ®. In transient experi-
ments the Maxwell material can be described by single exponential relaxation proc-
esses:

G(t)=Goe™" ®

The Maxwell material can be used for the theoretical description of monoexponen-
tial stress decay because there is only one mechanism to store elastic energy (just one
spring). Multiexpontential stress relaxation processes can be described by a combina-
tion of different Maxwell materials where each model corresponds to one separate re-
laxation time (generalized Maxwell model). The behavior under harmonic oscillations
can be obtained from the following formulas:

2.2
[\ Iy 4
G'(0,7)= ZG(OO) 7 )
l
G"(@,7)= ZG 00— (10)
1
The relaxation modulus is similarly given by:
n
G(t,y)= ZGi (0,0)eY" an

i=1
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i

Figure 6. Schematic representation of the Maxwell fluid.
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The dynamic features of the generalized Maxwell material can be characterized by a set
of discrete relaxation times and relaxation moduli. Such representation of experimental
values is called a discrete relaxation spectrum. It is easy to show that in the simplest
viscoelastic liquid, represented by the Maxwell material, the spectrum is reduced to the
existence of only one single point. If a discrete distribution of relaxation processes oc-
curs, the relaxation spectrum gives detailed information on the dynamic features of the
viscoelastic sample. Relaxation times with high values of the shear modulus correspond
to mechanisms of strong stress release. It can easily be shown that each experimentally
observed stress relaxation process can in principle be fitted with any desired degree of
accuracy to a series of terms as in equation 11, if n is sufficiently large. In this way it is
possible to determine the discrete spectrum of lines, each with a location t; and an
amplitude G;. Real treatment of experimental data, however, shows that it is usually
very difficult to resolve more than a few lines. This is mainly due to the experimental
error. It turns out that only contributions with the longest relaxation times can be ob-
tained from transient or dynamic experiments. Beyond this, the empirical choice of
parameters G; and T, is largely arbitrary. This difficulty can be avoided by introducing
continuous spectra. For this case, equation 11 becomes:

Glty) = IF(t,y)e"/‘ d 12)
0

If the number of elements in the generalized Maxwell model is increased to infinity, the
expression F(t,y)dt can be interpreted as the shear modulus corresponding to a re-
laxation time having a value between 1 and t+dt. Thus F() is actually the spectrum of
the distribution of shear moduli. The spectrum itself is usually not accessible by direct
experiment. It is, however, possible to calculate it from measurements of G’,G"”, or
G(t) by numerical or graphical differentiation or by the use of finite difference methods.
We shall not go into more details at this point. The interested reader is referred to the
detailed text of Tschoegl et al., which gives an excellent introduction to the different
types of spectrum calculations (27). An alternative distribution function, H(z,y) is
sometimes used in place of F(1,y).

H(t,y) =t F(z,y) (13)

It is evident, that the function H(z,y) is the corresponding distribution function of vis-
cous moduli. A certain distribution of relaxation times is, hence, responsible for a cor-
responding distribution of shear moduli and viscosities. Of course, only two of these
three distributions are independent. Thus, an alternative expression for the relaxation
modulus is given by:

G(t,y):JH(t,'y)e"/'dlnt (14)
0
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It is often observed, that H(z,y) has a shape rather similar to that of G”(w,7) reflected
in the modulus axis. The maxima represent concentrations of relaxation processes. In
viscoelastic solutions of dye molecules or surfactants, H(t,y) vanishes at long times,
whereas in real cross-linked samples a finite value results. Equations 12 and 14 may be
interpreted as integral constitutive equations for viscoelastic materials. They are often
used to calculate appropriate linear viscoelastic properties, such as the relaxation
modulus, from other types of excitation, e.g., from sinusoidal oscillations. Thus, once
the spectrum of the viscoelastic constants is known, it is possible to generate the re-
sponse to any desired type of excitation. At conditions where the relaxation process is
discrete, the use of these integral equations is possible but inconvenient because one has
to operate with delta functions in their practical utilization. The relaxation spectrum is
then not continuous but it consists of separate points (lines). Particularly in viscoelastic
solutions of dyes and surfactants, one often observed discrete relaxation processes that
can easily be described by a series of Maxwell materials.

Non-Linear Viscoelastic Properties. It is well known that the anisometric aggregates
of micellar solutions can be oriented under the influence of a velocity gradient. This
happens in such a way that the probability of finding the longest axis in the direction of
flow is a maximum. The short axes are aligned in the direction of the velocity gradient.
One of the most important optical characteristics of a viscoelastic sample is the refrac-
tive index. It is determined by the polarizability of atomic groups. Dye and surfactant
molecules are optically anisotropic, and the rod-shaped aggregates they are forming
have, consequently, unequal refractive indexes in different directions. In the quiescent
state the aggregates are randomly oriented in space and they form optically isotropic
materials. Under the action of a velocity gradient, however, the sample becomes aniso-
tropic and the optical properties must be represented by the refractive index tensor.
This property and the average angle of orientation can be measured with a flow bire-
fringence apparatus. Details of the measuring technique are extensively described in a
recent book of Janeschitz-Kriegl (22).

It is often observed that the anisotropic distribution of shear stresses coincides with
the alignment of the anisometric aggregates. This holds for a large group of macro-
molecules but also for concentrated solutions of rod-shaped particles. From a physical
point of view that means that there exists a linear relationship between the shear stress
and birefringence tensor. Such characteristic properties are quantitatively described by
the stress optical rule, which is sometimes called the stress optical law. Such a relation
was first proposed by Lodge and postulated in recent years by Doi and Edwards for
solutions containing rigid, overlapping rods (23,24). From the stress optical law, thus
defined, the following equations can be derived:

An(w,7)sin[2x(,7)] = 2Co3 (0, Y) 1s)

An(eo,¥) cos[2x(,7)] = C{o11(0,¥) — 022 (=, 7)} (16)
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In these equations An(e,y) denotes the steady-state value of the flow birefringence.
This quantity describes the optical anisotropy of the streaming solution. An(e,y) can
be calculated together with x(c,y) from experimental values of flow birefringence
(22). In many surfactant solutions, the orientation of rod-shaped micelles can be de-
scribed by a simple equation, which was first proposed by S. Hess (25,26). The term
G11(,¥)—0645(,7) describes the first normal stress difference. The anisotropic
character of the flowing solutions gives rise to additional stress components, which are
different in all three principal directions. This phenomenon is called the Weissenberg
effect or the normal stress effect. According to the stress optical law, the normal
stresses are zero at X = 45°, and they become more and more important with increasing
shear rate. It is convenient to express the mechanical anisotropy of the flowing solu-
tions by the first normal stress difference N;(o,y)=0;;(,¥)— 02 (,y) and the
second normal stress difference N,(o,¥) =05,(®,¥)—033(,¥). The normal
stresses are due to the fact that finite elastic strains are developing in the streaming
liquid. On a molecular scale, these forces describe the anisotropic character of the
oriented systems. In viscoelastic solutions at rest, entropic forces determine the ran-
dom distribution of the rod-shaped aggregates. During flow, a dynamic orientation
process occurs, which is induced by hydrodynamic forces. This phenomenon is associ-
ated with the formation of anisotropic restoring forces. It can easily be shown that the
force in the direction of flow is greater than the one in the direction of the velocity
gradient. For this reason, the first normal stress difference is usually positive in sign
(N; >0). As normal stresses are associated with non-linear effects, they do not appear
explicitly in the description of the Maxwell material. In the regime of small deforma-
tions, they are equal to the isotropic ambient pressure. At elevated shear rates, how-
ever, the normal stress differences become more and more important because they are
usually increasing with y2. The term (011(0,7) —023(,¥))/ (2y%) denotes the
steady state values of the first normal stress coefficient. The constant C in equation
(24) is called the stress optical coefficient. In solutions of macromolecules, this con-
stant has been derived on the basis of the Kuhn-Griin theory (27).

o (2n/45)(n” +2)* (@, ~ay) an
nkT
n is the mean value of the refractive index, a, is the polarizability of the molecule in the
direction of the main axis, and o, is the polarizability of the molecule in the normal di-
rection. (ot; —ot,) denotes the optical anisotropy of the flexible chains. The above ex-
pression is only valid when the average refractive index of the particles is equal to the
one of the surrounding medium (dn/dc =0, matching solvents). Equation 17 is de-
rived from the theory of ideal networks in rubber-elastic polymers and does not include
intermolecular interactions between the chains. In viscoelastic surfactant solutions, the
stress optical law usually holds, and the close relationship to the phenomena observed
in polymeric systems suggests a critical test of equation 17. From measurements of the
electric birefringence it is possible to obtain the difference (a; —at;) (9). On the other
hand, this term can also be calculated from the polarizabilities of the paraffin chains, the
polar head groups, and the condensed counter-ions assuming that about 8% of the
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monomers are oriented perpendicular to the surface of the aggregate. It is generally
accepted that the monomeric molecules do not have a strictly parallel arrangement in
the micellar core. The internal phase of micelles is, without doubt, more liquid-like
than solid-like. This fact was recognized by Papenhuizen et al., who used flow bireftin-
gence measurements to get information on the size and the shape of micellar aggregates
(28,29). In this context it is interesting to note that in viscoelastic surfactants the con-
stant C usually attains the same value which does not depend upon the surfactant or salt
concentration. The interpretation of equation 17 leads to the conclusion that this might
be due to a constant term (a; —a,). In surfactant solutions, the difference of the po-
larizability depends mainly on the optical parameters of the alkyl chains, and this re-
mains nearly constant if the other experimental conditions are changed. Typical values
are of the order of —C =2-10"7 Pa™! (9). The negative sign is due to the fact that the
surfactant molecules are perpendicularly oriented to the surface of the anisometric ag-
gregates. It turns out that the stress optical coefficient is one of the most important pa-
rameters describing the optical anisotropy of the cylindrical micelles.

Linear Rheological Properties of Viscoelastic Dye and Surfactant Solutions.

As discussed before, some viscoelastic surfactant solutions can be characterized by
monoexponental stress decay. This holds at experimental conditions where the average
breaking time of the rod-shaped aggregates is short in comparison to the diffusion
process of the whole aggregate. A typical example of such behavior is shown in Figure
7. The points are experimental data and the drawn lines are theoretical fits according to
equations 5 and 6. It is evident that the rheological properties of the solutions can be
represented by a monoexponential stress decay. Many cationic surfactant solutions
combined with different types of counterions show such typical properties. It is, how-
ever, not always possible to observe such simple features. An excellent example repre-
senting more complicated relaxation phenomena is shown in Figure 8.

In this experiment a step function shear strain is applied at t=0. The relaxation
modulus G(t,y) was calculated from the time dependent shear stress o(t,y). The ex-
perimental data show a striking analogy with entangled polymer solutions. There exists
a broad spectrum of different relaxation times, which can be represented by the spec-
trum H(7) (Figure 9).

According to the theory of Cates, such relaxation phenomena correspond to proc-
esses where the diffusion time of the elongated aggregates is short in comparison to the
breaking time. It is interesting to note that the relaxation spectrum obtains two differ-
ent maxima which might correspond to the two main processes causing stress relaxa-
tion. One could, hence, argue that one extreme value describes the average breaking
time and the other one the reptation properties of the rod-shaped micelles. At the pre-
sent state, we cannot prove this assumption, but it is certainly an interesting problem
which we will study in more detail.

In solutions of cationic surfactants, multiexponential relaxation functions are gen-
erally observed at low values of the surfactant concentration and counter-ion excess. In
the non-charged solutions of dimer acid betaine, however, the average lifetime of the
micelles is always much longer than the diffusion constant, and even by varying the
concentration, changing the temperature, or adding salt it is not possible to observe real
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Figure 7. The storage modulus G’ and the loss modulus G” as a function of the
angular frequency o for a solution of 100 mmol CPyCl and 60 mmol NaSal at
T=20°C.
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Figure 8. The relaxation modulus G(t,y) as a function of time for a dimer acid
betaine solution of 80 mmol at T=20°C. The drawn line corresponds to
monoexponential stress decay. Deviations occur at short and at long times.
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Figure 9. The line spectrum H(t) as a function of the relaxation time 1 for a
solution of 100 mmol dimer acid betaine at T=20°C.
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monoexponential relaxation functions (/0). Very similar properties are also observed in
solutions of dye molecules. This is shown if Figure 10, which gives some insight into
the dynamic features of these solutions.

It is evident that the dynamic features of these dye solutions cannot be described by
monoexponential relaxation functions. This is clearly shown in Figure 11, which gives
some information on the relaxation modulus of viscoelastic chromophore gels.

From Figure 11 it becomes evident that the stress relaxation process after a step
function shear strain cannot be described by the theoretical equations of a Maxwell
material. The calculation of the relaxation spectrum yields Figure 12.

In viscoelastic solutions of dye molecules, the stress decay is characterized by a
broad distribution of relaxation times. It is interesting to note, that the spectrum does
not change as a function of the concentration. This phenomenon is similar to the dy-
namic features observed in dimer acid betaine solutions. As the molecular processes of
dye aggregation are not well understood at the present state, it is difficult to relate the
kinetic phenomena to breaking times or diffusion processes. In analogy to surfactant
solutions, these processes might be very similar

Non-Linear Viscoelastic Properties

The phenomenon of non-linear response was discovered already at the earliest stages of
rheological research. As soon as viscometers became available, many departures from
Newtonian behavior were found which are due to orientation effects or to changes in
the relaxation spectra. A typical example showing non-linear relaxation processes is
given in Figure 13. The transient rheological properties of surfactant solutions can be
investigated by stepwise transitions from the quiescent state to the deformed one. In
this experiment, a step function shear strain is applied at t=0 and the relaxation modulus
can be calculated from the time dependent shear stress according to equation 1. At low
values of the shear strain, the relaxation modulus can often be described by monoexpo-
nential relaxation functions (Figure 13). At higher values of the shear strain, the stress
decay is accelerated and this process can be characterized by stretched exponential
relaxation functions. This is very similar to corresponding phenomena observed in so-
lutions of entangled macromolecules. In solutions of polymer molecules it is often ob-
served that the viscosity decreases with increasing shear rate. This typical behavior is
called shear thinning or pseudoplastic. In former investigations we have shown that the
decrease of the viscous resistance with increasing shear is due to the orientation of the
anisometric aggregates (9). It is generally observed that the shear thinning behavior of
n(o0,v) and In *|(<n,0) are similar in character. Among several variants of correlations
between dynamic measurements and steady-state characteristics, the empirical method
of Cox and Merz has attracted the greatest interest (20). A simple relationship between
linear viscoelastic functions and non-linear processes can be obtained by comparing
n(,y) and [n*(0,0) at ® =y. According to the observations of Cox and Merz,
these functions coincide for entanglement networks of polymers (20). Deviations oc-
cur, however, if besides the pure mechanical contacts there are other types of forces
such as hydrogen bonds or ionic interactions, which also contribute to the cross-linking
process. In general, the steady state shear viscosity of these solutions is much smaller
than the corresponding dynamic value because the number of these additional contacts
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Figure 10. The storage modulus and the loss modulus for a viscoelastic solution
of 40 mmol pseudoisocyanine chloride at T=20°C. Filled symbols are obtained
from dynamic measurements and open symbols are calculated from measurements
of the relaxation modulus.
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Figure 11. The relaxation modulus as a function of time for a solution of 40 mmol
pseudoisocyanine chloride at T=20°C. Open symbols represent experimental data
and the drawn line corresponds to monoexponential stress decay.
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Figure 12. The relaxation spectrum as a function of the relaxation time for a
solution of 40 mmol pseudoisocyanine chloride at T=20°C.
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is reduced during flow, whereas it remains unchanged in oscillatory experiments. In
viscoelastic surfactant solutions, the strong decrease of the steady-state shear viscosity
is clearly correlated with the orientation of the anisometric micelles (9). This simple ex-
planation, however, cannot be used for sinusoidal oscillations. In these experiment, the
extinction angle is of the order of 45°. Due to the completely different orientation
processes, the molecular interpretation of the Cox-Merz rule may be rather compli-
cated. For surfactant solutions, one usually observes satisfactory overlap between these
two functions. This is clearly demonstrated in Figure 14, which gives a direct compari-
son of dynamic and steady state flow characteristics.

The existence of a simple correlation between the components of the complex vis-
cosity and the steady state values of the stress tensor underlines once more the close
relationship to corresponding phenomena observed in polymer solutions. The slope of
1 points to the existence of a limitir3 shear stress. This phenomenon is often observed
in surfactant solutions and is clearly uescribed in Figure 15.

Similar phenomena are often observed in solutions of entangled macromolecules.
When the shear stress exceeds a critical value, the flow behavior is changed to plug
flow, with slippage along the wall. This process is often termed the "spurt" effect (22).
In viscoelastic surfactant solutions, this phenomenon was extensively investigated by
M. Cates (37). The theoretical model predicts an instability of flow, which occurs at a
critical value of the shear rate Y. As a consequence, the observed plateau value of the
shear stress is related to orientation effects, which occur at high values of the velocity
gradient. It is interesting to note that the theoretical model predicts a simple correlation
between the maximum shear stress and the shear modulus:

O . =0.67 G'(0,0) (18)

Experimental studies of different surfactant systems show that this relationship holds at
conditions where the relaxation process is close to single exponential (7,9,/0). This
corresponds exactly to the theoretical predictions. In concentration regimes with mul-
tiexponential stress decay, large deviations occur (7,10). Recent experiments with op-
tical rheometers (rheoscopes) seem to indicate that this phenomenon is due to vortex
formation (32). It is interesting to note that there exist some simple relations between
linear viscoelastic properties and non-linear processes. One of the most popular obser-
vations was first postulated by Gleissle (33,34). The first mirror relationship defined by
Gleissle is of an empirical nature. It is based on the experimental observation that the
shear viscosity coincides with the transient viscosity measured in start-up flow. In this
test, a step function shear rate y is suddenly applied at t=0 (start-up flow). The shear

stress growth coefficient n* (t,) can be calculated by:

N (ty)=o(t,7)/y (19)

In viscoelastic solutions this function is exponentially increasing. A typical example
showing this type of behavior is given in Figure 16. The symbols correspond to ex-
perimental data and the drawn line describes a monoexponential relaxation process ac-
cording to the theoretical equation of a Maxwell material:

n*(4L1) =1t (0, 7)(1-e77) (20)
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Figure 13. The relaxation modulus as a function of the time for two different
deformations ¥ for a solution of 100 mmol CPyCl and 60 mmol NaSal at T=20°C.
The drawn line corresponds to monoexponential stress decay.
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Figure 14. The steady state values of the shear viscosity n(w,Y) as a function of
the shear rate and the magnitude of the complex viscosity [n*(®,0) as a function
of the angular frequency for a solution of 3 mmol dimeric acid betaine at T=20°C.

o|n*c0,y)/Pas , xn(co,y)/Pas

In Structure and Flow in Surfactant Solutions; Herb, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: December 9, 1994 | doi: 10.1021/bk-1994-0578.ch004

Downloaded by MONASH UNIV on October 26, 2012 | http://pubs.acs.org

82 STRUCTURE AND FLOW IN SURFACTANT SOLUTIONS

o(00,y)/Pa

- - - - 1 2 3
197 107 1072 a0t 10 10’ 102 e

/57"
Figure 15. The steady state shear stress as a function of the shear rate for a

3 mmol solution of dimeric acid betaine at T=20°C.
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Figure 16. The shear stress growth coefficient n*(t,7) as a function of the shear
time for a solution of 100 mmol CPyCl and 60 mmol NaSal at T=20°C
(¥=0.05s71).
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Figure 17. Comparison of the shear stress growth coefficient as a function of 1/t
and the stationary values of the shear viscosity as a function of the shear rate for a
solution of 100 mmol CPyCl and 60 mmol NaSal at T=20°C.

According to the observations of Gleissle, there exists a simple relationship between the
shear stress growth coefficient and the stationary values of the shear viscosity (33,34).

n'(ty)=n(w,y) fort=1/y (21)

One should, hence, obtain the shear viscosity from transient data by plotting the shear
stress growth coefficient as a function of 1/t in a double logarithmic plot. Such treat-
ment of experimental data is shown in Figure 17.

It is evident that the mirror relation holds very well. This implies that there exists a
simple correspondence between the material functions in the linear regime and the non-
linear region. It is easy to show that, within the limits of experimental error, the first
relation of Gleissle can only apply to fluids whose viscosity varies at high values of the
shear rate as 1/y. In a double logarithmic plot, such a curve has a slop of -1. This
holds, as we have discussed before, for a large number of surfactant solutions. In this
case, the mirror relation can successfully be used to calculate non-linear phenomena
from linear viscoelastic constants or inverse.

Conclusions

In the preceding sections we have seen that the dynamic properties of rod-shaped mi-
celles and dye aggregates lead to specific phenomena that are typical for the presence of
"entanglement" networks. The quiescent state is largely influenced by the kinetic proc-
esses, whereas the streaming solutions are mainly controlled by orientation effects. The
simple relationships observed between all rheological functions look particularly prom-
ising in view of the growing interest in theoretical work on complex liquids. Viscoelas-
tic surfactants or dye solutions may, therefore, be used as simple model systems in or-
der to get a broader and deeper insight into the fundamental principles of flow.
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Chapter 5

Microstructure of Complex Fluids
by Electron Microscopy

S. Chiruvolu, E. Naranjo, and J. A. Zasadzinski

Department of Chemical Engineering, University of California,
Santa Barbara, CA 93106

Understanding the relationship between molecular organization and
macroscopic properties of emulsions, lyotropic and thermotropic liquid
crystals, colloidal dispersions, and other such "complex fluids" is
generally a first step towards understanding rheology. As the trend in
both science and technology is toward dilute, mixed surfactant
solutions, light scattering, X-ray diffraction, and various spectroscopy
techniques are not sufficient to determine complex fluid
microstructure. Modern rapid-freezing methods followed by freeze-
fracture or cryoelectron microscopy are much better suited to visualize
the three-dimensional structure of the aggregates that make up the
dispersion, while simultaneously revealing particle orientation and
distribution. The direct structural information obtained by microscopy
requires no model-dependent interpretation as is the case in scattering
or spectroscopy data. However, the loss of ambiguity in interpretation
can be more than made up for by artifacts of sample preparation.

Most attempts at understanding the rheology of surfactant solutions and complex
fluids begin with a more or less detailed model of molecular organization and
interactions in solution (I-5). Light, X-ray, and neutron scattering, NMR
spectroscopy, fluorescence quenching, flow birefringence, and rheological techniques
have provided a wealth of information on the implications of surfactant microstructure
(6-20). However, especially in dilute or mixed surfactant systems, the microstructure
is often so unexpected as to make it difficult to construct a model; or worse, a model
built on simple structural concepts leads to erroneous interpretation of experimental
results (21,22). Electron microscopy is becoming a necessary complement to these
techniques as the structural information provided is model independent. Information
at all relevant length scales, from 1 nm to 100 um is available in the same experiment,
allowing not only the structural characterization of the individual surfactant aggregate,
but the organization of the aggregates in solution.

Two methods have evolved, each with specific benefits, to image surfactant
solutions with electron microscopy; they are direct imaging of the frozen, hydrated
material in the electron microscope, also known as cryo-TEM, and freeze-fracture
replication (23, 24). Although these techniques have been applied to microstructured
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fluids for more than three decades (25-31), they are only now coming into wider
acceptance in the complex fluids community. This reluctance to embrace microscopy
is undoubtedly due to the many possible artifacts associated with the non-equilibrium
aspects of rapid freezing (24,32-37) or staining and drying (38-48) procedures.

In many early investigations, the cooling rates employed were too low to prevent
structural rearrangements caused by crystal formation and phase separation. If the
solvent phase crystallizes as distinct grains, the advancing crystal front expels any
dispersed or dissolved species to the grain boundaries, thereby destroying the
structure and spatial organization of the material. More than a decade ago, in
reviewing the state of electron microscopy as applied to colloidal dispersions,
Menold, Liittge, and Kaiser (36) concluded that solvent crystallization caused by slow
cooling usually led to unacceptable distortions, segregation, and reorganization of
dispersed particles. The general consensus at that time was that, although intuitively
appealing, electron microscopy was not a valid means of determining fluid
microstructure due to freezing artifacts. However, in more recent times microscopy
has been essential to settling long-standing questions such as the bicontinuous
structure of oil-water-surfactant microemulsions (49,50), the structure of thermotropic
blue phase (5-53) and twisted smectic liquid crystals (54), the organization of
bilayers in dilute lamellar and isotropic L3 phases (55-57), the organization of worm-
like (58-63) and disc micelles (58,64), vesicle-micelle transitions (65-67), vesicle-
lamellar phase transitions (68-70), the microstructure of lyotropic smectic and nematic
phases (64,71-75), and aqueous polymer gels (76,77).

The obvious alternatives to microscopy for detailed structural characterization in
more ordered lyotropic and thermotropic liquid crystals have been light, X-ray, and
neutron scattering (20,86,87). Although each of these techniques have specific
limitations, most samples can be examined in the fluid state without any special
precautions. Unfortunately, the price of simplified sample preparation is increased
difficulty in data interpretation. There are three principal problems in interpreting
scattering data; the first is the averaging of structure over a macroscopic scattering
volume, the second is the difficulty in uniquely inverting the Fourier scattering pattern
to determine real space structure, and the third is the limited spatial dimensions
available from a particular experiment.

Typical scattering experiments are constructed so that information is collected and
averaged over a macroscopic volume (from mm3 to cm3) which contains a large
number of individual particles, domains, etc. This averaging can be useful to
assigning overall structural features and symmetries, but the detailed characteristics of
the microstructure are averaged out. These characteristics, which may include
structural features such as the number and distribution of polymer crosslinks or
entanglements (76,77), membrane geometry and topology (49,50,72-75), liquid
crystalline defects (26, 51-54, 88), particle shape and size polydispersity (66-71),
grain and domain boundaries (89, 90,91), can be important, even dominant factors in
macroscopic physical phenomena. For instance, the importance of dislocations and
grain boundaries in the deformation of crystalline solids is well documented (92).

The more limiting feature of scattering data is that the information provided is
indirect. A scattering experiment can be described mathematically as the Fourier
transform of some density, atomic number, etc. distribution in the sample (87,93).
To understand the experiments, the researcher has two options. The first is to
uniquely invert and interpret the experimentally limited amount of Fourier data, a
difficult if not impossible task. The second option is to invoke a mathematical model
of the anticipated intra- and inter- particle structures and distributions and compare the
theoretical scattering from the model with the experimental data. Although this second
option is used almost exclusively, the physical limitations and assumptions inherent to
the model can bias the data. Often, several conflicting models, and even unphysical
models, can account for the same experimental data (93). An important example of
this has been in investigations of middle phase microemulsions. Scattering patterns
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are not detailed enough to distinguish between several proposed structural models due
to the polydispersity and random structures of the microemulsions (20); however
freeze-fracture images by Jahn and Strey (49,50) clearly show that the microemulsion
consists of interconnected, bicontinuous oil and water domains as originally proposed
by Scriven (94).

Structure on both an average and discrete basis can be seen simultaneously and
directly with electron microscopy. For freeze-fracture, image contrast is generated by
simple mass-thickness contrast (24). For direct imaging, the thin samples typically
prepared are nearly pure phase objects and the dominant contrast is phase contrast
(23). In both cases, it is possible to relate the structures observed in the images to the
structures in the sample with a minimum of modeling or interpretation. It is usually
much easier to interpret the real space structure from an image than from scattering
data in Fourier space; however, an added benefit of the image is that the Fourier space
information can be readily obtained from the image by either optical diffraction from
the TEM negative, or by modern digital image analysis (24).

The third benefit of microscopy is that structural studies of colloidal systems often
need to cover a wide range of length scales simultaneously to determine the details of
the particles making up the dispersion and their three-dimensional orientation and
distribution in the suspending fluid. This is perhaps the greatest benefit of either
freeze-fracture or cryo-TEM. In a given image, information is available at length
scales from the resolution limit of about 2 nm to roughly 100 microns, or about 6
decades in length scale. For a typical scattering experiment, information can only be
obtained over 2 — 3 decades in length scale.

The main drawback to TEM investigations of microstructured fluids has been the
fear that freezing-induced artifacts cause unacceptable changes in the chemical or
physical state of the sample, leading to uncertainty and error in the interpretation of the
TEM images. Recent advances in the science and art of sample freezing, including the
jet-freezing technique pioneered by Miiller, Meister, and Moor (95), and controlled
plunge freezing of thin sandwich samples (96) have allowed for rapid advances in the
applications of freeze-fracture to microstructured fluid systems. With cryo-TEM, it
has been shown that water and other simple liquids can be frozen quickly enough to
prevent crystallization (80,97). Studies of blue phase liquid crystals have shown that
phases stable over as little as 0.5°C can be captured by rapid freezing (52,53).

With the expanding possibilities for investigations of microstructured fluids via
high resolution microscopy, this review attempts to present the state of the art of
freeze-fracture and cryo-TEM as it is applied to surfactants. We will present what we
believe to be the necessary and sufficient conditions for reliable sample freezing, a
discussion of fracture in frozen liquids, the limitation and resolution of replication,
and a discussion of image resolution in freeze-fracture and cryoelectron microscopy.

Experimental Methods

Rapid Freezing. The most important step in any TEM investigation is the initial
rapid freezing or quench step. The goal of rapid freezing is to remove heat at such a
rate that 1) the details of the individual particle structure are retained and 2) the
distribution and orientation of the particles are not disturbed. For most
microstructured fluid systems, the second criterion is much more difficult to achieve
and usually requires that the solvent or continuous phase be vitrified. In freeze-
fracture, vitrification generally is taken to mean that the solvent phase contains no
recognizable crystals larger than the typical resolution of the images. In cryo-TEM, it
is easy to see if vitrification has occurred by examining the diffraction pattern of the
solvent phase. Simple plunge freezing into liquid propane or ethane has been
sufficient to vitrify water films up to about 50 — 200 microns in thickness.

However, if the solvent phase does crystallize, dispersed particles and solutes are
swept to the crystalline grain boundaries and information on the original orientation
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and distribution of the particles in the solvent is lost (see Figure 1). The distribution

of the colloidal particles reflects the crystallization behavior of the solvent rather than

any of the original properties of the system. Theoretical estimates of the cooling rates

necessary to vitrify water range from 104 to 1010 K/sec (98), although

:{)}perit(r;e;)ltally, the minimum cooling rate appears to be in the range of 104 to 105
sec .

For freeze-fracturing a broad variety of liquid samples of any viscosity such as
suspensions, solutions, and emulsions, the most practical method of rapid freezing is
sandwiching the sample in a rigid container that is then contacted with a liquid
cryogen. A wide variety of sample holders have appeared in the literature (99);
however, the most commonly used are variations on the "copper sandwich" holders
developed by Gulik-Krzywicki (100) and commercialized by Balzers (BUO-12-056T
and variations; Hudson, New Hampshire). Typically, from 0.1 — 0.5 1*1 of sample
liquid is pipetted onto one of the planchettes, then a second plancher - is used to
spread the liquid to form a thin, 10 - 50 micron thick film. A variant of this sample
holder with an annular opening in the top planchette is used by Jahn and Strey (50).
By far the most common method of rapid freezing is immersing the sample sandwich
into a liquid cryogen, typically with a spring-loaded device to increase the relative
specimen-cryogen velocity (50,101).

For cryo-TEM, the sample liquid is spread as a thin film (<0.15 pm) on polymer
coated electron microscope grids prior to plunge freezing (23). The most difficult part
of sample preparation for cryo-TEM is to ensure that the sample is thin enough
(<150 nm) for electrons to pass through the sample. A small droplet of sample is
placed on a grid, then blotted to form a thin film. This entire procedure is done within
a temperature and humidity controlled chamber to eliminate evaporation of the solvent
(23). Practice is required to form the thin films, and the high shear associated with
the thinning process can create or destroy certain microstructures. This technique
produces higher cooling rates due to the thinner samples than the freeze-fracture
samples, although it is limited to fairly dilute, low viscosity (<10 cp) materials.

Freezing a multicomponent, structured fluid sample sandwiched between metal
sheets in a liquid cryogen is a complicated heat transfer process that involves
convection at the cryogen-sandwich boundary, conduction through the sandwich, and
conduction and possible phase changes, crystallization, etc. within the fluid specimen
(101). A simplified model of cooling shows that the cooling rate of samples is limited
by convection from the cryogen to the specimen surface (101,102). The important
criterion is that the Biot modulus of the specimen, hd/2k is << 1; (see (102) for
discussion) h is the heat transfer coefficient from the cryogen to the sample, d is the
sample thickness, and k is the average sample thermal conductivity; for a typical
freeze-fracture sample of thickness 100 — 200 microns, the Biot number, Bi, is 0.05
to 0.5. For the thinner cryoelectron samples, Bi is even smaller. An important
physical consequence of convection limited cooling (Bi < 1) is that the temperature is
spatially uniform within the sample during freezing (102). In this approximation, the
cooling rate of a sample of area A, volume V, heat capacity Cp, and density p, is:

dlT  -A 1
5= v h(T-Tg)— 1)
dt \"/ pCp

T is the sample temperature and Tc is the liquid cryogen temperature. Experimental
measurements of the average cooling rate of a wide variety of specimens using
various cryogens can be correlated using this simplified model (10I). The cooling
rate is proportional to the ratio of specimen surface area to volume, and inversely
proportional to the thermal density, pCp, of the sample, which varies little between
the typical materials encountered in complex fluids. Surprisingly, the cooling rate is
independent of the sample thermal conductivity, and hence, virtually all samples of the
same characteristic dimensions freeze at the same rate.
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Figure 1a. Freeze-Fracture TEM image of poorly frozen dispersion of tobacco
mosaic virus in water. The slow cooling rate allows the formation of
characteristic ice patches, surrounded by particles forced to boundaries between
crystals.

Figure 1b. Freeze-fracture TEM image of well frozen sample of the same
dispersion as Figure 1a. The orientation and distribution of the nematically
aligned specimen is identical to room temperature material.

In Structure and Flow in Surfactant Solutions; Herb, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Downloaded by MONASH UNIV on October 26, 2012 | http://pubs.acs.org
Publication Date: December 9, 1994 | doi: 10.1021/bk-1994-0578.ch005

5. CHIRUVOLU ET AL.  Microstructure of Complex Fluids 91

Optimization of the freezing process can be achieved by maximizing h, the heat
transfer coefficient, while minimizing Tc, the cryogen melting point, by proper choice
of cryogen and the velocity at which the cryogen contacts the sample. A limited
amount of cryogen boiling enhances the heat transfer coefficient; too much boiling
results in the formation of a vapor film around the sample that drastically reduces the
rate of heat transfer (103). Liquid nitrogen, and other cryogens at their boiling points
should be avoided for this reason. The best practical cryogen appears to be ethane or
propane cooled to near its freezing point by liquid nitrogen (98-103). The distribution
and orientation of dispersed macromolecules in water has been preserved using both
controlled plunge freezing in liquid propane and propane jet freezing, although it is
impossible to say if the water surrounding the colloidal particles is amorphous or
microcrystalline (see Figure 1).

Many of the phases of interest in the study of microstructured fluids are either
above or below room temperature. This requires that a temperature and environment
controlled chamber be coupled to the freezing apparatus. Sealed, two stage ovens
have been used to observe temperature dependent phase transitions in lyotropic
nematic micellar phases (64) and phospholipids (/05). Bellare (23) has constructed a
temperature and humidity controlled cell in which cryo-TEM samples can be
equilibrated prior to plunge freezing. This chamber has been modified to do
temperature jump experiments by focusing a high intensity mercury lamp onto the thin
film sample (79,80). Jahn and Strey (49,50) have used a similar configuration to
examine "middle-phase” microemulsions. Thermotropic liquid crystalline phases
stable over less than 1°C have been resolved using quick freezing techniques followed
by freeze-fracture (51-53), provided that the equilibrium phase transition occurs by
nucleation and growth. Thermotropic smectic phases have been successfully
quenched from above 100°C for freeze-fracture investigation (54).

Because the chemical and physical properties of a microstructured fluid cannot be
optimized for rapid freezing by chemical or physical cryoprotectants without changing
the structure, a judicious choice of systems to investigate usually is the difference
between success and failure. As avoiding solvent crystallization is of primary
importance to successful images, it is useful to understand the solvent properties that
affect crystallization. Crystallization consists of two steps, nucleation of small
crystals of a critical size, then the growth of these crystals. Except for extremely pure
liquids, nucleation occurs heterogeneously at insoluble impurities; such impurities are
often the colloidal particles we wish to study. The crystal growth velocity, u, is the
more important quantity to minimize by appropriate choice of sample properties. The
crystal growth velocity is proportional to the degree of supercooling, AT, the entropy
of fusion, B, and the fraction, f, of acceptable sites on the interface (which rcﬂpcts the
steric constraints involved in packing solvent molecules into a different
configuration), and inversely proportional to the solvent viscosity, jL.:

fp AT
a—_
K Tm

@

Th is the equilibrium melting point. Steric effects, are generally more pronounced
than are viscous effects in Equation 2. Branched hydrocarbons such as isohexane
((CH3)2CH(CH2)2CH3) freeze at a much lower temperature (-153.7°C) than do;s
straight chain n-hexane (CH3 (CH2 )4CH3) (-94°C), indicating that the steric
restrictions imposed by the branching make crystallization much more difficult.
Cyclohexane, on the other hand, adopts a fairly rigid conformation in the liquid phase
that is easy to pack into a crystalline lattice and freezes at about 6 C (106). Clearly, as
many of the physical properties of these solvents are similar, to optimize the system
for rapid freezing, isohexane, which is sterically hindered, is a much better choice
than cyclohexane, which crystallizes readily. In aqueous solutions, salts, solutes and
macromolecules that tend to disrupt water structure by hydrogen bonding can hinder
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stallization. For instance, ice formation in polyacrylamide gels is suppressed to
below -17 C (107).

The Freeze-fracture Technique. Once frozen successfully, cryo-TEM
specimens are inserted directly into the TEM via a "cryo-transfer holder” which keeps
the sample temperature below —140°C, the recrystallization temperature of water (23).
The original sample is examined in the TEM, which presents opportunities and
problems that are discussed in the next section. In the freeze-fracture technique, the
sample is replaced by a metal "replica” that is compatible with the TEM environment.
The fracture, etching, and replication steps of the freeze-fracture technique are carried
out at low temperature and high to ultrahigh vacuum. Typically, the "copper
sandwich" samples are loaded under liquid nitrogen into a hinged brass block fracture
stage. The fracture stage has sufficient thermal mass that the specimens do not heat
up significantly during the brief time they are exposed to air during transfer into a
vacuum chamber. The fracture stage is clamped to a temperature controlled coldfinger
within the vacuum chamber. The specimen stage fractures the sandwiches on
opening; a sharp, quick break is preferable to a long, steady pull for reasons
discussed below. The stress on the specimen is primarily tensile. .

Griffith (110) proposed that, even prior to fracture, a brittle material contains a
population of small cracks at impurities, boundaries, and other imperfections. When
placed under sufficient stress, one or more of these cracks spreads into a brittle
fracture, thereby decreasing the elastic energy at the expense of increasing the surface
area, and hence the surface energy of the material. A crack will spread when the
decrease in elastic energy is at least equal to the energy required to create the new
crack surface. The surface energy can be thought of as the product of the new surface
area created and the specific energy per unit area of the fracture surface. The Griffith
theory states that the fracture will follow the path of least resistance (smallest specific
surface energy or smallest molecular cohesion) provided that the fracture area created
is not too large. In most two or more phase colloidal dispersions, the fracture surface
propagates along the interface between the two phases, usually at particle-solvent
boundaries (see Figures 1,2). Apparently, solvent-solvent cohesion and particle-
particle cohesion are larger than solvent-particle cohesion. Alternately, small
differences in the volume contraction on cooling between the solvent phase and the
particles could lead to debonding prior to fracture, or to the formation of cracks at the
particle-solvent interface. In either case, the weak zone appears to be at the interface
and interpretation of freeze-fracture images is greatly simplified. Branton (/1) has
shown that the weak zone in bilayer membranes is along the hydrocarbon interior of
the membrane; this also appears to be true for lyotropic lamellar phases in general.

Etching. The controlled sublimation of the solvent, known as etching, can be used
to enhance the topographic variations in a fractured, microstructured fluid. However,
removing too much of the solvent can alter the apparent location and distribution of
dispersed particles, hide evidence of crystallization induced reorganization, and make
the replicas difficult to pick up and clean. If the dispersed phase is entangled and self-
supporting, as are polymer solutions and gels, or bicontinuous L3 or microemulsion
phases, a limited amount of etching can bring out the network structure (76,77)
(see Figure 2). The important parameter in etching a sample is temperature. The
sublimation pressure, hence the sublimation rate, is set once the sublimation
temperature is fixed. The sublimation rate, S, in nanometers per second from a
surface under vacuum can be obtained from gas kinetic theory:

_Ps-Py r Mc N2 17
o (MRT) x 10 A3)
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Figure 2. Freeze-fracture image of L3 phase of cetyltrimethylammonium
bromide-sodium 1-octane sulfonate-water mixture. The sample has been etched
to bring out the relief between the water (W) and membrane (M) bicontinuous
structures.
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in which Ps is the saturation vapor pressure and Py the background pressure of the
sublimating phase in dynes/cm?2, M is the molecular weight (gr/mole) and p (gr/cm3)
is the density of the sublimating phase. R is the gas constant, and T is the sublimation
temperature (K). The saturation vapor pressure for most solvents can be found in
general engineering handbooks. If the background pressure of the solvent is greater
than the vapor pressure at the temperature chosen, material will condense from the
vacuum onto the sample, obscuring surface details. Hence, care is necessary to
understand the relative composition of the residual gases in the vacuum chamber.

Replication. The goal in the replication process is to reproduce the fracture surface
as accurately as possible with an electron opaque shadowing layer backed by a
continuous, electron transparent, backing layer. The resolution in freeze-fracture
electron microscopy is limited by imperfections in replication. Ideally, the evaporated
metal atoms, which are usually a mixture of platinum and carbon, stick exactly where
they land and form a structureless layer. However, the surface energy of the metal
layer is much higher than that of the original fracture surface of water or
hydrocarbons; hence, the metal film does not spread or "wet" the surface, but
aggregates into small droplets (112). The aggregates grow in size, eventually
merging with neighboring aggregates to form a continuous film. For most electron
microscopy applications, the evaporation is stopped prior to the formation of a
continuous metal layer. In our lab, about 1.5 nm of platinum carbon followed by
about 15 nm of carbon backing gives optimum results. For proper interpretation of
the replica, the sample material must be completely removed from the replica before
viewing. In our lab, the cleaning method of Fetter and Costello (/13) has always
given the best results.

Contrast Mechanisms in Electron Micrographs

The contrast mechanism, that is, how the final image is related to the original
microstructure, is quite different for freeze-fracture and cryo-TEM, as should be
expected from the quite different chemical and physical characteristics of the
specimens. An electron micrograph is the intensity distribution of an incident plane
electron wave transmitted through the specimen and detected at the viewing plane.
The plane of the specimen is denoted by r = (x,y) and z is the direction of the electron
beam. Electrons can be scattered, absorbed, or phase shifted by the sample, all of
which lead to contrast in the final image that must be related to structural features in
the specimen.

The phase shift and absorbtion are generally described separately. In traversing a
specimen of local thickness t(r) and local potential distribution V(r,z), the incident
electron wavefunction, ¥y, is altered:

Wi ="Y;exp (- in(r)) @

corresponding to a phase shift of n(r) in the transmitted wave, ‘¥, relative to the
incident wave. 1(r) is related to the local column average potential in the specimen:

=0/ 'V(r2) dz ©)

G is a constant = /AE, for electrons of wavelength A, and energy Eo (114).

The incident wave is also scattered within the specimen; that part of the wave that
scatters outside the objective aperture of the microscope will not be available for image
formation and can be considered absorbed. Electrons are scattered elastically by the
Coulomb potential and inelastically by plasmon and inner shell ionizations. The
decrease in amplitude of the incident wave can be described as (114, 115):
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¥y =¥ exp (-Sp (Eo, 0)p(r) 1(r)) ©)

in which Sp(E,, o) is dependent only on the electron energy and the aperture used
(hence on 5’16 microscope and its operating conditions (114)) and p(r) is the local,
column average mass density within the specimen:

pr) =/ ‘o (r2) dz o)

Sppt can be considered the absorption of the specimen; it is directly proportional to the
product of the mass and thickness of the sample. In general, the incident wave will
undergo both a phase shift and absorption such that the transmitted amplitude is:

Wi ="¥jexp { in(r) - Sp (Eo, a)p(r) (r)} ®

Specimens are classified as phase objects if the 1 term dominates the exponent, or
as mass-thickness objects if the p term dominates. For a typical cryo-TEM sample,
the small density differences make the specimen a phase object, and the primary
contrast mechanism is phase contrast. For freeze-fracture replicas, the plantinum film
scatters electrons very strongly, and the specimens are mass-thickness dominated.
Hence, the information obtained from the two techniques is complementary.

Cryo-TEM and the Weak Phase Object Approximation. A further
approximation known as the "weak phase object” is often used to help relate the
sample features to the image. If 1(r) <<1, and density variations can be neglected,
the linearized form of Equation 8 is:

Yi="¥; [1-in@m)] ®

The first term in the brackets corresponds to the unscattered beam, and the remaining
terms to the scattered beam. (What is actually more important to the contrast are
variations from the mean phase shift {n,y - N(r)}; hence, even though the absolute
density or phase shift might be large, if the variance is small, the object can be
considered a weak phase object.) However, detectors do not record the amplitude and
phase of an image, but its intensity. Hence, a weak phase object would not have any
contrast in an ideal image because

2 =11-in@)l2 =1 10$)

where 12 terms have been neglected in keeping with the weak phase object
approximation. Phase contrast can only be realized in an image by further changing
the relationship of the scattered beam with respect to the unscattered beam. In optical
microscopy, a phase plate is introduced at the focal plane. This plate produces a
phase shift of m/2 between the scattered and unscattered beams resulting in a
transmitted beam amplitude of;

¥y ="¥i [1 - in(r)(exp (-in/2)], an

the image intensity, I'¥y2 = 1 - 2n(r), and the image contrast is directly related to the
projected potential of the specimen. However, phase plates are generally unavailable
for electron microscopes and phase contrast is generated by the combined effects of
apertures, lens defects and defocusing the image, which can be calculated using the
"transfer theory" of imaging (114-118).

TEM images are complicated by the interaction of the transmitted beam amplitude
with the "microscope transfer function" that describes the combined effects of
imperfections in the electron optics and defocusing (116,117). The effect of
apertures, aberrations and defocus are lumped into the "point spread function," P(r),
which can be thought of as the distortion induced by the microscope on the image
amplitude and phase of an ideal point object. The real image amplitude, Wreal, is then
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related to the ideal image amplitude, Wideal, by a convolution of the ideal image
amplitude with the point spread function (the ideal amplitude is given by Equation 9):

Yreal = Wideal * P(r) a12)
where the convolution of two functions f(r) and g(r) is defined in the usual way:
fr)* g(r) =/ £r") g(r - 1) dr" (13)

It is simpler and more conventional to use the two-dimensional Fourier space
representation of both the point spread function and the image amplitude to describe
these effects. S(q) is defined as follows:

S(q) = /_ : W((r) exp (27 (r - @) dr = ¥;[3(q) - iA(q)] 14

A(q) is the two-dimensional Fourier transform of n(r); 8(q) is the Dirac delta
function and represents the unscattered beam. It is simpler to calculate the
contributions of apertures, aberrations, and defocus to the Fourier transform of P(r),
which is known as the transfer function or T(q). Each imperfection contributes an
optical path difference between the actual and ideal waves. These path differences,
when integrated over the lens area yields the transfer function, which describes the
phase change in the incident wave induced by the imperfections (114). Spherical
aberration, defocus and axial astigmatism contribute to the transfer function:

T(q) = exp {-i9(q)}B(q) as)
where the phase shift -¢(q) introduced by the lens imperfections is given by:
o(q) = g[Cs%ﬁq‘* +2AfAq2 - 2AC4(ax2 - qy?)] (16)

in which Af is the defocus (positive for overfocus or a strongly excited lens), Cg is the
coefficient of spherical aberration and C, is the astigmatism coefficient of the objective
lens. B(q) is the aperture function, B(q) = 1 for Iql < oy, and zero everywhere else,
where 0 is the acceptance angle of the objective aperture.

The maximum spatial frequency qmax = 0to/A determines the best resolution that
can be achieved in the image. For example, if 0 is .01 rad (a typical 40 um aperture
for an objective lens of focal length 2 mm), qmax = 2.7 nm-1 for 100 kV electrons
and the resolution in the image is 1/qmax or .37 nm. The real image amplitude, ¥real
is calculated from the inverse Fourier transform of Sj(q) = S(q)T(q):

Si(@) = [3(q) expl-ip(q)IB(q)] - il A(q)cos[d(q)IB(q)] - [A(q)sin[¢(@)IB(@)];  (17)

Yreal = 1-i[n@) *F@)] - [ner) * G} (18)

where * is the convolution integral as before (Equation 13) and F(r) and G(r) are the
inverse Fourier transforms of cos[¢(q)]B(q) and sin[0(q)]B(q) respectively. The
convolutions in Equation 18 describe the blurring effect of the microscope lens
aberrations on the projected potential of the specimen, n(r). The image intensity is:

Wreal2 = 1 - 21(r) * G(r) (19)

where the squared terms are neglected, consistent with the original weak phase object
approximation. Equation 19 shows that the image intensity is linearly related to n(r),
and the image represents a distorted version of the structure of the specimen due to the
lens aberrations and defocus. If the image contrast is defined as
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;12 - ¥ reall?
Cr)y=s ———— 20
®© ;12 @0
where ¥ is the incident wave amplitude, then
C(r) = 2n(r) * G(r). 1)

An ideal microscope (for weak phase specimens) has no aperture (B(q) = 1) and
introduces a uniform phase shift of ¢ = 7/2 and the ideal image contrast is:

Cideal(r) =2n(r) = 20 (f) ' V(r,z) dz. (22)

An ideal image of a weak phase object is the projected atomic potential of the
specimen.

The behavior of the transfer function over the q range resolved in the image
determines the image. Of the factors that influence ¢(q), two are under the control of
the microscopist - defocus and astigmatism. In any modern microscope, small lenses
are available to minimize the effects of astigmatism; hence the third term in Equation
16 can be neglected. What the microscopist does is try to maximize sin[¢(q)]B(q) for
the q range in the specimen by adjusting the degree of defocus. Images are never
recorded overfocus, because the spherical aberration and defocus terms are additive
and cause rapid oscillations in sin[¢(q)] (see Equation 16). The defocus where
sin[0(q)] = 1 over as large a range as possible is known as the optimum defocus.
Although the transfer function for a typical 100 kV microscope is optimized for Af
=100 nm, low frequency (low resolution) information up to 2 nm'! (> 0.5 nm in real
space) is transferred to the image with a relatively small amplitude. For cryo-TEM,
radiation damage to the specimen limits the useful magnification to about 20,000
times, and the smallest features of interest such as micelles, bilayers, etc. are often 3 -
10 nm in extent and much larger underfocus conditions are needed to bring out this
information. The approximate defocus required to optimize phase contrast for a
particular resolution can be calculated from Equation 16. Provided q is small, the
defocus term in Equation 16 is significantly greater than the spherical aberration term.
Thus for a spatial frequency q the transfer function can be optimized by choosing the
Af value that makes sin[¢(q)] =1, 0or ¢ = g—, that is

Af =122 (23)

Hence, for a typical rod micelle of diameter 5 nm, with A= 3.7 pm for 100 kV
electrons, Af = 3.4 um. A drawback to these large defocus values is that sin[$(q)]
oscillates widely for higher resolution information in the image, making this
information unreliable. That is, an artificial granularity is created by the oscillations in
the transfer function at these large defocus values. The net effect is that even a
featureless substrate can appear to have a great deal of texture when imaged under
these conditions. Care must be taken in distinguishing structural features such as
spherical micellar aggregates from the background granularity. This is further
complicated by radiation damage to the specimen by the electron beam that can also
generate smail differences in thickness or potential that can appear to be real
microstructure. A general rule for imaging surfactant microstructure is that rod-like
micelles and bilayers are relatively easy to visualize due to their large extent in two
dimensions, while spherical aggregates and micelles, especially less than 10 nm, are
much harder to distinguish from the background, and should be examined with
caution (see Figures 3,4).

Mass-Thickness Contrast from Freeze-fracture Replicas. The three-
dimensional contours of the fracture surface intuitively appear to give rise to the
contrast variations in a freeze-fracture micrograph. However, the surface itself is not
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Figure 3. Sequence of cryo-TEM images of a dilute dispersion of 7 nm
diameter silica particles. The images are of the same area, but taken at different
amounts of defocus, from +4 pm overfocus to —4 pum underfocus. The image
taken at focus (F) is essentially featureless, consistent with the weak phase
object approximation. However, distinct features emerge at higher defocus and
coarsen with increasing defocus. The arrows at top and bottom show the
contrast reversal common to phase contrast imaging. It is difficult in any of the
images to unambiguously determine the location of the silica particles relative to
the background graininess of the image. Spherical micelles and other small
aggregates would be equally difficult to distinguish.

In Structure and Flow in Surfactant Solutions; Herb, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Downloaded by MONASH UNIV on October 26, 2012 | http://pubs.acs.org
Publication Date: December 9, 1994 | doi: 10.1021/bk-1994-0578.ch005

5. CHIRUVOLU ET AL.  Microstructure of Complex Fluids

Figure 4. Cryo-TEM image of wormy vesicle phase of
dimyristoylphosphatidylcholine and geraniol in water. In this image the bilayers
are simple to see as they form the undulating, intertangled network of vesicles.
P marks the holey polymer grid upon which the sample is suspended.
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examined in the microscope, rather a metal shadowed replica of the surface. If the
height (relative to some origin) of the fracture surface can be represented as a single
valued function, f(r), the metal thickness, ty(r), at that point in an unidirectionally
shadowed replica, is given by (/14):

tm(r) =d + f(r - a) - f(r), (24)

d is the thickness of metal deposited on a horizontal, flat surface, and a is the
horizontal projection of the shadowing metal thickness in the direction of the
evaporating metal beam. This expression is only meaningful if tm(r) 2 0; the metal
film thickness can never be negative. (The regions where Equation 24 is negative
correspond to the areas of the specimen where there is no metal film.) If the metal is
deposited normal to the fracture surface, a is zero and no thickness variations are
present in the metal film, and hence no contrast variations are developed in the image.
This is the case for the carbon reinforcing film used to strengthen freeze-fracture
replicas. In a typical experiment, the total metal thickness, A, deposited on an
oscillating quartz crystal monitor normal to the shadowing direction, and 6, the
shadow angle from the horizontal, are measured. In these terms:

d = Assin®, |al= A cosd (25)

Fourier analysis of the thickness distribution is the most accurate method of
determining the fracture surface contour, f(r) from a freeze-fracture electron
micrograph. The Fourier transform of ty,(r) gives T(q):

Tm(q) =dd(q) - [ 1 - exp (2% q-a)] F(q) (26)

in which F(q) is the Fourier transform of the surface profile f(r). From Equation 26,
Tm(q) is zero along the line q - a = 0; in physical terms, there is no information about
fracture surface contours along the direction perpendicular to the shadow direction
(114). An optical diffractogram of the freeze-fracture negative shows the line of zero
information as a dark zone; this the most accurate determination of the shadowing
direction. The fracture surface, f(r), can be determined from the inverse transform of:

F(q) = dd(q) - Tm(q) an
[1-exp(-2nq *a)]

forq,q-a=0.

Although Equations 24-27 are exact, they do not provide much insight into the
relationship between surface contours and image contrast. A more intuitive
description can be obtained by a linear approximation to Equation 24. If the
shadowing direction is along the x direction of a Cartesian coordinate system, r can
be written as an ordered pair (x,y) and f(r) is the z coordinate corresponding to (x,y):
z = f(x,y). With these assumptions, Equation 24 becomes:

tm(X,y) = A sin® + f ((x - A cos8),y) —f (x,y) (28)

Eqpation 25 was used to replace d and a. If Equation 28 is expanded in a Taylor
series,

f ((x - A cosB),y) = f(x,y) - A cos® of +0[ (A cose)z-aﬁl 29)
.y y) - Acosb 5 32
If only linear terms are considered:
tm(X,y) = A sin@ + (f(x,y) - A cos0 g)f; ) - f(x,y) (30a)
tm(X,y) = A (sin0 — cos0 %) (30b)
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In this approximation, the metal thickness profile is simply related to gradients in the
fracture surface profile along the shadow directions. Once the metal thickness
distribution is known along the shadow direction, Equation 30b can be integrated to
give the fracture surface profile directly (119,120). The error in this approximation
can be sgpreciable at areas where the slope of the fracture surface changes rapidly
(where 02f/0x2 is large).

Image contrast for replicas depends on differential scattering of electrons from
regions of the specimen with differing tm(x,y). For a composite replica made up of n
layers of different materials, Equation 8 becomes:

n
¥i="¥j exp [2 ‘sppili(X,}’)) G
i=1

For electron image film, there exists an approximate relationship between the
number of electrons striking the film, N, and the optical density, D:

D =DpaxCN (32)

Dmax is the saturation density of the film and C is a constant that depends on the
characteristics of the film and developer. Combining Equations 12 and 13 gives the
relation between the density of the negative and the film thickness:

n
D =DnaxC ¥ exp (z -Sppiti(r)) (33)

1=

At first glance, Equation 33 seems to have an inordinate number of parameters that are
difficult to measure. However, if ratios of densities, rather than the absolute densities
are considered, the result is considerably simplified. In an image of an area of the
replica devoid of metal with only the carbon backing layer, the optical density of the
negative is:

D¢ =DmaxC ¥i exp (-Sppctc) G4

At a point r, the metal layer thickness is given by ty(r) as given in Equation 24, in
addition to the carbon layer thickness, tc, which is uniform over the entire replica.
Taking the ratio of the density at the point r to the reference carbon film density gives:

Diy(r) _ DmaxC¥i exp (-Sppcte—SpPmtm(r))
De DmaxC'¥; exp (-Sppctc)

and only a single parameter is required to relate the metal thickness to the optical
density. Therefore, a single negative contains all the information necessary to
determine the fracture surface profile. The carbon density, D, is the maximum
density recorded on the negative. This simple relationship of metal thickness to
optical density, when combined with Equations 27 or 30b, show that there is a direct
relationship between the fracture surface profile and the images recorded with the
electron microscope. Absolute heights might be determined directly from the electron
microscope images; however, recent advances in imaging freeze-fracture replicas with
the scanning tunneling microscope allow for a much simpler and direct determination
of the three-dimensional fracture profiles with better resolution (123,124).

= exp -SpPmtm(r) (35)

Conclusions

The early disappointments of TEM investigations of microstructured fluids have
undoubtedly limited the number of colloid and materials scientists using this very
promising experimental technique. These early investigations were plagued by slow
cooling rates that led to unacceptable distortions of fluid structure. With the major
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advances in ultra-rapid freezing, such problems have now been climinated. The
benefits of direct visualization of fluid structure with near molecular resolution are
only slowly being realized. As more investigators come to understand the potential of
being able to study the real-space structure of complex dispersions, emulsions, gels,
and solutions, the pace of progress will accelerate. Freeze-fracture electron and cryo-
TEM microscopy have made it possible to see the three-dimensional structure and
organization in a wide range of systems that have previously thwarted analysis; the
future promises to be equally bright.
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Chapter 6

Cryo-Transmission Electron Microscopy
Investigations of Unusual Amphiphilic
Systems in Relation to Their Rheological
Properties

D. Danino!, A. Kaplun!, Y. Talmon!, and R. Zana?

!Department of Chemical Engineering, Technion-Israel Institute
of Technology, Haifa 32000, Israel
Ynstitut Charles Sadron, Centre National de la Recherche Scientifique,
6 rue Boussingault, 67083 Strasbourg Cedex, France

In this paper we report studies of two types of unusual amphiphiles:
the dimeric amphiphiles, alkanediyl-a,o-bis(alkyldimethylammonium
bromide) (I) and the polyamphiphiles poly(disodium maleate-co-
alkylvinylether) (II), by fluorescence probing, viscometry and cryo-
transmission electron microscopy. We show that in amphiphiles (I)
the linking of the two surfactant moieties at the level of the head-
group by a short alkanediyl spacer results in a strongly enhanced
tendency to micelle growth with respect to the corresponding
monomeric surfactants, and in a peculiar rheological behavior. The
polyamphiphile (II) with a hexadecyl side chain forms long entangled
thread-like micelles by end-to-end linking of polymer chains; its
solutions are visually viscoelastic. The addition of an anionic or a
nonionic surfactant breaks these links and results in the disappearance
of the viscoelasticity. The results demonstrate the wealth of
information that the coupling of cryo-TEM and other techniques can
provide on complex systems such as the ones described here.

Surfactants self-assemble in aqueous solution to form micelles of varied shapes:
spherical or spheroidal, elongated (prolate), or disk-like (oblate). The study of the
means to control the shape of micelles has always been an important topic in
surfactant research, of both academic and applied interest, as the micellar shape
determines to a large extent the properties, and also some applications, of surfactants
in solution. The introduction of the so-called surfactant packing parameter by
Israelachvili et al. (1), has provided a criterion to help predict the shape micelles of a
given surfactant will adopt in aqueous solution, at concentrations well above the
critical micellar concentration (cmc), where micellar growth has taken place. The
packing parameter, P, is:

P=v/ay 1 ¢))

where v and 1 are the volume and length of the surfactant hydrophobic moiety, one
or two alkyl chains in most instances, and ay; the surface area occupied by a

surfactant head-group at the interface between water and the micelle hydrophobic

0097—6156/94/0578—0105308.00/0
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core. The packing parameter has been a tool in the understanding of the effect of
various parameters such as surfactant chain length, branching of the alkyl chain,
head-group size, ionic strength, temperature, nature of the counterion, etc., on the
shape of micelles of conventional surfactants. Recall that1 and v can be calculated
using Tanford's equations (2). For a conventional surfactant (one alkyl chain and
one head-group), v/l is close to 21 A2, the cross-section of the alkyl chain, when the
alkyl chain contains 12 or more carbon atoms.

Recently, we have proposed (3) a new way for controlling the shape of
micelles, by linking the amphiphiles at the level of the head-group, thus generating
oligomeric (dimers, trimers, tetramers, etc.) amphiphiles and polyamphiphiles (when
the degree of polymerization is large, typically above 50-100). Figure 1 represents
the chemical formulae of the dimeric (I) and polymeric (II) amphiphiles that we
have started to investigate (3-10).

In amphiphiles of type I two surfactant moieties are linked at the level of the
head group by a polymethylene chain (spacer), containing s carbon atoms. These
surfactants, also called “gemini”, or “bipolar” surfactants, can be formally
considered as the dimers of the two unequal- chains surfactants
CHym1(CyoH,, )N+(CHs),Br. The polyamphiphiles of type II are alternated
copolymers of disodium maleate and alkylvinylether, often referred to as
“polysoaps”.

The idea underlying the use of oligo- and polyamphiphiles is now described.
In conventional surfactants the head-groups are randomly distributed on the surface
separating the aqueous phase and the micelle hydrophobic core, with a distribution
of distances between head-groups peaked at the thermodynamic distance dp (Figure
2A), determined by the opposite forces at play in micelle formation. dy is about 7 to
10 A, in view of the reported values of the surface area per head group. When using
dimeric amphiphiles such as those in Figure 1 for instance, the distribution of
distances may become bimodal. Indeed, if the spacer is short enough (small s-value,
say, less than 6) it is probably fully stretched at the water-core interface (5). The
head-group distance distribution function then exhibits a narrow maximum at the
distance dy corresponding to the extended length of the spacer(I1), and another
maximum at the thermodynamic equilibrium distance dy (Figure 2B). dy is not
expected to differ much from its value for conventional surfactants. A similar
situation exists for oligoamphiphiles and polyamphiphiles. This modification of the
distribution of head-group distances, as well as the effect of the chemical link
between head-groups on the packing of surfactant alkyl chains in the micelle core, is
expected to affect strongly the curvature of surfactant layers and, thus, the micelle
shape. At the outset, it should be realized that as s increases, dg tends towards dr.
This occurs at s = 6-7. For such dimeric surfactants the microstructure is not
expected to differ much from that of the corresponding conventional surfactants.

With this in mind we have undertaken a study of the microstructure of
aqueous solutions of a series of dimeric amphiphiles of type I and of
polyamphiphiles of type II (PS10, and PS16), using for this purpose the time-
resolved fluorescence quenching (TRFQ) technique (J2, 13) and transmission
electron microscopy at cryogenic temperature (cryo-TEM) (I4). The first method
permits the determination of the micelle aggregation number. Cryo-TEM gives
direct visualization of the micelles. These studies have been performed in relation
with the visual observation of the rheological behavior of the solutions for
amphiphiles of type (I). Some viscosity measurements have been performed for the
solutions of polyamphiphiles.

In this paper we give first a brief description of TRFQ and cryo-TEM,
followed by a review of some reported results (7-10), as well as new ones.
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Figure 1. (I) m-s-m amphiphiles: s = 2 - 20; m = 8, 10, 12, 14, and 16; (II)
polyamphiphiles: m = 10 is PS10; m = 16 is PS16.
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Experimental.

Materials. The surfactants (I) were the same as in previous investigations (3, 7), or
synthesized and purified similarly. The polyamphiphiles PS10 and PS16 of
polymerization degrees DP = 1000 and 4000, respectively, were gifts from Dr. R.
Varoqui and E. Pefferkorn (Institut C. Sadron, Strasbourg). They originated from
the same batches as in previous studies (7-10).

Time-resolved fluorescence quenching. This method uses a fluorescence probe,
here pyrene, and a quencher of this probe fluorescence, here the
tetradecylpyridinium ion in its chloride salt. Probe and quencher are selectively
solubilized in the micelles. The decay of the probe fluorescence is determined first
in the absence of quencher, at a low (< 0.05) [probe)/[micelle] molar concentration
ratio, and then in the presence of quencher, at a still low [probe)/[micelle], and with
a [quencher]/[micelle] molar concentration ratio close to 1. The time dependence of
the fluorescence intensity in both situations is given respectively by (15, 16):

I(t)=1(0)exp(-t/ 1) Q@)

()= I(O)exp{—Azt‘Ag[l‘e"p('A4t)]} 3)

1(0) is the intensity at time zero, and A,, A;, and A, are three time-independent
constants. In the case of amphiphiles (I) we consistently found A, 1 = = This
indicates that the probe and quencher distributions between micelles are frozen on

the fluorescence time scale. Then, A; and A4 are given by (15, 16):

A; =[quencher)/[micelle] and A,= kQ @)

where kg is the rate constant for intramicellar quenching. From A; one can obtain

the molar micelle concentration ([micelle]). The micelle aggregation number, N, is
calculated from:

N = A; (C - cmc)/[quencher], 5)

where C is the molar surfactant concentration, or the polyamphiphile concentration
expressed in moles of repeat unit per liter.

The fluorescence decay curves, plots of I(t) vs. t were recorded using a
single-photon counting setup (8).

Cryogenic Temperature Transmission Electron Microscopy (Cryo-TEM).Most
analytical techniques are indirect in the sense that microstructural information is
obtained only by analysis of the experimental data using a preconceived model.
Thus, direct imaging is needed to produce unambiguously that physical model.
Transmission electron microscopy is the obvious choice for direct imaging of
microstructured systems, because of its high resolution and relative ease of data
interpretation, even (in most cases) without additional image analysis. Image
analysis may be used to improve data quality (contrast enhancement, three-
dimensional reconstruction, etc.) and to quantify it. To examine a complex fluid by
TEM, it must be made compatible with the instrument. While the older staining-and-
drying techniques cannot preserve the original microstructure of these labile
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systems, ultra-rapid thermal fixation, that leads to water vitrification, does preserve
it. In fact, because of the high tendency of water molecules to rearrange into a
hexagonal crystalline solid, they serve as a built-in indicator of the success of
fixation. If water is vitrified, then, in all probability, the much heavier molecules of
the other components have not rearranged. Vitrified specimens are then examined in
the TEM at cryogenic temperature. This is direct imaging cryo-TEM.

Specimens for direct-imaging cryo-TEM are prepared under controlled
humidity (usually 100% relative humidity) and temperature (typically between O to
80 °C) in the controlled environment vitrification system (CEVS), as described by
Bellare etal. (14): thin liquid films (ca. 0.2 micrometer thick), spread over holes in a
perforated carbon film, supported on 200 mesh electron microscope copper grids,
are quenched into liquid ethane at its freezing point, and transferred into a Gatan
cooling holder in its 'work-station'. The holder is then inserted into the transmission
electron microscope. Ultra-rapid cooling and the precautions taken prior to
quenching assure that the structures observed in these cryo-specimens are indeed
those found in the original systems studied by this technique (3, 9, 10, 17-19).

Results and Discussion

Dimeric Surfactants. Figure 3 shows the plots of micelle aggregation number, N,
against surfactant concentration, C, for the homologues of the 12-s-12 series with s
=3, 5, 6, and 8. These results demand two remarks.

(1) The plots appear to extrapolate at low C, close to the cmc, to values of N
that are only slightly dependent on the spacer carbon number, s. These values
increase from about 20 to 25, as s decreases from 8 to 3. Such values of N
correspond to 40 to 50 dodecyl chains per micelle. These numbers are close to those
found for the corresponding “monomeric” surfactants C,,H,5(C,,H;, )N*(CH5),Br,
for which a small decrease of N upon increasing s was also reported (20). These
values are also close to those calculated from Tanford’s equations (2) for the
aggregation number of a spherical micelle with a hydrophobic core of a radius equal
to the length of a dodecyl group in a fully extended conformation (i.e., 16.6A).
Thus, close to the cmc the micelles of dimeric surfactants are nearly spherical.

(2) N increases with C in the case of the four surfactants we have studied.
This increase becomes more pronounced as s decreases. For 12-6-12 and 12-8-12,
the increase of N with C is rather small, and the micelles are thus expected to remain
spherical or spheroidal in the whole concentration range. In this respect these
dimeric surfactants behave much like their corresponding “monomers”, the propyl-
and butyl- dodecyldimethylammonium bromides(20). The increase of N with C is
more important, but still modest, for 12-5-12. It becomes very important for 12-3-
12, indicating a change of micelle shape; the corresponding monomer shows only a
small increase of N with C (20). The tendency to micellar growth of dimeric
surfactants is thus much stronger than that of the corresponding monomers, when
the spacer carbon number is small enough. The large increase of N with C for 12-3-
12 indicates that the micelles of this surfactant become strongly polydisperse as they
grow (I).

The aggregation number of 12-2-12 was not determined. However, the
rheology of the solutions of this surfactant was very peculiar. 1.3% solution was
normally fluid when gently shaken after a long rest (12 hours or more), but became
visually viscoelastic when shaken strongly for a sufficient time (shear - thickening),
with a recoil of trapped air bubbles when their motion was stopped. A 4% solution
was viscoelastic and almost gel-like, whereas a 15% solution was again fluid,
although quite viscous (7). These observations are similar to those reported by
Hoffmann for other surfactants (This book, Chapter 1), and suggested the presence
of long thread-like micelles in 12-2-12 solutions.
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Figure 3. Variation of the micelle aggregation number with the surfactant
concentration for the 12-s-12 series.
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This expectation was verified by the cryo-TEM investigation of the solutions
of this surfactant and of its homologues with longer spacers. Figure 4 shows typical
cryo-transmission electron micrographs for solutions of the surfactants 12-2-12, 12-
3-12, 12-4-12, and 12-8-12. The 1.3% 12-2-12 solution micrograph clearly shows
entangled thread-like micelles, that explain its viscoelasticity. The thread-like
micelles are still present in the micrograph of the 7% 12-3-12 solution (note bottom
part of the micrograph!), but are not observed in the 2% solution of this surfactant
(data not shown). The last solution had a viscosity comparable to that of water, but
the 7% solution was extremely viscous. The micrographs of 5% (i.e., below 0.1 M)
solutions of 12-4-12 and 12-8-12 show only densely packed spherical or spheroidal
micelles. The viscosity of these solutions was low. Thus, direct cryo-TEM
visualization of the microstructure of dimeric surfactant solutions supports the
conclusions inferred from the N vs. C plots.

In separate experiments (3) we have observed that the addition of DTAB
(dodecyltrimethylammonium bromide), which can be considered as the monomer of
12-2-12, to a 2% solution of 12-2-12 resulted in rapid disappearance of the
viscoelasticity of the system, already at a DTAB mole fraction of 0.065. Cryo-TEM
showed that the initially thread-like 12-2-12 micelles became shorter, and
transformed progressively into spherical mixed DTAB/12-2-12 micelles, as the
DTAB mole fraction was increased. DTAB micelles are known to remain spherical
even at high concentration or ionic strength (21, 22). DTAB incorporation into 12-2-
12 micelles is thus expected to inhibit the formation of thread-like micelles by the
latter, as observed (data not shown).

Figures 5a and 5b show typical micrographs of solutions of two dimeric
surfactants with a very long spacer, the 12-16-12 (2.4%) and 12-20-12 (1.2%).
Vesicles, often double-lamellar, are observed. In the 12-20-20 samples we also
observe lens-like objects (L), open “membranes” (M), and occasionally tubular
liposomes (not shown here). Figures 5¢ and 5d demonstrate that the fluid
microstructures of solutions of the corresponding “monomers”, the octyl- (3.0%)
and decyl- (0.8%) dodecyldimethylammonium bromides, retain the same state of
aggregation as dimeric surfactants, namely, vesicles.

From the above it appears that the dimeric surfactants with a dodecyl chain,
form thread-like micelles when the spacer is short enough, spherical micelles for
medium length spacers and, vesicles with very long spacers. The corresponding
monomers C;,H,5(C,H,,)N*(CH;),Br- form only spherical micelles in the same
concentration range, when s is small, below 10. In view of this behavior, it appeared
interesting to investigate the effect on the microstructure of the solution of forming
the dimer of a surfactant that has a tendency to form elongated micelles. One would
expect the dimer of such a surfactant to form aggregates having the shape coming
next to thread-like micelles in the hierarchy of structures, that is, vesicles, if the
spacer is made short enough. We therefore investigated the 16-s-16 series. Recall
that hexadecyltrimethylammonium bromide is known to form elongated micelles at
high concentration (23). One would thus expect 16-2-16 and probably also
homologues with a longer, but not too long spacer, to also form elongated micelles
and, eventually, vesicles. This expectation is verified by the micrographs shown in
Figure 6. Thread-like micelles (t), vesicles (v) and bilayer membrane fragments (m)
can be seen in the micrograph of a 0.9% 16-3-16 solution (Figure 6a). The
micrograph of a 3.4% 16-4-16 solution (6b) presents a convincing example of
entangled thread-like micelles. Some open membranes (m) are present in this
micrograph too, as well as some spheroidal micelles (arrows). And last, micrograph
6d of a 4.0% 16-6-16 solution shows only spherical or very short rod-like micelles.

In conclusion, the results summarized above clearly show that the linking of
cationic surfactants two by two at the level of the head-group by a polymethylene
space, to form so-called “dimeric” or “bipolar” surfactants, can strongly affect the
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Figure 4. Typical electron micrographs of vitrified aqueous 12-s-12 solutions: (a)
s=2,1.3%; (b) s = 3, 7.0%; (c), s =4, 5.0%; (d), s = 8, 5.0% . Bar = 100 nm.
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Figure 5. Cryo-transmission electron micrographs of vitrified solutions of: (a)
2.4% 12-16-12 (i denotes a small cubic ice area); (b) 1.2% 12-20-12 (L denotes a
lens-shaped vesicle, M an open membrane); (c) 3.0% octyldodecyldimethyl-
aglmonium bromide (d) 0.8% decyldodecyldimethylammonium bromide. Bar =
100 nm.
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Figure 6. Typical electron micrographs of vitrified 16-s-16 solutions: (a) 0.9%
16-3-16 (m - membrane, v - a closed vesicle, t - thread-like micelles); (b) 3.4%
16-4-16 (a large open membrane is denoted by “m”; arrows indicate spheroidal
micelles); (c) 4.0% 16-6-16. Bar = 100 nm.
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nature of the surfactant aggregates, if the spacer is short enough. In general, upon
“dimerization”, one goes from one type of aggregate to the one next in the hierarchy
of structures upon increasing value of the packing parameter.

Polyampbhiphiles. Typical electron micrographs obtained with PS10, and PS16 in
aqueous solutions were published elsewhere (9). Spheroidal aggregates were seen
with PS10, whereas the micrographs of PS16 showed long, entangled, thread-like
micelles, very much like those in Figure 4a of 12-2-12, or in Figure 6b of 16-4-16.
The solutions of PS10 were of low viscosity, but those of PS16 were visually
viscoelastic at the concentration of 9 mM used. The diameter of the PS10
aggregates, as estimated from the electron micrographs, was consistent with that
expected for spherical micelles made of a surfactant with a decyl chain. Separate
fluorescence probing studies of PS10 solutions had revealed the presence of
hydrophobic microdomains made of 15 to 20 repeat units, and with about one
microdomain per 100 repeat units (8, 24). The average distance between
microdomains on a given polymer chain was calculated to be between 10 and 40 nm
(depending on whether the polymer segment connecting two successive
microdomains is in a coiled or fully extended conformation). Microdomains located
on different polymer chains would be at about the same range of distances under the
experimental conditions used. This situation may very well result in the
microstructures seen in the micrographs of PS10, with somewhat randomly
distributed microdomains (9).

The diameter of the PS16 thread-like micelles was consistent with the length
of a surfactant with a hexadecyl chain (9). However, the micelles were much longer
than expected for a single PS16 chain. In fact, the micrographs showed very few
micelle ends, observed typically as black dots. This led us to conclude that PS16
thread-like micelles are formed by end-to-end linking of a large number of PS16
chains. Indeed, the ends of these chains are not organized in microdomains for lack
of neighboring repeat units, and tend to connect one to another, to prevent
energetically costly contacts between water and hexadecyl side-chains. As pointed
out (10), these features of PS16 solutions make them a choice material for studying
the interaction between PS16 and surfactant because the binding of surfactant
molecules to PS16 micelles may induce changes in the microstructure and rheology
of the system.

We have shown through viscosity measurements and cryo-TEM
investigations that PS16 interacts with the anionic surfactant sodium dodecylsulfate
(SDS). This interaction leads to the progressive break-up of the thread-like micelles
into the individual polymer chains and the disappearance of the viscoelasticity of the
system (10).

A similar study has been performed, where SDS was replaced by either of
the two nonionic surfactants hexaethyleneglycol monodecyl or monododecyl ether
(C,0Eg and C,E¢). Figure 7 shows that the addition of the nonionic surfactantto a 3

mM PS16 solution leads to a rapid decrease of the solution viscosity, which appears
to depend only little on the surfactant chain length. Similar experiments performed
with a 9 mM viscoelastic PS16 solution showed that the viscosity decrease is
accompanied by the disappearance of the viscoelasticity at surfactant concentrations
as low as 0.9 mM, that is, below the cmc of C;gE¢ (1 mM). Thus, nonionic
surfactants are much more effective than SDS in modifying the rheology of PS16
solutions. This difference probably reflects the absence, in the case of the nonionic
surfactants, of repulsive electrostatic interaction that SDS molecules must overcome
to incorporate into a PS16 microdomain, which bears a net electrical charge of the
same sign. The plot in Figure 7 goes through a shallow minimum at a
[surfactant]/[PS16] molar concentration ratio of about 0.3, then the viscosity
increases slowly with surfactant concentration. These experiments, repeated in the
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Figure 7. Variation of the specific viscosity of a 3 mM PS16 solution upon
addition of CjgEg (¢) and CypEg¢(#) with the [surfactant])/[PS16] molar

concentration ratio.

absence of PS16, showed no change of solution viscosity. This effect is thus
characteristic of the system, and may be associated with some conformational
change of the PS16 chain induced by the binding of surfactant.

Figure 8 shows electron micrographs of the PS16/C4Eg system at a polymer
concentration of 9 mM(monomer)/L and various values of the molar concentration
ratio R = [surfactant])/[PS16]. In Figures 8a and 8b, at R = 0.06, the micrographs
show long thread-like micelles, somewhat oriented, probably as a result of sample
preparation. In Figure 8c, where R = 0.13, many micellar ends are clearly visible as
black dots, indicating that the fragmentation of the long micelles has already started,
as the result of the incorporation of the nonionic surfactant into the microdomains.
Only short elongated micelles can be seen at R =0.36 (Figure 8d). These micelles
have lengths in the 100 nm range, a value consistent with the PS16 molecular
weight (9). The sequence of micrographs in Figure 8 is very similar to that for the
system SDS/PS16 (10). In both instances cryo-TEM provides direct visual evidence
of the disruption, upon addition of anionic or nonionic surfactants, of the long
thread-like micelles of PS16 into their constituting elements, i.e., individual polymer
chains. This disruption is clearly the result of the incorporation of the surfactant into
the PS16 microdomains. The question that then arises is whether the surfactant
distributes in a somewhat uniform manner along the thread-like micelles, or tends to
concentrate in some specific spots, such as the microdomains corresponding to the
junctions between polymer chains. Indeed, the latter microdomains are probably not
as well organized as those away from the polymer chain ends. Measurements of
surfactant self-diffusion in the SDS/PS16 (25) system showed that the amount of
bound dodecylsulfate ion to PS16 is small, 15% or less of the added SDS. This
result, and that very low concentrations of nonionic surfactants are sufficient to
disrupt the thread-like micelles, suggest that the bound surfactant is located mainly
at the junctions between polymer chains. Hence, it drastically affects micelle length
even at very low content.
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Figure 8. Cryo-transmission electron micrographs showing the effect of CjgEg
addition to a 9 mM PS16 solution atR = [C10E6]/[PSI6] =0.06 (a and b),R =
0.13 (c), and R = 0.36 (d). Bar = 100 nm.
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Chapter 7

Structure of Sheared Cetyltrimethylammonium
Tosylate—Sodium Dodecylbenzenesulfonate
Rodlike Micellar Solutions

Richard D. Koehler and Eric W. Kaler

Center for Molecular and Engineering Thermodynamics, Department
of Chemical Engineering, University of Delaware, Newark, DE 19716

The viscoelastic behavior observed in aqueous solutions of the
cationic/anionic surfactant mixture cetyl trimethylammonium
tosylate(CTAT) and sodium dodecyl benzyl sulfonate(SDBS)
provides evidence for the presence of rodlike micellar structures. In
particular, highly viscous and viscoelastic gels form at low total
surfactant concentrations. Small angle neutron scattering
measurements reveal a strong interaction peak that becomes
anisotropic with increasing shear rate. This anisotropy indicates an
increase in the order of the micelles in a preferential direction. Model
fits show that the rotational diffusion coefficients decrease with
increasing total surfactant concentration for samples in the middle of
the rodlike micellar region, but they increase on approach to the phase
boundary. Thus micelles in the center of the micellar phase grow
with increasing total surfactant concentration, while those near the
boundary remain shorter. The shorter micelles are precursors to the
vesicle and lamellar structures of nearby phases.

Rodlike micelles form in ionic surfactant solutions at high salt concentrations(/,2).
They also form in solutions containing strongly binding counterions such as
salicylate(3-5) or tosylate(6). These ions contain a hydrophobic part that prefers to
remain in the nonpolar core of the rodlike micelle. If the counterion is replaced with
an oppositely charged surfactant, there is very strong "counterion” binding, and
rodlike micelles, spontaneous vesicles, and lamellar structures can form(6). In the
CTAT/SDBS mixture (Figure 1) decreasing the CTAT/SDBS ratio at a constant
total surfactant concentration shows a progression from a rodlike micellar phase on
the CTAT rich side, to a micelle/vesicle two phase coexistence region, and through a
CTAT-rich vesicle lobe to the equimolar line. The phase behavior is similar on the
o;lher side of the equimolar line. The current emphasis is on the CTAT-rich micelle
phase.

Electron microscope images(6) and the viscoelastic response(/-5) of
moderately concentrated rodlike micellar solutions suggests that they contain long
and entangled threadlike micelles. Cates(7,8) has proposed a model for the
relaxation of stress for these "living polymer" systems that accounts for the scission
and recombination reactions of the micelles. The average length of the micelles and

0097—6156/94/0578—0120$08.00/0
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the length distribution depend on the energy of formation of two micellar endcaps
during the scission reaction(7,8). However, constant shear measurements on these
solutions suggest that the micelles act as rigid rods below a certain length
scale(9,10). These two different points of view are not inconsistent - the threadlike
micelles can be thought of as chains consisting of discrete rigid segments of a fixed
persistence length (Figure 2). Since these segments are assumed to act
independently, the microstructure on small length scales can be modeled as a
collection of rigid rods with length equal to the persistence length.

Small angle neutron scattering (SANS) provides useful information about the
structure and shapes of micelles in solution(l1). However, for nonspherical particles
this technique cannot provide unambiguous information about particle shape(l1,12).
Analysis of particle structure can be simplified by alignment of the anisotropic
particles in electric(/3), magnetic(I3) or flow fields(9,10,13-16). The degree of
alignment depends on the axial ratio of the particles, and alignment removes some
ambiguity in the determination of the particle shape. Measurements of scattering in
the presence of an external field also provides information about the rotational
diffusion coefficient of elongated particles(I7).

SANS Theory

The measured intensity from a system of rodlike colloidal particles can be written
as(10,11),

= - (ap?Vv2 /R ®
S@= 5%< 33 exp(iq * Ry Fn(@F (@)
N=1M=1

1)
or,

5 22 Np 2v2 [Np Np
=t Z(FN<q>2)+‘A")TV'< S 3 expliq s Rya)FN(@FuM(Q)
N=1 N=1M=1,M#N
@)

where RnM is a vector connecting the center of mass of particles N and M. The
volume of the rod is Vr and Ap is the difference between the scattering length
density of the rod and the solvent. q is the difference between the incident and
scattered intensity vectors and has magnitude q=(41t/\)sin(6/2), where A is the
neutron wavelength and 0 is the scattering angle. The brackets indicate averages
over the orientations of the rods.

For cylindrical particles F(q) is written(/2)

. (qL )
sm(—cosa .
2J1(qRsino
F(q) = F(q,0) = qL2 1(q  sin )
—2—cosa gRsina

©)

where o is the angle between the rod axis, represented by a unit vector, u, and the
scattering vector, q (Figure 3). The amplitude function depends on the radius R and
the length, L. The form factor is
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Figure 1: Schematic of the phase diagram of CTAT/SDBS showing the
progression from rodlike micelle, through a micelle/vesicle two phase region, to
a vesicle lobe on the CTAT rich side of the equimolar line. The circles indicate
the samples studied with SANS.
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Figure 2: Schematic showing the different length scales for a threadlike
micelle.
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Figure 3: Scattering geometry for the shear flow experiment. Flow is in the x-
direction, the shear gradient, and the neutron beam are in the z-direction. The
azimuthal and polar angles are 0 and ¢.
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(F@)= [, P@fwan=[" [* F(q,a)(@.0)sin0dod
C)

The normalized orientational distribution function f(u) represents the probability that
arod is pointing between u and du and is a function of the azimuthal, (6) and polar,

(¢) angles of the rod.
The second term in equation 2 can be simplified by neglecting any

correlation between rod orientation and position. In this decoupling approximation
we have(10,13)

%(q) = (Ap)2<I>V,{<F2(q)) +n(F ()’ Jocostas i) - l]dr}.
&)

where @ is the volume fraction of particles and P(r) is the angularly-dependent pair
distribution function. For spherical particles, P(r) is isotropic and depends only on
interparticle center-to-center distance. Given an interparticle potential, integral
equations or Monte Carlo simulations can be used to obtain the pair distribution
function(/1). For rods, the interaction potential, and so P(r), depends on both rod
orientation and interparticle distance. Spherical harmonic expansions of integral
equations have been used to find the angularly dependent pair distribution function
for uncharged elongated particles(19). Rigid charged rods have been modeled using
Monte Carlo simulations and perturbation expansions around sphericalized reference
potentials(20).

If a shear field aligns the rods, the Smoluchowski equation provides the
distribution function for the orientation of the rods. Doi and Edwards(2/) and
%arsqn(22,23 ) write the time evolution equation for the orientational distribution

unction as

of 0 o [of _9(V
—_ .V —_ : —_ —_—] — —_— — =
™ +au [(u vV —uuu Vv)f] D, u [au+f8u(kT)] 0

©6)

where Vv is the velocity gradient tensor, Dy is the rotational diffusion coefficient,
and V is the potential energy of interaction between rods. For the simple analysis
given here, V is set to zero and Dy is assumed to be independent of orientation. With
these assumptions the distribution function of rods in a shear flow depends on one
parameter, 8, which is the ratio of the shear rate I' to the rotational diffusion
coefficient. P is a measure of the ratio of strength of the flow that orients the rods to
the strength of the restoring force of diffusion that randomizes them.

or calculation f(u) can be expanded in a series of spherical
harmonics(27,22)

o 2 Y} (u) form=0
f(u,t) = by |fm) , where, [fm) =
(l.l ) ﬁ%enmgo 4 I m) where. | m) -\/I—E(Y;ﬂ(u)"'(_l)mY;m(u)) form=#0
@
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The particular form of [¢m) combines the spherical harmonic functions, Yj'(u), so
that the symmetry and boundary conditions of the problem are met. This expansion
is then substituted into the Smoluchowski equation and the inner product is taken
with respect to each member of the series. Using orthogonality and triple product
conditions yields a set of ordinary differential equations in time for the coefficients

o As a result of symmetry around the flow direction the maximum of the
distribution function occurs at ¢=0 for any value of . The experimental geometry is
not symmetric in the plane perpendicular to the vorticity, so for low values of B,
when diffusion is important, the rods are pointed at 45° away from the flow
direction, 8 = w/4. At higher shear rates, (large B) the particles are aligned in the
flow direction with 8 = /2. However, because this movement is out of the plane of
the detector, it is not visible in the scattering experiment.

For the experiments described here the second term in equation 5 tends to
zero for q > 0.03A, so a fit to higher q data perpendicular and parallel to the flow
direction provides information on the effective rotational diffusion coefficients of the
;odlike micelles without the need for a detailed knowledge of the pair distribution

unction.

Experimental Section

Cetyl trimethyl ammonium tosylate (CTAT) was obtained from Sigma Chemical and
recrystallized three times. Sodium dodecyl benzene sulfonate(SDBS) soft type was
used as supplied from TCI. D70 was obtained from Cambridge Isotope
Laboratories and also used as supplied. The phase diagram is reported elsewhere(6).

SANS samples were prepared by completely mixing stock solutions of CTAT
and SDBS in D70 to the desired weight ratio. Two samples were in the center of the
one phase rodlike micellar region: sample 1 containing 1.5wt% 97/3 CTAT/SDBS
and sample 2 containing 1.0wt% 97/3 CTAT/SDBS. Two other samples were
prepared closer to the rodlike micelle phase boundary, sample 3 containing 1.5wt%
95/5 CTAT/SDBS and sample 4 containing 1.0wt% 94/6 CTAT/SDBS (Figure 1).
Small angle neutron scattering measurements were performed on the 30-meter SANS
spectrometer at the National Institute of Standards and Technology at Gaithersburg,
MD. The sample to detector distance was 5.25m and a wavelength of 6A with
AMA=0.15 yielded a q range between 0.005A-1 and 0.08A-1. The samples were
placed in a concentric cylinder shear cell with a 0.843mm gap width(24).
Measurements were made at 25°C at steady shear rates. The samples were
presheared for 300 seconds before the measurements began.

The raw 2-D data was corrected by subtracting the appropriate experimental
background. Circular averages were made on shells 10° wide around a direction
perpendicular to the flow direction and parallel to the flow direction, and the data
was put on absolute scale with the use of a polystyrene standard. For fitting, the
experimental data was divided by the prefactor in equation 5. The persistence length
or effective rod length was estimated using Bragg's law, L=271/qmax, Where qmax is
the q value of the peak in the scattering curve(10). The radius of the rod was found
by fitting the form factor, equation 4, to the high q data at zero shear where the decay
of the intensity curve only depends on the particle radius. Effective diffusion
coefficients at each shear rate were obtained by fitting equation 4 to data measured
for q > 0.03A both parallel and perpendicular to the flow direction.

Results and Discussion

Figure 4 shows representative scattering patterns at various shear rates from 1.0wt%
97/3 CTAT/SDBS in D70 (sample 2). At rest, the scattering from these micellar
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(b)

Figure 4: Scattered neutron intensity, for 1.0wt% 97/3 CTAT/SDBS in D20,
showing an increase in anisotropy with shear rate. (a) shear rate 0 s°1, (b) shear
rate 10 s-1, (c) shear rate 20 s, (d) shear rate 40 s'1.
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solutions is isotropic and displays a single strong correlation peak (Figure 4a). This
indicates that the micelles are charged and highly interacting. The scattering patterns
become increasingly anisotropic with increasing shear rate, and show increasing
intensity in the direction perpendicular to the flow direction and decreasing intensity
in the direction parallel to the flow direction. This change provides clear evidence
that the rodlike micelles are aligning. The increase in anisotropy implies the rods
align like the rungs on a ladder, thereby reinforcing the correlation peak in the
direction perpendicular to the flow and weakening it in the direction parallel to the
flow.

Figure 5 shows scattering from sample 2 along lines perpendicular and
parallel to the flow direction. The solid and dashed lines are the model fits of the
form factor where the effective rotational diffusion coefficient is the only adjustable
parameter; the radius and length are determined from the zero shear data. The good
agreement between the shape of the experimental and fitted curves at high g suggests
that the length estimated from the q value of the intensity peak is a good estimate of
the persistence length of the micelles. Table I shows the results of this fit for the four
samples studied.

Table 1. Rotational Diffusion Coefficients as a Function of Shear Rate

Shear Rotational Diffusion Coefficient D, (s-1)
Rate wt% surfactant, ratio of CTAT/SDBS
(shH  1.5wt%,97/3 1.0 wt%,97/3  1.5wt%, 95/5 _ 1.0wt%, 94/6
5 1.7 1.0 1.7 0.7
10 1.0 1.3 1.7 1.3
20 0.4 2.0 1.7 2.7
50 0.6 20 1.2 6.7
100 1.0 2.0 8.3 10.0

The effective rotational diffusion coefficient decreases with increasing total
surfactant concentration along the 97/3 CTAT/SDBS line, which is in the middle of
the rodlike micelle region on the phase diagram. At higher SDBS ratios the effective
diffusion coefficients increase with shear rate.

The rotational diffusion coefficient, Dyy, of a rod in dilute solution varies as
L-3 while in a semi-dilute solution Dr ~ Dyo(cL3)-2. The rotational diffusion
coefficient of the rodlike micelles depends strongly on the length of the rod. The
decreasing diffusion coefficient with increasing total surfactant concentration implies
an increasing micelle length or an increase in entanglement.

Near the phase boundary (samples 3 and 4), the observation of an increasing
effective rotational diffusion coefficient with increasing shear rate suggests that the
micelles are short or mobile enough to remain unaligned even at very high shear
rates. The higher diffusion coefficient may be due to less entanglement or may be
directly related to a decrease in rod length. The proximity of the phase boundary is
consistent with the formation of shorter micelles and indicates that more endcaps can
form near the phase boundary.

Conclusions
Rodlike micelles that can be aligned in a shear flow are present on the CTAT rich

side of the CTAT/SDBS/D>0 phase diagram. Modeling the neutron scattering data
provides information about the effective rotational diffusion coefficient of these
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Figure 5: Scattering perpendicular, O, and parallel, @, to the flow direction
for 1.0wt% 97/3 CTAT/SDBS for a shear rate of (a) 0s-1, (b) 101,
(c) 20s1,(d) 100 s-1. The lines are fits described in the text.
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rodlike micelles. The results indicate that longer, more entangled micelles are
formed as the total surfactant concentration is increased at a constant ratio of
CTAT/SDBS. Increasing the amount of SDBS at a constant total surfactant
concentration leads to rodlike micelles which are much shorter and more mobile.
Shorter micelles signal a change in the structures present as the phase transition is
approached.
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Chapter 8

Rheo-optical Behavior
of Wormlike Micellar Systems
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IDepartment of Macromolecular Science, Faculty of Science,
Osaka University, Toyonaka Osaka 560, Japan
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Cetyltrimethylammonium bromide, CTAB, forms long wormlike
micelles in aqueous solutions with sodium salicylate, NaSal. The
system makes an entanglement network similar to concentrated
polymer systems, and shows profound viscoelastic behavior highly
dependent on concentration of CTAB, Cp, and NaSal, Cg. The
system also is strongly flow birefringent. The refractive index tensor
and the stress tensor are linearly related by a stress-optical coefficient
C =-3.1x10°8 cm?dyn’! essentially independent of C, and Cg. This
linearity suggests that the origin of elasticity of the wormlike micellar
system is orientation of micellar portions between entanglement
points. The sign and magnitude of C is consistent with the proposed
structure in which most of CTA™ ions are arranged in a radial pattern
with their molecular axis mostly perpendicular to the axis of the
wormlike micelle.

Various kinds of surfactant molecules form very long wormlike or threadlike micelles
in aqueous systems with some additives (1-8). Especially systems consisting of a
cationic surfactant such as cetyltrimethylammonium bromide, CTAB, (4-8) or
cetylpyridinium bromide, CPB (3), and some salts such as sodium salicylate, NaSal,
show very unique viscoelastic behavior. In those systems the wormlike micelles
sometimes behave like polymer systems; for example, they make very dense
entanglement networks (2-8). The fact (2,3,5-8) that the high frequency plateau
modulus of entangling micellar systems is approximately proportional to the square of
the concentration of surfactant molecules is essentially identical to that observed in
polymer systems (9). On the other hand, the relaxation spectrum in the terminal zone
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of the entangling micellar system could be well expressed by only one spike like
spectrum (2,3,5-8), but the entangling polymer system has a broad box type
spectrum (9). This similarity and difference mean that the entanglement among the
wormlike micelles is the essential reason for the elastic properties as it is for the
polymer systems, whereas the relaxation mechanism in the wormlike micellar system
is not controlled by diffusion of micelles along themselves, which happens in the
polymeric systems (9,10), but is controlled by a completely different mechanism that
reflects the unique characteristics of the wormlike micelle (5,7,11,12).

The physical origin of elasticity in the micellar system is not fully understood
so far. The first possibility is that the wormlike micelle is rather flexible and portions
between entanglement points have enough length to behave like Gaussian chains
without changing their contour length, just like polymer systems(10,11). In this case,
the refractive index tensor must be a function of orientation of the portions and
proportional to the stress tensor when the applied strain is not so large. Then, the so
called stress-optical law would hold as in polymer systems. The other possibility is
that the wormlike micelle could be really extended, changing its contour length,
and/or bent with certain elastic constants. If this is the main contribution to the stress
of the wormlike micellar system, the stress-optical law will not hold, because the
structure of the micelle would be altered due to elongation and the refractive index
tensor would not be a linear function of the stress tensor.

Flow birefringence measurement should be the most powerful and useful
technique to examine the relationship between the stress and refractive index tensors of
the micellar system. In this paper, viscoelastic and flow birefringence behavior of an

"aqueous wormlike micellar system, CTAB:NaSal/W, consisting of CTAB and NaSal
will be reported, and the applicability of the stress-optical law to the system will be
discussed. Furthermore, the persistence length of the wormlike micelle will be
estimated from the birefringence data.

Experimental Section

Materials. CTAB and NaSal, were purchased from Fisher Scientific. Highly
deionized (resistance > 16M£) dust free water was used as the solvent. The
concentrations of CTAB, Cp, were 0.01, 0.03, and 0.1 M, and concentration of
NaSal, Cg, were changed from 0.15 to 0.4 M. Prepared solutions, CTAB:NaSal/W,
were rested for at least two days at room temperature before measurements for
complete equilibration.

Viscoelastic and Flow Birefringence Measurements. A conventional
rheometer (Rheometrics, RMS800) was operated at 25°C (room temperature) with a
cone and plate geometry of 25 mm in radii and of 0.02 rad in cone angle. The shear
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stress, ©,, and the first normal force difference, o,,-0,,, were measured as
functions of time under given constant shear rates, ¥, from 0.01 to 100 s°1.

We operated a home made flow birefringence instrument with a photo-elastic
modulator and determined birefringence, An, and extinction or orientational angle, X,
simultaneously as functions of time, t, under a constant given shear rate. A precise
description of this equipment was published elsewhere (15). A Couette geometry
with inner and outer cylinders of 15 and 16 mm in radii was employed. The tested Y
was 0.2 to 10 s'! and the temperature was also room temperature.

Results and Discussion

Behavior under Weak Flow. Rheo-optical behavior of the CTAB:NaSal/W
micellar system was roughly classified into two kinds of conditions depending on 5.
We call the condition in which the product of the applied ¥ and the longest relaxation
time of the system, Ty, is less than a certain critical value (depending on Cp) weak
flow. On the other hand, the condition of Ty greater than that value strong flow. A
typical result for the time dependent behavior of the orientational angle, X , and
birefringence, An, for a micellar system with Cp, = 0.03 and Cg = 0.23 M under weak
flow is shown in Figure 1. The critical Ty value for this system was a decreasing
function of C, and was about 6 for this Cpy = 0.03 M solution. ¥ starts from 45° and
decreases with time until finally reaching a steady value. The steady state value of
depended on ¥, and %, always started from 45° and never showed a minimum even at
high ¥ in every solution we tested. This behavior is similar to that usually observed in
polymer systems (15). A striking fact in An is that the sign of An is minus and the
magnitude observed is much larger than ordinary polymers (15). -An starts from zero
and showed a small maximum around t = 5 s, which is called over-shoot, and
decreases slightly, then reaches a certain steady state value. In the linear regime <
1, none of the solutions showed a maximum in - An, while in the nonlinear regime 1 <
Yt maxima were always observed and the difference between the maximum and the
steady value in -An strongly depended on . This behavior in -An is also very similar
to that observed in polymer systems (15).

Time dependence of the xy component of the refractive index tensor, n,, = -
Ansin(2))/2, and the difference between xx and yy component, n,-n,, =
Ancos(2y), obtained from Figure 1 were compared with the shear stress, o, ., and the
normal stress difference, Oyx"Oyys of the same solution. Corresponding pairs of
components had quite similar time dependence, and both pairs of curves could be
superposed well by shifting only in the vertical direction. Thus, it is obvious that
equations 1 and 2 shown below hold well in the entire time region with a constant of
proportionality.
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An sin(2y)
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An cos(2y)
Oxx Oyy = C—' 2)

This proportionality between the stress and refractive index tensors is called the stress-
optical law and the proportionality constant, C, is called the stress-optical
constant(13,14) and was evaluated as -3.1x108 cm2dyn’! for this solution. All of the
tested solutions showed the validity of the stress-optical law not only in the steady
state behavior but also in transient behavior under the weak flow condition.

It has been reported that the rheological properties of CTAB:NaSal/W system
are very sensitive to Cp, and also Cg (or concentration of free salicylic anions, Cg*,
which could be estimated as Cg* = Cy - C¢ (5,7,8)). Particularly, the longest
relaxation time of the system is a function of only Cg*, whereas the high frequency
plateau modulus, G°, is a function of only Cp,. Therefore, one can easily control all
of the rheological parameters by changing Cj, and Cg*, because the zero shear
viscosity can also be expressed as 1 = G\ 1 in this system. Therefore, we tested the
applicability of the stress-optical law with the steady state value in solutions with
different T and G\°.

Dependence of the steady state values of Oy and Oy xOyy ON ¥ of the same
solution as (with t© = 2 s) in Figure 1 is plotted in Figure 2. Optically obtained
Ansin(2))/(2C) and Ancos(2))/C are also plotted in the same figure with the same C =
-3.1x10°8 cm2dyn’!. The agreement between rheological and optical data is perfect.

Such agreement is also observed in a solution with Cp = 0.1 M and the same
Cg* = 0.2 M (or the same 7). We also confirmed applicability of the stress-optical
law in a solution with much lower C, = 0.01 M and the same Cg*= 0.2 M by using
the same C value again. Furthermore, we checked the stress-optical law in solutions
with Cp = 0.1 M and different Cg* =0.05 and 0.3 M, too. The solution with Cg* =
0.3 M (1 = 0.3 s) had the same C value as former solutions. The other solution with
much lower Cg* = 0.05 M ( T = 2 s) showed the stress-optical law with the same C
value. However, the shear rate range in which the law held was smaller than that of
other solutions and was restricted to the linear region of Ty < 1. This difference will
be discussed later.

Behavior under Strong Flow.  Typical time evolution of ¥ and An of the
solution with Cp, = 0.1 and Cg* = 0.2 M (t = 2 s) under the strong flow condition at ¥
= 6.3 51 is plotted in Figure 3A. Until t =~ 4 s the time dependence of ¥ and An
looks normal; however, after t = 4 s instability occurs in both % and An; therefore, we
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Figure 1. A typical time dependence of birefringence, An, and orientational
angle, X, for a system with Cpy = 0.03 M and C = 0.23 M under the weak flow
condition at shear rate y= 1.6 s°1.
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Figure 2.  Shear rate, ¥, dependence of the steady values of the shear stress,
Cryr and the first normal stress difference, O x~Oyys and also of optically
obtained Ansin(2))/(2C) and Ancos(2y)/C of the solution with Cp, = 0.03 M
andCg=023 M (Cg*=02Mandt=~25s).
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could not continue measurment. In the unstable region, % and An are badly scattered,
and the steady state value of them could not determined. Also, the time dependence of
% and An in the instability was not reproducible. This instability was always observed
after 7 approached a very small value, close to 0°, in all the solution under the strong
flow condition.

Supposing the same C = -3.1 x 108 cm2dyn-1, agreement between optical
data and rheological ones was recognized and the stress-optical law held untilt= 1 5
or Y = 6 (Fig 3B). However, increases in Oyy and Oxx-Oyy with time were much
greater than for the optical ones, and the stress-optical law did not hold any more
above Y = 6. According to the theoretical interpretation of the stress-optical law
(10,13,14) for polymer systems, the validity of the stress-optical law is based on the
Gaussian behavior of component chains; therefore, this break down of the stress-
optical law around y= 6 would mean that the behavior of the wormlike micelle in this
system is no longer approximated by the Gaussian chain statistics above y = 6. The
critical strain of validity of stress-optical law at the strong flow condition was a
decreasing function of CD , and is related to the size of the mesh or the distance
between entanglement points in the micellar network.

The instability in the birefringence data occured around the time (or strain) at
which Oy and o, x"Oyy show the first overshoot. The Oyy value showed a couple of
damping oscillation after the first overshoot, and then reached a certain steady state
value (7). The instability in the optical data should mean some dramatic structural
change of the entanglement network and also of the micelle; for example break down
of the micelle. Therefore, during the damping oscillation in o, and G,,-0, ., the
inner structure of the entanglement network of the micelles must be destroyed or
altered by very strong shear deformation. The possibility of structural change of the
wormlike micellar system by shearing (16,17), and also phase transition from
isotropic liquid to a liquid crystalline phase by strong shearing has been pointed out
(18).

In the solution with Cg* = 0.05 M, the instability began at a shear rate
belonging to the nonlinear region (Yt > 1), and the critical strain of validity of the
stress-optical law was also much smaller than that of the system with Cg* = 0.2 and
0.3 M. The remarkable difference in response to a stress relaxation experiment under
large step strains inducing nonlinear behavior was observed in the CTAB:NaSal/W
system around Cg*= 0.1 M. At Cg* < 0.1 M the system showed increases in
instantaneous relaxation modulus with increasing magnitude of strain, whereas at C¢*
> 0.1 M decreases in the modulus with strain were observed (7). However, no Cg*
dependence of the modulus in the linear response regime under a small amplitude
stress relaxation experiment and a dynamic test was identified (7). From these it is
likely that mechanical and/or structural features of the wormlike micelles at Cg* > 0.1
M is slightly different from those at Cg* < 0.1 M, and the difference could not be
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detected by the viscoelastic behavior and flow birefringence in the linear region.

The Stress-Optical Coefficient. The stress-optical law holds well in the
wormlike micellar system with C = -3.1x10-8 cm?dyn! at least in the linear region.
Rehage and Hoffmann also reported a quite similar C value for several kinds of
cationic surfactant systems (3). From this and the fact that the plateau modulus of the
wormlike micellar system is approximately proportional to CDZ, like the polymer
system, we could conclude that the essential origin of the elasticity of the entangling
wormlike micellar system is excess orientation of micellar portions between the
entanglement points and their Gaussian behavior, similar to polymeric systems.
Therefore, we could estimate the stress-optical coefficient of the wormlike micelles
with a basic model for the polymer system or rubber.

The stress-optical coefficient for the linear flexible free jointed (Gaussian)
chain system had been calculated theoretically as below (10,13,14)

2n(n2+2)2A0
C= 3)
45nk,T

where n, Aa, and kg are the mean values of refractive index, anisotropy of
polarizability of an equivalent random walk (Kuhn) segment, and Boltzmann's
constant, respectively: Ao = -0, and @, is the polarizability in the direction along
the backbone of the Kuhn segment and a., is that in the direction perpendicular to its
backbone. Supposing equation 3 is valid in the wormlike micellar system, the optical
anisotropy of the Kuhn segment of the micelle could be estimated as Ao, = -8.5x10-22
cm® with C = -3.1x10-8 cm2dyn’!. This value is exactly the same as that for the
wormlike micelles of CPSal/W reported by Schorr(3,19), using the technique of
electric birefringence.

In polymer systems, the optical anisotropy of Kuhn segments could be
determined from both the optical anisotropy of the monomer of the flexible chain,
Aa®, and the equivalent Kuhn length of the chain, <r2>/L, or persistence length, ¢ =
<r2>/(2L), as shown in equation 4 below (13): L is the contour length of the chain
and <r2>1/2 is the mean square end-to-end distance of the chain in the unperturbed
state.

<> q
or =2A0° — ()
LA A

Ao = Aa®

where A is the length of the monomer of the chain. In the entangling wormlike
micellar system, the discussion above would be satisfied by replacing L and <r2>1/2
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with the contour length, L, between entanglement points and the mean square
distance between entanglement points, <rez>”2, respectively. Thus, if one could
estimate both values of Aa® and A, the persistence length, g, of the wormlike micelle
could be determined.

Monomers and the Persistence Length of the Micelle.  An of the wormlike
micellar system could be expressed as the product of the order parameter of micellar
monomers, S, and the characteristic birefringence of a perfectly aligned system, An®.
An° is proportional to the optical anisotropy of the monomer as below (20)

An = SAn° 5)
2n(n?+2)%p, Aa®

An® = ©
9n

where p_ is number density of the monomer.

Here, we propose a simple structural model for the wormlike micelle. The
wormlike micelle is constructed by disc shape monomers consisting of m of
CTA*Sal” complexes (5). CTA* is arranged in a radial pattern keeping its methylene
chain perpendicular to the axis of the micelle. Sal” is located beside an ammonium
group of CTA, but its motion is rather fast (5). Since the polarizability of methylene
chain parallel to the molecular axis is larger than that perpendicular to the axis, this
model could successfully explain the large negative Aat (3,21). With this model we
could obtain the relation between An® and Aa® as

2n(n?+2)?N ,CpAa®

An® = )

9000nm

where N, is Avogadro's number. Then, we are concerned with a critical condition
just before instability under strong flow. Because the system shows ) very close to
zero at the critical condition, the order parameter, S, of the micelle should be
approximately equal to unity, so that the extreme value of An at the critical condition
could be considered as An°. Figure 3A is a typical example showing the critical
condition, and one could estimate An® = -11 x 10-3 around t = 4 s for a solution with
Cp = 0.03 M. Taking the slope of a plot between An® and C, at the critical condition,
we could evaluate Aa®/m = -8.0 x 10-2% cm® by means of equation 7. On the other
hand, m could be roughly estimated as follows. Suppose the radius of the micelle is
2.4 nm (22-24), circumference of the monomer disc could be estimated as 15 nm.
And the size of a head of a CTA*Sal” complex could be evaluated as about 0.85 nm
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Figure 3. (A): A typical time dependence of birefringence, An, and

orientational angle, ¥, for a system with Cp = 0.03 M and Cg = 0.23 M under
the strong flow condition at shear rate ¥ = 6.3 s, (B): Comparisom between
optical data and rheological ones as a functions of elapsed time supposing C =

3.1 x 108 cm?dyn’l.
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by means of Imae's data (23) for spherical micelles of a CTASal:NaSal/W system.
Consequently m could be obtained as about 18, then Aa® = -1.4 x 10"23 cm? could be
estimated. We also estimate A =~ 0.85nm, because A is equal to the width of the
CTA*Sal” complex.

Finally, we could determine the persistence length as ¢ = 26 nm by means of
equation 4 with m = 18 and A = 0.85 nm; therefore, the Kuhn length of the micelle
could be also estimated as about 52 nm. Imae also estimated g as 110~150 nm for a
CTASal:NaSal/W system (23) with a light scattering technique at a C, condition much
lower than the entanglement concentration. But her ¢ value is considerably larger than
ours. The reason for this discrepancy is not clear at this stage. However, the Cy
range she studied was much lower than that of this study, and it could be possible that
q has Cp, dependence (21). On the other hand, Appell et al (25) also estimated g of a
CPB:NaBr/W system with a simple salt NaBr by use of light scattering and magnetic
birefringence, and they obtained g = 20 + 5 nm under a C[, condition lower than the
entanglement concentration. Interestingly, their ¢ value is much closer to ours than
Imae's ¢. It is well known that the slowest relaxation mechanism of CTAB:NaSal/W
is quite different from that of systems with simple salts such as CTAB:NaBr/W or
CPB:NaBr/W. Although Cates' model (11,12) for the slow relaxation mechnism has
been successfully applied to systems with simple salts, his model could not explain the
Cg* dependent relaxation time in the CTAB:NaSal/W and CPB:NaSal/W systems
(2,8). Itis not clear whether there is considerable difference in the short time response
and structural features of micellar portions between entanglement points and also in the
value of g of these systems.

The rheo-optical technique, which we proposed here, must be one of the
useful and powerful methods to evaluate the persistence length, g, of the wormlike
micelles.

Conclusions

The stress-optical law held in the entangling CTAB:NaSal/W wormlike micellar
system. This suggests that the origin of elasticity of the micellar system is excess
orientation or Gaussian behavior of micellar portions between entanglement points
similar to the rubber elasticity in ordinary flexible polymer systems.

The sign and magnitude of the stress-optical coefficient was consistent with
the proposed micellar structure.

We proposed a new method to estimate the persistence length of the wormlike
micelle through the flow birefringence data, and the persistence length of the micelle
was evaluated as ¢ = 26 nm.
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Chapter 9

Spinnability of Viscoelastic Surfactant
Solutions and Molecular Assembly Formation

Toyoko Imae

Department of Chemistry, Faculty of Science, Nagoya University,
Chikusa, Nagoya 464, Japan

The spinnability was measured for aqueous viscoelastic solutions of
cationic surfactants with aromatic salicylate counterion in the absence and

presence of sodium salicylate. Aqueous solutions of alkyl- and
oleyldimethylamine oxides also exhibited the characteristic spinnable

behavior. The spinnability of these surfactant solutions was classified into

the ductile failure type and the cohesive fracture failure type. The behavior

was compared with that of spinnable polymer solutions. The spinnability
is closely related to the viscoelasticity, that is, the plateau modulus or the

dynamic (structural) relaxation. The assembly formation by surfactant
molecules is discussed in connection with rheological properties of
solutions.

When a rod in a liquid is pulled up at a constant rate, the liquid is stretched to form a
thread. This rheological phenomenon is called the "spinnability", which is related to
the Weissenberg effect. The spinnable liquids are generally non-Newtonian and
viscoelastic, and the thread-forming property is characterized by the length of the liquid
thread. The spinnability was reported for native and synthetic polymer solutions ( 1-5).
It was suggested that the thread-forming state was described by the elastic deformation
superposed on the viscous flow and that the spinnability was most remarkable when
the drawing velocity coincided with the mechanical relaxation time in Maxwell's flow.

Similar characteristics were also observed for aqueous solutions of cationic
surfactants with certain kinds of aromatic counterions such as salicylate ( 6). Such
surfactants exhibited the strong viscoelasticity even in very dilute aqueous solutions.
The micellar structure in the viscoelastic solutions and the mechanism for the
inducement of the viscoelasticity are discussed in several works. Some investigators
(7-9) confirm the formation of rodlike micelles in the viscoelastic solutions. It has
been assumed that rodlike micelles build the three-dimensional network, where the
contacts between micelles are constantly formed and broken ( 7). Later work indicates
that the effect of micellar kinetics has to be taken into consideration at the same time

0097—-6156/94/0578—0140$08.00/0
© 1994 American Chemical Society
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(10). The experimental data have also been explained by the formation of an entangled
network of threadlike micelles and the breakdown-reformation of the network (11).

Since salicylate ions exhibit specific adsorption and penetration ability (12),
the electric structure such as surface potential and electrical double layer, and as a result
the micelle structure and their properties in a solution, may change remarkably.
Therefore, the role of salicylate ions on micelle formation must be elucidated. It has
been emphasized that the unique orientation of salicylate ions on the micellar surface is
the crucial factor for inducing viscoelasticity, and two mechanisms have been proposed
13).

Dilute aqueous solutions of hexadecyl- and octadecyldimethylamine oxide
(C16DAO, C18DAO) present iridescent colors at lower temperatures and are
transparent at higher temperatures. It has been confirmed from microscopic
observations that platelike assemblies and lamellar layers are constructed in the
iridescent solutions (14,15). Rodlike micelles are formed in transparent solutions of
C16DAO as well as of oleyldimethylamine oxide (ODAO) (16,17). Aqueous solutions
of C16DAO and ODAO are viscoelastic (8), and the spinnability of aqueous ODAO
solutions is especially remarkable.

Extract from the root of Abelmoschus Manihot is used to disperse paper fibers
when Japanese paper is manufactured. It exhibits the remarkable viscoelasticity as
well as sodium alginate, poly(ethylene oxide) (PEO), and sodium
carboxymethylcellulose (NaCMC) which are also useful to disperse fibers (19).
Although the spinnability phenomenon is known for these polymers, it is not
necessarily discussed in relation to the viscoelasticity and the polymer structure in
solutions.

In this work, the spinnability property is quantitatively investigated for aqueous
solutions of tetradecyl- and hexadecyltrimethylammonium salicylates (C14TASal,
C16T ASal) in the absence and presence of sodium salicylate (NaSal) and is compared
with that of CaDAO, ODAO and polymers described above. Moreover, the
spinnability mechanism in dilute surfactant solutions is discussed. Such a mechanism
has never clearly been identified and reported.

It may be noticed that aqueous CnTASal solutions investigated here do not
include any additive counterions like halides, since samples of CnTASal were
synthesized by counterions-substituting alkyltrimethylammonium halides with NaSal
(20). Then the solution behavior of CnTASal is partly different from that of
alkyltrimethylammonium halides mixed with NaSal (20,21), because the specific
adsorption and the penetration ability of salicylate ions are hindered by the adsorption
of halide ions.

Spinnability

Spinnability was measured on an apparatus constructed as previously reported (2). A
rod in a test solution was driven up at a constant rate (20). The maximum thread
length, namely, the drawing length was measured as a length from the rod to the
surface of the solution. The drawing lengths at various immersion depths were
extrapolated to the zero depth to obtain the intrinsic drawing length.

Figure 1 gives the schematic representation of the intrinsic drawing length Lo as
a function of drawing velocity v. The Lo values increase linearly with v in some cases,
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Figure 1. Schematic representation of the variation of drawing length against
drawing velocity (upper) and the drawing process (lower) for the type D and
C spinnability. (Reproduced with permission from ref. 20. Copyright 1990
Verlag GmbH.)
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while others decrease with v or are almost independent of v. Both cases are

respectively characterized by a slope ALo/Av of the straight line and by a constant
intrinsic drawing length Lo, c at the finite drawing velocity.

The former (type D) spinnability is a kind of ductile failure (or capillary-ductile
failure), which is observed for viscoelastic solutions with low viscosity (22). In this
case, the liquid thread becomes thin with drawing until it breaks, as seen in the
schematic representation in Figure 1. In the latter (type C) spinnability, the liquid
thread keeps almost constant thickness during drawing and behaves like cohesive
fracture failure, which occurs in rubber or gel elasticity (22).

A liquid thread in the type C spinnability is pulled back into the liquid reservoir,
when it is broken, since the strong elasticity acts against the deformation caused by
drawing up the rod. The liquid thread snaps at a position near the rod when the
tension (retracting force) of a solution overcomes the adhesive force of the liquid
thread to the rod. The tension may be approximately inversely proportional to the
length of the liquid thread. If the liquid thread deforms more quickly than its
maximum relaxation time, the thread is broken at a certain drawing length, regardless
of the drawing velocity of the rod. Therefore, the constant drawing length can be
related to the elasticity of a solution. On the other hand, it is reported that the shear
modulus increases as the solute concentration increases (/8). Hence the drawing
length may become shorter with an increase in solute concentration. Such a
relationship for the type C spinnability was confirmed by the present work (19,20).

Aqueous Solutions of Tetradecyl- and Hexadecyltrimethylammonium
Salicylates

In aqueous solutions without NaSal, C14T ASal molecules associate into elliptic or
short rodlike micelles at temperatures below 25 ‘C (23). Since the external interference
effect indicating the intermicellar correlation is strong at micelle concentrations above
10-3 g cm-3, short rodlike micelles may interact and pseudolink with each other. The
linked micelles form the pseudonetwork structure, as shown in Figure 2a.

The absolute complex viscosity | 7 * |, the storage modulus G', and the loss
modulus G" were measured as a function of angular frequency, and the zero shear
viscosity 7¢. the plateau modulus Gy, and the relaxation time 7 were evaluated from
experimental data (27). While the relaxation time is almost independent of micelle
concentration, the zero shear viscosity and the plateau modulus increase at micelle
concentrations above 10-3 g cm-3.

Type D spinnability is observed at 20-40 C, where the ALg/Av values increase
with increasing micelle concentration (20). The surfactant solutions at higher micelle
concentrattons provide type C behavior, and the L ¢ values decrease gradually as the
micelle concentrations are increased. The spinnability changes from type D to C at 4 x
10-2 g cm-3 micelle concentration and is strongest in the transitional region of type D to
C. At the transition region, type D is observed at low drawing velocities, and type C is
observed at high velocities.

When the micelle concentration is diluted, C, 4T ASal micelles are short and few,
and the intermicellar correlation is rather weak. Then the loose pseudonetwork
composed of short rodlike micelles is formed in micellar solutions. Such structure
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(a) (b) (c)

(d) (e) (f)

Figure 2. Structures of various assemblies. (a) Linked short rodlike micelles;
(b) entangled rodlike micelles; (c) small micelles; (d) rodlike micelles; (€)
lamellar layers; (f) super-network.

In Structure and Flow in Surfactant Solutions; Herb, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Downloaded by MONASH UNIV on October 26, 2012 | http://pubs.acs.org
Publication Date: December 9, 1994 | doi: 10.1021/bk-1994-0578.ch009

9. IMAE Spinnability of Viscoelastic Surfactant Solutions 145

induces the type D spinnability. The type D spinnability is observed for solutions
where the viscous flow overcomes the elastic deformation. The spinnability
strengthens with increasing micelle concentration, owing to the increase in the amount
of micelles and/or to the micellar growth. Then the pseudolinkages between micelles
increase and tighten. Therefore, the elasticity becomes more operative. In solutions
having a drawing length too long to measure by the apparatus in this work, the
elasticity and the viscosity must be favorably balanced.

At higher micelle concentrations, the contribution of the strong elasticity from the
sufficiently developed pseudonetwork of micelles is superior to that of the viscosity
and, therefore, type C spinnability appears. In this case the effective tension of the
solution strengthens enough to pull the thread back into the solution and to break the
thread. The drawing length thus becomes short, and the spinnability converts from the

ductile failure to the cohesive fracture; that is, from the viscous response to the elastic
deformation.

The pseudonetwork composed of pseudolinkages between short rods in which
salicylate ions participate is formed even in aqueous C;¢TASal solutions without
NaSal (24). As the alkyl chain length of surfactant becomes longer, larger or longer
rodlike micelles are formed. Hence the pseudonetwork is formed at lower micelle
concentrations and will tighten. Such structure may induce the type C spinnability. In
fact, type C behavior is predominant for aqueous C; ¢TASal solutions, when the aspect
is compared with that of aqueous C; 4T ASal solutions (20).

The pseudonetwork in aqueous CnTASal solutions without NaSal is constituted
by the pseudolinkages but not by the entanglement. These kinds of assembly structures
are distinguished by the contrary angular dependence of static light scattering (23,24).
In the pseudolinkages, salicylate counterions penetrate into rodlike micelles and
hydrogen-bond between counterions through water. This kind of network is
indispensable for inducing strong spinnability and viscoelasticity, because such
properties are not induced by only the entanglement. In this connection, semidilute
solutions of entangled rodlike micelles of alkyltrimethylammonium halides and
oligooxyethylene alkyl ethers exhibit strong viscosity but very low viscoelasticity
(25,26).

Aqueous NaSal Solutions of Tetradecyl- and
Hexadecyltrimethylammonium Salicylates

When 0-0.4 M NaSal is added into aqueous C;4TASal solutions at a surfactant
concentration of 1.6 x 10-2 g cm-3, the type D behavior is observed at 15-35 'C (20).
In Figure 3, rheological and light scattering results are compared as a function of ionic
strength C¢ + C; for aqueous C, 4TASal solutions at 25 C (21,23,24), where Cy and
C; are critical micelle concentration and salt concentration, respectively. Mapp is the
apparent molecular weight (24) and U is the electrophoretic mobility. While the plateau
modulus is independent of ionic strength, the zero shear viscosity, the relaxation time,
and the ductile failure spinnability increase with addition of a small amount of NaSal,
since the intermicellar correlation diminishes above ~ 0.001 M ionic strength and
rodlike micelles lengthen. On further addition of NaSal, the zero shear viscosity and
the spinnability decrease through a second maximum and a shoulder, respectively, at
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Figure 3. Light scattering and rheological properties as a function of ionic
strength for aqueous CnTASal solutions at 25 C. Surfactant: a-d, C14TASal;
e-h, C16TASal. Surfactant concentration (10-2 g cm-3): a, 0.8; b, 0.8; c, 1.6;
d, 1.6; e, 0.2; f, 0.055; g, 1; h, 0.2. Broken lines in a and e represent the
contribution of external interference. (Reproduced with permission from ref.

23. Copyright 1992 American Chemical Society.)
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~ 0.1 M NaSal, where the micelle size is maximum. The spinnability disappears at
higher ionic strength.

As seen in Figure 3, viscoelasticity and light scattering of aqueous C;¢T'ASal
solutions behave as well as those of aqueous C;4TASal solutions (20,21,24). The
zero shear viscosity has two maxima, and the corresponding maximum around 0.1 M
NaSal is also obtained for the relaxation time. The type C spinnability is observed at 25
and 35 C, and the reciprocal L . values and the micelle size have a maximum at ~
0.1 M NaSal.

Electrophoretic light scattering is a useful method for examining the surface
potential and the charge of colloidal particles, which are essential for the stability of
particles in a medium. Electrophoretic mobility examination indicates that CnTASal
micelles in water exhibit a positive, low net surface charge, as seen in Figure 3,
suggesting the specific adsorption and penetration of salicylate ions to micelles (23,
24). With addition of NaSal, the net charge of micelles is converted from positive to
negative through neutral at ~ 0.1 M NaSal. This indicates that the specific adsorption
and the penetration of salicylate ions dominate the micelle size and the solution
behavior such as spinnability and viscoelasticity. The added NaSal not only promotes
the specific adsorption and penetration but also decreases the electric double layer.
Thus, 0.1 M NaSal must be enough to reach to the zero thickness double layer.

Since addition of a small amount of NaSal stimulates the growth of rodlike
micelles by the salting-out effect, the rheological character, spinnability and
viscoelasticity, is slightly emphasized. Accompaning the increase of viscosity, the
spinnability tends to be type D rather than type C and becomes stronger. The further
addition of NaSal partly destroys the intermicellar correlation and the pseudolinkages
in the pseudonetwork, owing to the electric shielding effect. As a result, the
rheological character diminishes at NaSal concentrations above the first extreme.

The addition of excess NaSal promotes the specific adsorption of salicylate
counterion at the Stern layer of the micelle surface and their penetration into micelles.
This results in rodlike micelles with zero net surface charge at ~ 0.1 M NaSal and,
therefore, the elongation and the entanglement of rodlike micelles in the semidilute
region progress because of the diminution of electrostatic repulsion in the micelles.
Then the rheological behavior again increases slightly. The pseudonetwork in
semidilute solutions is constituted by the entanglement and a small fraction of
pseudolinkages. While the pseudonetwork composed of the pseudolinkages presents
rather elastic rheological character, the pseudonetwork by the entanglement has more
viscous character.

Above 0.1M NaSal, the negative net charge of a micelle increases due to the
excess adsorption and the penetration of salicylate ions. Therefore, the micelle size
diminishes because of the electrostatic repulsion in "anionic" micelles, until small
micelles with a negative charge are formed around 1 M NaSal. Simultaneously, the
rheological behavior decreases and disappears with the diminution and the
disappearance of entanglement and pseudolinkages. Since simple salts such as sodium
halides generally tend only to increase micelle size, the destruction of the micelles by 1
M NaSal is unusual. The remarkable effect of NaSal may be attributed to the superior
ability of NaSal to change water structure. Schematic models of typical micellar
structures are illustrated in Figures 2a-2d.
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Aqueous NaCl Solutions of Alkyl- and Oleyldimethylamine Oxides

While aqueous C; 4DAO solutions at 25 C present no spinnability even in the presence
of 0.2 M NaCl, the type D spinnability is observed on addition of HCI for solutions
with 0.2 M NaCl (18). The ALy/Av values have a maximum at Ca/C ratio of ~ 0.3,
where Ca and C are mole concentrations of HCI and C;4DAO, respectively. For
aqueous C;¢DAO solutions without salt, the type C spinnability is observed at 20 and

25 C, and the type D is at 35 - 45 C. The Ly . and ALg/Av values increase with the
initial increase of surfactant concentration. Aqueous ODAO solutions with and without
NaCl present only the type D spinnability. Whereas the ALg/Av values are
independent of low NaCl concentrations, they increase above 0.1 M NaCl.

When a moderate amount of HCI is added, C,DAO molecules with charge make
pairs with noncharged molecules, and rodlike micelles grow and entangle (16). This
strengthens the type D spinnability. At higher Ca/C ratios, the micelle size decreases by
the electrostatic repulsion between charged surfactants in a micelle, and the spinnability
weakens.

The viscoelastic behavior of dilute solutions of C;¢DAO without salt at 35 C

and ODAO at 25 C is similar to that of dilute nonlinked polymer solutions; and that of
concentrated solutions is like that of entangled polymer solutions (18). The G' and G"
values increase with surfactant concentration. Moreover, the values increase sharply
with angular frequency » and there is even a small peak in a G"- w plot for a
concentrated solution. This aspect is consistent with rodlike micelles being formed in
dilute surfactant solutions and entangling each other at high surfactant concentrations.
Then the spinnability is affected by the surfactant concentration.

The addition of NaCl enhances the growth and the entanglement of rodlike
ODAO micelles but shields the intermicellar interaction ( 17). The spinnability and the
viscoelasticity are not strongly affected by the addition of NaCl below 0.1 M as a result
of the compensation between these two opposite effects. On the other hand, the growth
and the entanglement of micelles are remarkable above 0.1 M NaCl, and, therefore, the
spinnability and the viscoelasticity increase.

Aqueous solutions of C;¢DAO and CygDAO without salt at room temperature
present iridescence at 0.3 - 2 wt % surfactant concentrations. Optical and electron
microscopic observation confirmed the formation of platelike assemblies and lamellar
layers (14,15), as shown in Figure 2e. Such solutions exhibit rheological behavior
different from that of rodlike micelles (18). For aqueous C;¢DAO solutions at 20 C,
which exhibit type C spinnability, the frequency dependence of G' and G" is small,
and the G" values are larger than the G' values. The viscoelastic behavior of aqueous
C;8DAO solutions without salt at 25 C is very similar to that of C;¢DAO at 20 C.
Long-range structure exists in the iridescent solutions, and such structure has a
relaxation time longer than the experimental time scale. Therefore, the stretched
solutions produce the large stress by the elastic force, but the relaxation of the elasticity
by flow may not act there.
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Polymers

Extract from the root of Abelmoschus manihot is a polysaccaride that is composed of
rhammnose and galacturonate ( 19). The extract in water is viscoelastic, since polymer
chains form junctions. The major component of a brown seaweed, sodium alginate, is
a linear copolymer of L-guluronate and S -D-mannuronate. Sodium alginate forms
intermolecular linkages mediated by cations in aqueous medium. PEO chains form
helical structures in water and interact through hydrogen bonding between polymer and
water. Moderately substituted NaCMC molecules are joined by noncovalent linkages in
arelatively concentrated solution and result in chain-bundles. Such junction formation
between polymers should be related to their viscoelastic properties.

Aqueous solutions of extract from the root of Abelmoschus manihot and PEO
exhibit type D spinnability as well as those of sodium alginate at low concentrations
(19). On the other hand, type C spinnability is observed for aqueous solutions of
sodium alginate at high concentrations and for NaCMC. The ALy/Av or reciprocal

Lo,c values always increase with increasing polymer concentration. The ALy/Av is
the reciprocal deformation rate of a thread when the thread is broken, and it
corresponds to the relaxation time. It can be interpreted that the relaxation time of
aqueous PEO solutions increases with concentration (27). This is consistent with the
concentration dependence of the ALy/Av values.

The Lo . value reflects the elastic modulus of the solution and may decrease with
increasing modulus. The reciprocal L ¢ and the dynamic modulus for aqueous sodium
alginate solutions at high concentrations increase with concentration (18,19). It is
found that the dynamic modulus of aqueous NaCMC solutions increases with
increasing concentration (28). These results support the explanation described above.

Cryo transmission electron microscopic observation was carried out (29).
Network images were observed for both sodium alginate and PEO solutions. The
network is not homogeneous and the thick network domains segregate from the thin
network domains, as seen in Figure 2f. The segregation produces a "super-network"
structure. Then the characteristics of viscoelastic and spinnable solutions are due to the
super-network structure based on the pseudonetwork formation.

It is suggested in many investigations that the high-order structure constructed
by intermolecular interactions participates in the viscous property and the elastic
response of polymer solutions. Parts of polymer chains form the linkages to constitute
a junction zone. The network consists of junction zones and free residues of polymer
chains. The junction-rich and free-residue-rich domains result in thick and thin
networks, respectively. The segregated network domains form a supernetwork. Such
three- dimensional network structures leads to viscoelastic behavior with long lifetime
processes, where motions of networks relax with long relaxation times.

The difference between the type C and D spinnability may depend on life time,
and the amount and strength of junctions among polymers. The type D spinnability
appears for polymers with few or weak junction linkages, because the solution can
easily deform and flow, allowing the stress to be dissipated. The type C spinnability is
superior to polymers largely linked through the interaction, since the structure brings
the elastic response. Thus the solution does not flow, and the stress is maintained.
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Figure 4. Schematic representation of the varation of dynamic modulus
against angular frequency. (a) Gel-like; (b)Maxwell-like, (c)polymer-like
viscoelasticity. G, - - -G".

Conclusions

Some types of molecular assembly structures composed of surfactant molecules are
formed in aqueous solutions of CnTASal and CnDAO. Such structures confer
viscoelastic and spinnable properties on aqueous surfactant solutions. Then the
spinnability depends on the strength of such structures or on the balance between the
elasticity and the viscosity in which the structures result, with respect to the analogy of
viscoelastic polymer solutions and of concentrated dispersions.

Three types of viscoelasticity illustrated in Figure 4 are observed in aqueous
solutions of surfactants and polymers examined here. The storage modulus G' and the
loss modulus G" in the gel-like viscoelasticity are almost independent of or slightly
dependent on angular frequency w . In the Maxwell-like viscoelasticity, the G' values
increase at low frequencies and reach the plateau at high frequencies, while the G"
values have a maximum. Both the G' and G" values in the polymer-like viscoelasticity
increase with the initial slopes of 2 and 1, respectively, in a double logarithmic plot.

The types of viscoelasticity are listed in Table I for aqueous solutions of
surfactants and polymers and compared with the types of spinnability and the assembly
structures, which are drawn in Figures 1 and 2. The ductile failure spinnability can be
connected with the Maxwell-like and the polymer-like viscoelasticity, and the cohesive
fracture failure spinnability is connected with the gel-like viscoelasticity. The former is
observed for entangled rodlike micelles in semidilute solutions and polymers with the
super-network structure, and the latter is observed for linked rodlike micelles and
lamellar layers.

Nakagawa (4) concluded that the relaxation time was comparable with the
spinning time. This means that the spinnability depends on the dynamic relaxation of a
solution. In fact, the spinnability for aqueous CnTASal solutions at 25 C behaves
similarly to the relaxation time, as seen in Figure 3. The relation of uniaxial elongation
to the spinning process of the fiber was reported. When the Maxwell liquid is

elongated at a constant velocity, the stress ¢ at the time t is described by

s ~ (@Bt+C) exp (-t 1)
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Table I. Rheological Characteristics and Assembly Structure of
Aqueous Solutions of Surfactants and Polymers (14-21,23,24,29)

Solute solvent T, C ¢ spin-  visco- assembly
10-2gcm-3 nability elasticity structure
C14TASal water 25 0.8-3.2 D Maxwell+gel linked short
rodlike micelle
water 25 10 C gel linked short
rodlike micelle
1-4mMNaSal 25 1.6 D Maxwell
0.02-0.2MNaSal 25 1.6 D polymer entangled rodlike
micelle
>0.3MNaSal 25 16 no no small micelle
C14DAO 0.2MNaCl,Ca/C=0-125 5 D polymer rodlike micelle
C;6DAO water 20 13 C gel platelike assembly,
lamellar layer
water 35 13 D polymer rodlike micelle
C;8DAO water 25 053 C gel platelike assembly,
lamellar layer
ODAO water 25 0456 D polymer rodlike micelle
0-2MNaCl 25 09 D polymer rodlike micelle
Abelmoschus  water 15-35 0.03-0.08 D
Manihot
PEO water 15-25 6-12 D polymer super-network
sodium alginate water 25 1 D polymer
water 25 25 D polymer+gel super-network
water 25 7,10 C gel
NaCMC water 1525 23 C gel
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where B and C are constants ( 30). It is recognized that the stress reaches a maximum at
the relaxation time 7 . Therefore, with solutions exhibiting type D spinnability, the

elongated thread is broken at the relaxation time z . In the type C spinnability, where
the elastic modulus is very strong, the maximum value of the stress is so high that the
stress by the elongation is larger than the cohesion force of the thread, and the thread is
pulled back elastically into the solution reservoir.
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Chapter 10

Correlation of Viscoelastic Properties
with Critical Packing Parameter for Mixed
Surfactant Solutions in the L, Region

Craig A. Herb, Liang Bin Chen, and Wei Mei Sun

Helene Curtis, Inc., Surface Science Laboratory,
4401 West North Avenue, Chicago, IL 60639—-4769

We have investigated the steady shear and dynamic rheological proper-
ties of aqueous solutions containing sodium dodecylsulfate and n,n-
bis(2-hydroxyethyl) dodecanamide over a large part of the normal mi-
celle (L) region of the phase diagram. The solutions are found to ex-
hibit viscoelastic behavior typical of systems that are composed of elon-
gated, rod-like micelles. We have mapped lines of constant zero-shear
viscosity, 1), , and relaxation time, Ty , onto the phase diagram and show
that there is a relationship between the shape of the L; phase boundary
and the location and values of these lines. Several other an-
ionic/nonionic and cationic/anionic systems are compared and found to
follow the same relationship. We also show that lines of constant Ty for
our system follow the same paths as our estimated lines of constant
critical packing parameter, suggesting the possibility of being able to
predict the rheology of these surfactant solutions from more fundamen-
tal structure/property considerations for the micelles.

Mixed anionic/nonionic surfactant solutions are of great importance in a wide range of
industrial and consumer products. The flow properties of these systems affect the
manufacturing process, package selection, and consumer perception of the products. It
is of interest, therefore, to understand the underlying mechanisms well enough to be
able to predict and control the rheology. The hair care industry provides an obvious
example of the practical need for this understanding. The consumer equates high vis-
cosity (5 to 10 Pa s) with efficacy, ease of use, and value of a shampoo. This percep-
tion, which is restricted to the flow behavior in the bottle and the hand, falls into the
shear rate range of about 5 to 20 sec"!, and is usually on the zero-shear viscosity pla-
teau, T, , for a simple shampoo. However, it is difficult or impossible for the con-
sumer to pump or squeeze 5 to 10 Pa s material out of a bottle. Clearly, the viscosity
at the conditions encountered during dispensing must be considerably lower than this.

0097-6156/94/0578—0153$08.00/0
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Simple calculations of the flow rate required and the shear stress produced by the dis-
penser show that the apparent viscosity must be no higher than 0.5 Pa s and should be
even lower. Thus, the viscosity must drop off by 1 or 2 orders of magnitude to be ac-
ceptable and must do it at an applied shear stress less than or equal to that supplied by
the delivery system. Successful shampoo formulations combine the required high 7,
value with this rapid drop off.

It turns out that such shampoo formulations are viscoelastic surfactant solutions
found in the normal micelle (L;) region of the phase diagram. Over the last decade it
has been established that these systems are composed of elongated, rod-like micelles
that, because of their length and flexibility, exhibit entangled polymer-like flow behav-
ior. This work has been reviewed by Hoffmann, Rehage, and co-workers at several
stages (I-5), the first chapter of this book being the most recent. These "worm-like"
micelles differ from polymers in that they can break and re-form fairly rapidly. By
modifying reptation theory (6,7) to accommodate chains that are capable of such
"reversible scission" reactions, Cates (8-11) has developed a model suitable for
describing the rheology of these surfactant solutions. This model predicts a single
exponential stress relaxation for systems in which micelle breaking and reforming are
rapid compared to the reptation process for an average micelle. This single relaxation
time is not observed for systems in which the relaxation time for micelle
breaking, Ty, » is larger than the relaxation time for chain reptation, 7., . Many
surfactant solutions in the L; phase can, indeed, be modeled as single relaxation
Maxwell materials (5). This is also true of the anionic/nonionic system to be discussed
in this paper, suggesting that we are in the regime where Ty < T, - Under these
conditions Cates theory (8) predicts that the rheologically measured relaxation time, Ty,
is approximately equal to (Tyrear Trep ), suggesting that the relaxation process still
involves cooperation between breaking and reptation. See chapters 2 and 3 of this book
for further details.

In addition, the shear modulus, G, , scales with c/c* to the 2.3 power (3), where c is
the concentration of the surfactant and c* is the overlap concentration. The value of
G, appears to be dependent only on the reduced concentration (c/c*) of surfactant.
Thus, we should be able to predict G, from determinations of c* as a function of
micelle composition. As there is evidence that the power law slope changes from 2.3
to about 1.7 at high salt or surfactant concentration in some systems (/2), caution
should be used to ensure that the 2.3 scaling holds over the region of interest. Since
we now have an estimate of G, , and n, is simply the product of 1, and G, , we can
estimate 1, for much of the L, region if we can find a way to predict T, as a function
of solution composition.

In this paper we examine the phase behavior and rheology of aqueous solutions con-
taining sodium dodecyl sulfate (SDS) and n,n-bis(2-hydroxyethyl) dodecanamide over
a large part of the L; region of the phase diagram. The compound n,n-bis(2-hy-
droxyethyl) dodecanamide is usually referred to as "lauric diethanolamide,” "lauramide
DEA" or simply "LDEA" by the manufacturers and formulators who use it. For con-
venience, we will refer to it as LDEA in this paper. Values of the critical packing pa-
rameter (13) for this system are also calculated based on interfacial tension
measurements and counter ion binding estimates. The measured values of T, and 1,

In Structure and Flow in Surfactant Solutions; Herb, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Downloaded by NORTH CAROLINA STATE UNIV on October 26, 2012 | http://pubs.acs.org

Publication Date: December 9, 1994 | doi: 10.1021/bk-1994-0578.ch010

10. HERBET AL.  Mixed Surfactant Solutions in the L, Region 155

from the rheological data will be mapped onto the phase diagram, and we will show
that the lines of constant relaxation time over the L; region qualitatively follow the
predicted lines of constant packing parameter for our anionic/nonionic system. This
suggests a possible path from solution composition, through micelle formation and
morphology, to flow behavior prediction. We will also show data for other systems to
support the hypothesis that the presence of an indentation in the L; phase boundary and
the rheological maxima are linked and observed only in systems for which the critical
packing parameter goes through a maximum as the composition of the micelle changes.
We will provide results suggesting that this behavior is general and explains the
rheological maxima observed when the surfactant concentration is increased along lines
of constant surfactant composition.

Micelle Relaxation Times

There are two fundamental chemical relaxation processes that are reported for micelles.
The first, referred to as the fast process, involves the rapid exchange of surfactant
monomers with the micelles. This process is often diffusion controlled. The second, or
slow process, involves the break up of the entire micelle. These two processes can be
investigated by a number of experiments including temperature or pressure jump
measurements (14,15). At high concentrations, the slow relaxation process is assumed
to involve mainly micelle breaking and coalescence (16). Thus, Ty, is essentially the
slow chemical relaxation time. The greater the free energy change required to create
two smaller micelles from a large micelle, the less likely it is that a break will occur in a
given time period. That is, we should observe a longer relaxation time for these more
stable micelles. In general, factors that decrease the free energy of a surfactant
molecule in a micelle should promote larger values of Ty, . Thus, closer packing of
the head groups will lead to a reduction of the free energy per molecule along the cy-
lindrical portion of the micelle by reducing the contact between the water and hydro-
carbon tails. Also, the difference between the surface area per head group required by
the geometry of the hemispherical end caps and the optimal surface area desired by the
molecules, a,, increases as a, decreases (I7). This suggests that cylinder ends become
more and more unfavorable energetically as a, decreases. Although this is, admittedly,
an oversimplification of the situation, the combination of these two effects should lead
to larger, more stable micelles that will exhibit larger Ty, and T, values. Thus, as
discussed below, it is reasonable to expect a positive correlation between Ty and the
critical packing parameter.

The Critical Packing Parameter

For a given optimal area per head group g, , volume of the hydrocarbon tail v, and
critical chain length [ , a dimensionless packing parameter v/ay/, will determine the mi-
celle morphology (I8). Because of the impact of this packing parameter on the
expected size and stability of cylindrical micelles, it is reasonable to look for a link
between it and the rheological behavior of viscoelastic surfactant solutions. For
saturated n-alkanes the quantity v/, is essentially constant at 0.21 nm? for pentane and
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above (19). Thus, the packing parameter, P*, can be evaluated from measured values
of a, . We determined a, from interfacial tension measurements against hexadecane
using the multicomponent Gibbs adsorption equation (20,21). Making all the usual
dilute solution assumptions, we can write the Gibbs equation for our multicomponent
system as

dY==RT[[ppdincyy+ T, dhnc, + T,.dhc,,.] )
where 7y  is the interfacial tension, R is the gas constant, T is the absolute
temperature, ¢, and c,s are the bulk molar concentrations of LDEA and dodecyl
sulfate respectively, and I',,;,, and T, are the surface excess concentrations of
LDEA and dodecyl sulfate respectively. We can write

-1 9y -1 9dy
r d T 2
LoEA = Rr(a I0C,pen )T . e s RT[B Inc, JT @

,C
DS™ *“Na* CrpEA Nat

Thus, by measuring y  for solutions in which ¢, , ¢, .,and T are held constant
while ¢, is varied, we can obtain I, from the slope of Yy versus Inc
Likewise, values of T are obtained by holding ¢, . , ¢, .,and T constant
while ¢, .. is varied. The limiting slope as the CMC is approached provides the
maximum I, ,;, and I, . The average area per head group is then given by

1
M (erA + rps')

where N, is Avogadro's number. Note that this is the value of a, for the conditions
found at this CMC, at which the mole fraction of LDEA in the micelle is given by
Uipea / (Tipga + T ). With these data we can calculate the critical packing parameter
as a function of micelle composition and sodium activity in the solution using

LDEA *

©)

a, =

) vN,
Pr=gh = ‘zf(rwﬂ +T,.) )

Note that the value of P* calculated in this way is essentially just a constant divided by
a, . More sophisticated approaches consider the fact that /. varies to achieve the op-
timal micelle structure (22,23).

Materials and Methods

Materials. The nonionic surfactant used for the majority of this study is n,n-bis(2-hy-
droxyethyl) dodecanamide or LDEA as it is referred to in this paper. The commercial
version of this material used for the rheological study was Witcamide 6511, which
contained 93.5% of the desired amide, 4.8% free diethanolamine, 0.5% of the mono-
and di-esters formed by the reaction of the acid with the hydroxyl groups on the amine,
0.5% water, and <1% other impurities. Also note that the hydrophobic moiety was only
96.1% C,, with 3.3% C,, and 0.6% C,, chains. The LDEA used for the interfacial
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tension measurements and critical packing parameter calculations was kindly prepared
for us by Dr. Herman Chen. As supplied, it was 99% pure, as determined by HPLC.
The C,, impurity was removed by multiple recrystallizations from hexane. Because of
the difficulty and potential expense of obtaining pure LDEA in large quantities, the in-
itial rheological work reported in this paper was carried out with the commercial mate-
rial. The interfacial tension work necessary for the packing parameter estimates de-
manded the use of pure components. Thus, it must be noted that the packing parame-
ter and rheological results are compared for slightly different systems. These differ-
ences and the changes in the phase diagrams will be noted again in a later section when
the comparisons are being made.

The high purity SDS (99%) obtained from BDH Chemicals was used as received for
the rheological work and was recrystallized twice from absolute ethanol for the packing
parameter work. No minimum was observed in the surface tension data versus con-
centration. The tetra- and hexa-ethyleneglycol nonylphenol surfactants, Igepal 430 and
Igepal 530 respectively, were used as received from Rhone-Poulenc. The tetradecyl-
trimethylammonium bromide (TTAB) obtained from Sigma was 99% pure, the
cetylpyridinium chloride monohydrate (CPyCl) obtained from Aldrich was 98% pure,
and the sodium salicylate from Fluka was >99.5% pure. All were used as received.
The hexadecane used for the interfacial tension measurements was obtained from
Aldrich (99+%, anhydrous). Water for all samples was from a Milli-Q Plus system
(filtration, activated carbon, deionization, and an additional organic scavenger unit),
which exceeds Type 1 standards for Reagent Grade Water.

Methods. The general features of the ternary phase diagrams at 25°C were determined
by titration to the clarification and turbidity points of the system. The exact locations
of the boundaries of the one-phase regions were checked by long-term, thermostatted
storage of samples on both sides of each boundary. The identities of the one-phase
regions were determined by visual inspection and by microscopic observation under
polarized light.

Interfacial tension measurements were made with a Kriiss K-12 Process Ten-
siometer with a 9.545 mm radius ring having an R/r ratio of 51.6. Corrections were
made automatically using Zuidema and Waters fit (24) to the Harkins and Jordan tables
(25). All measurements were made at 25°C. The hexadecane was saturated with water
prior to contact with the surfactant solution. The Kriiss K12 instrument stops each
measurement as soon as the force maximum is passed, and moves the ring back to the
starting position. No detachment occurs and measurements can be automatically
repeated. The measurements were continued until the readings stopped changing with
time.

Most rheological measurements were made on a Bohlin VOR rheometer with the
C25 cup and bob geometry. The cup diameter is 27.5 mm, the bob diameter is 25 mm,
and the bob height is 37.5 mm. Evaporation was controlled by floating several
millimeters of 10 mPa s silicone oil on top of the sample. The oil is not solubilized in
the surfactant solution over the time frame of the experiments. Even when the oil and
sample were left in the rheometer for several days, there was no detectable effect on
the rheological results. All tests were run at 25°C. All oscillatory measurements were

In Structure and Flow in Surfactant Solutions; Herb, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Downloaded by NORTH CAROLINA STATE UNIV on October 26, 2012 | http://pubs.acs.org

Publication Date: December 9, 1994 | doi: 10.1021/bk-1994-0578.ch010

158 STRUCTURE AND FLOW IN SURFACTANT SOLUTIONS

carried out in the linear viscoelastic region as determined by strain sweep tests. The
VOR is capable of covering the frequency range of 0.01 to 125 rad/sec. The relaxation
time, Ty , and the shear modulus, G, were obtained from Maxwell model fits to the
frequency sweep data when appropriate. For samples with relaxation times shorter than
about 10 msec, extrapolation to the G' plateau to obtain G, becomes questionable.
Thus, a Rank Pulse Shearometer (26) was used to obtain values of G, for the samples
as well. The instrument provides only a single frequency measurement at ap-
proximately 1300 rad/sec and no measure of G". One must, therefore, assume that
1300 rad/sec is on the plateau and that at that frequency G" is much smaller than G'.
To ensure that our values of G, were reasonable, several of the samples were also run
on a multiple lumped resonator (MLR) rheometer (27,28) by Eric Amis in his
laboratory at the University of Southern California. The MLR tests covered the range
of 630 to 38,600 rad/sec. The four samples run verified our Pulse Shearometer data.

Results and Discussion

Phase Behavior. The phase behavior of the SDS/LDEA/Water system is represented
in Figure 1. Concentrations are in weight percent. This is the phase diagram for the
commercial grade LDEA and "as received" SDS system that was used in the rheologi-
cal study. The normal micelle (L), hexagonal liquid crystal (E), and lamellar liquid
crystal (D) phases are shown. In addition to these one-phase regions, the two-and
three-phase regions are also labeled, with the measured tie lines shown in the L; + E
area. Note that there is an L, + solid LDEA region above the L phase due to the lim-
ited aqueous solubility of LDEA. Note also that the boundary between the L; and the

LDEA

0

0 20 40 60 80 100
Water SDS

Figure 1. Phase diagram for the SDS/LDEA/Water system at 25°C. This phase
diagram is for the commercial LDEA and "as received" SDS as described in the text.
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Figure 2. Relaxation time, T , and zero-shear viscosity, 1, , as a function of total
surfactant concentration for two SDS/LDEA ratios: (®) 25/75 and (O) 33/67.

L; + E regions exhibits a large indentation that splits the L; phase into two legs. We
believe, as discussed below, that the existence of this indentation is an indicator of a
system that will exhibit maxima in 1, and 1, with increasing surfactant concentration.

Rheology. The rheology of solutions in the L; region was determined either (a) as a
function of surfactant concentration (0.2 M to 1.0 M) with the ratio of SDS to LDEA
held constant or (b) as a function of SDS to LDEA ratio with the total surfactant con-
centration held constant. The surfactant concentration series were run at SDS/LDEA
weight ratios of 25/75, 33/67, 45/55, and 60/40. As the molecular weights of SDS and
LDEA are 288.4 and 289.5 respectively, these ratios do not differ significantly from the
molar ratios. As mentioned earlier we find that our samples can be modeled as single
relaxation Maxwell materials, suggesting that we are in the regime where Ty < Trp
Plots of log G, versus log concentration are linear with a slope of 2.3 for all four of the
surfactant concentration series. There was no indication of a change of slope at the
higher concentrations for this system. Figure 2 shows the zero-shear viscosity and re-
laxation times for the 25/75 and 33/67 ratio series. The maxima in these curves and the
steady increase of G, with increasing concentration are consistent with the behavior re-
ported for other viscoelastic surfactant systems in the L; region. When the surfactant
concentration is held constant and the ratio of SDS to LDEA is varied, we again find
maxima. Figure 3 plots 1, and T against surfactant composition at 10%, 15%, and
20% total surfactant by weight. To see how these two quantities vary as a function of
composition, it is interesting to look at lines of constant m, and Ty plotted directly
onto the phase diagram. We have enlarged the water-rich corner of the phase diagram
in Figures 4 and 5 in order to present the results for the L; region. Note that the lines
do not radiate from the pure water corner, but appear to start at the boundary with the
L; + solid LDEA two-phase region. Thus, if the experimentalist follows the logical
path along lines of constant surfactant composition, as we did in Figure 2, the data will
pass over the ridge of maximum 1 and Tz . Note that the maximum line appears to be
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Figure 3. Relaxation time, T, , and zero-shear viscosity, 7}, , as a function of
mole fraction of LDEA in the micelle at three different levels of total surfactant
concentration: (0) 10%, (e) 15% and (O) 20%.

in line with the indentation in the phase boundary between the L; and the L; + E re-
gions. The values of Ny and T, drop off rapidly on either side of the maximum. From
the point of view of prediction, it is of interest to determine if the lines of constant
rheological properties correlate with a more fundamental property of the micelles.

Critical Packing Parameter, P*. When we choose lines of constant surfactant ratio,
we are trying to hold the intramicellar properties constant as we vary the surfactant
concentration. Unfortunately, a constant surfactant ratio does not necessarily provide
the constant properties expected. Lines of constant critical packing parameter, on the
other hand, should map out paths over which the surfactants create nearly identical
structures. As discussed earlier, interfacial tension data were used to calculate values
of P* as a function of micelle composition and sodium activity for the
SDS/LDEA/Water system. (Pure components were required for this part of the work,
so the phase behavior differs slightly from the commercial system used for the rheology
study.) Figure 6 shows the critical packing parameter versus mole fraction LDEA in
the micelle at four levels of sodium activity. With increasing LDEA content, each of
the curves increases slowly at first, then goes through a sharp maximum, followed by a
rapid decrease in P*. An unexpected feature is the precipitous drop of P* at LDEA
mole fractions of 0.87 for the 0.017 M Na* curve and 0.74 for the three higher Na*
curves. Interestingly, these points correspond to points on the phase boundary between
the L; and the L; + E regions. The next step is to transform this information into lines
of constant P* on the ternary phase diagram. To do this, we need to know the sodium
activity throughout the L; region. Ideally, we would obtain this information experi-
mentally. For this paper, we assume that counter ion binding changes only with micelle
composition, not with total surfactant concentration, and use Scamehorn's (29) data of
counter ion binding for SDS/nonionic systems. Given values of the sodium activity and
mole fraction LDEA as a function of position in the L region, the data from Figure 6
are mapped onto the phase diagram (Figure 7). (Note that the shape of the L; region is
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Figure 4. Lines of constant zero shear viscosity in the L; region of the ternary
phase diagram for the SDS/LDEA/Water system at 25°C. The values for the lines
are given in Pas. The heavy line connects the maximum m, values along the ridge.

LDEA

100 0
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Water SDS

Figure 5. Lines of constant relaxation time in the L; region of the ternary phase

diagram for the SDS/LDEA/Water system at 25°C. The values for the lines are

given in milliseconds. The heavy line connects the maximum T, values along the
ridge.
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Figure 6. Calculated values of the critical packing parameter, P*, as a function
of micelle composition at four levels of sodium ion activity as labeled.

slightly different for this purified system, but retains most of the same features seen in
the earlier diagram of Figure 1.) The path of maximum P* is indicated by the bold line, ,
and its location coincides reasonably closely with the center of the indentation. The'
values of P* drop off on either side of this ridge. The constant P* lines at and above
the maximum do not originate in the water corner, but from points on the phase
boundary. If this diagram is compared with the lines of constant relaxation time in
Figure 5, it is seen that there is good qualitative agreement between the shape and
location of the maximum curves and the way in which the values drop off as we move
to higher and lower LDEA contents. Another interesting and unexpected feature that
emerges is the way in which the lines of constant P* mimic the shape of the phase
boundary in the low LDEA area. Remember that all our data for P* was obtained
below the CMC, that our values of sodium activity are only estimates, and that the
systems for P* and the rheological work are slightly different. With this in mind the
qualitative correlation of P* with the phase boundary features and the relaxation time
data is quite encouraging.

Generalization to Other Systems. The estimated contours of P* shown in Figure 7
provide a possible explanation for both the indentation in the phase boundary and the
rheological behavior of systems that exhibit such an indentation. Both features are
characteristic of surfactant mixtures that pass through a P* maximum as the surfactant
ratio is changed. Because SDS and LDEA have equal chain lengths, the maximum in
P* for our system corresponds to a minimum in a, . The initial spacing of the sulfate
head groups is large because of electrostatic repulsion. The nonionic surfactant mole-
cules can at first be inserted into this surface without requiring the sulfate head groups
to move apart as much as would another sulfate headgroup. Initially, then, the average
area per head group decreases on addition of the nonionic. If the area required by the
nonionic head group is larger than the hydrated sulfate ion, however, a point will be
reached at which a, will begin to increase again as the nonionic begins to dominate the
surface. This minimum in a, would not be expected if the nonionic head group
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Figure 7. Estimated values of the critical packing parameter, P*, mapped into
the L region of the SDS/LDEA/Water phase diagram. The heavy line connects
the maximum P* values along the ridge. Note that this phase diagram is for the
purified surfactant system.

were smaller than the hydrated sulfate ion. Instead a, would continue to decrease until
one reached either a phase boundary or a purely nonionic system. Figure 8 shows the
partial phase diagram and lines of constant relaxation time for aqueous solutions of
SDS and Igepal 530. Igepal 530 is a commercial nonionic surfactant with a nonylphe-
nol hydrophobe and a polyethylene oxide head group with a weight average of 6 ethyl-
ene oxide groups. The presence of the indentation in the phase boundary is clear, and
the lines of constant T, are similar to those seen for the SDS/LDEA system. If Igepal
430, which has a smaller hydrophilic group of approximately 3 to 4 ethylene oxide
groups, is used instead, no indentation is seen and T, and T, continue to increase until
the system phase separates.

This trend is also seen in cationic/anionic systems, such as the TTAB/Na Salicylate
and CPyCl/Na Salicylate systems studied by others. Originally, for these systems it was
thought that the Na Salicylate acted simply as a strongly binding counter ion, thus
reducing the electrostatic repulsion, which allows closer packing of the head groups
(2). More recently, it has been shown that this is insufficient to produce viscoelastic (or
birefringent) surfactant systems. Rather, the counterion must have a structure that
allows it to orient itself with a hydrophobic moiety positioned into the micelle (5,30).
That is, it must behave as a surface active solute. If the sodium salicylate is treated as a
small anionic co-surfactant on the ternary phase diagram, the indentation in the phase
boundary of the L; region becomes apparent. This is seen for the TTAB system on the
partial phase diagram shown in Figure 9. Although the CPyCl/Na Salicylate system is
not shown here, the phase boundary of its L; region exhibits a similar indentation
around a 1:1 mole ratio.
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Figure 8. Lines of constant relaxation time, Ty , mapped into the L region of the
SDS/Igepal 530/Water system at 25°C. The values for the lines are given in
milliseconds. The heavy line connects the maximum Ty values along the ridge.

NaSal

100 0

0 20 40 60 80 100
Water TTAB

Figure 9. Lines of constant relaxation time, T, , mapped into the L region of the
TTAB/Na Salicylate/Water system at 25°C. The values for the lines are given in
milliseconds. The heavy line connects the maximum Ty values along the ridge.
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Finally, Hoffmann (31-33) has correlated the interfacial tension of surfactant
solutions with micellar structure and the observed rheology for a number of systems.
This connection between interfacial tensions and the rheological properties is another
strong indication that the packing of the surfactant head groups plays a major role in
the relaxation process that appears to control these systems.

Conclusions

We have shown that the SDS/LDEA/Water system exhibits viscoelastic behavior typi-
cal of systems that are composed of elongated, rod-like micelles, which exhibit entan-
gled polymer-like flow behavior. The relaxation time and zero-shear viscosity in the L;
region were shown to go through a maximum as the surfactant concentration is in-
creased, or as the ratio of LDEA to SDS is increased. When lines of constant 1, and T,
are plotted directly onto the phase diagram, there appears to be a relationship between
the shape of the L; phase boundary and the location and values of these lines.
Specifically, the lines of maximum Ty and 7, are found to terminate at or near the cen-
ter of the indentation in the phase boundary. These rheological parameters also drop off
rapidly as one moves away from the indentation in either direction. To determine the
generality of this behavior, we examined two additional anionic/nonionic systems, and
two cationic/anionic systems. Based on the results, we suggest that maxima in 1, and
TR can be predicted by the presence of this indentation in the L; phase boundary. We
also showed that the lines of constant T, appear to follow the same paths as our esti-
mated lines of constant critical packing parameter, suggesting the possibility of being
able to predict the rheology of these surfactant solutions from more fundamental
structure/property considerations for the micelles.
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Chapter 11

Effect of Alcohol Chain Length on Viscosity
of Sodium Dodecyl Sulfate Micellar Solutions

Eric Y. Sheu, Michael B. Shields, and David A. Storm

Research and Development, Texaco, Inc., Box 509, Beacon, NY 12508

The effect of alcohols on sodium dodecy! sulfate (SDS) micelles in
aqueous solutions was investigated using viscosity measurements.
Alcohols of carbon chain length from C-3 (propanol) to C-8
(octanol) were systematically studied. For short chain alcohols, the
alcohol solubility in SDS micelle was evaluated using a proposed
simple model. The results obtained agreed with the NMR results.
In the case of long chain alcohols, their effect on micellar growth
was characterized using the model proposed by Kohler and Strnad
(J. Phys. Chem., 1990, 94, 7628-7634) (1), from which the growth
energy was calculated. The results were compared to both small
angle neutron scattering and laser light scattering data.

Alcohols have been known to alter the micellar state by changing the solvent
hydrophobicity or by being solubilized in the micelle (2-7). Due to these alcohol-
micelle or alcohol-solvent interactions, the micellar structure and the micellar
solution properties may be modified upon addition of alcohols. Many studies have
been dedicated to studying the alcohol/micelle systems (2-10). One important issue
on the effect of short chain alcohols is their partition coefficients in the micellar
phase and in the bulk phase. Because short chain alcohols (carbon number less
than or equal to four) are usually soluble both in water and in the micelles, the
common approach for partition coefficient measurement is to measure the amount
of alcohol solubilized in (or associated with) the micelle. Techniques such as NMR,
ESR, dynamic light scattering, small angle X-ray and neutron scattering can be
applied. If alcohols are dissolved in water, the solvent hydrophobicity will increase.
This results in increase of the critical micelle concentration (CMC), because the
micellization energy gained by the system decreases. This is the case when adding
short chain alcohols. Following the alcohol addition, the micelles usually decrease
the aggregation number and ultimately break, when the alcohol concentration
exceeds a certain threshold value (2).

0097-6156/94/0578—0167$08.00/0
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On the other hand, if the alcohol molecules "insert" into the micelles as co-
surfactant (this happens for long chain alcohols), the micellar surface curvature will
decrease, provided that the number density of the micelles does not change. From
simple packing consideration, this insertion will lead to micellar structural transitions
(11). For many surfactant systems (including the SDS micelles studied here), the
minimum micelles (i.e, the micelles formed near the CMC) are known to be
spherical, and gradually grow into an ellipsoidal or a spherocylindrical micelle,
when concentration is increased or when electrolytes are added (12-14). It is thus
reasonable to anticipate that these micelles will grow into ellipsoids or
spherocylinders when long chain alcohols are added.

Obviously, the main difference between the effect of short chain and long
chain alcohols is the resulting micellar structure. Since the rheological properties
largely depend on the structure of the micelles, viscosity measurement may be an
appropriate technique to demonstrate this structural transition. However, viscosity
measurement is a macroscopic technique, and it may not be easy to deduce the
microscopic information from it unless a proper theory or model is established. To
build a model for linking the measured viscosity to the microscopic structure often
requires unknown parameters. The parameter values are then determined by fitting
the model to the experimental data. In many cases, the model parameters do not
have much quantitative physical meanings (15-17). In order to avoid this problem,
we established a model to evaluate the short chain alcohol (for carbon = 3 and 4)
partition coefficients in such a way that all the parameters built in the model are
measurable. In this model there are essentially no adjustable parameters. To
achieve this, we carefully selected the parameters to be the viscosity or its rate of
change along the surfactant or the alcohol concentration axis for water/alcohol,
water/surfactant, and water/surfactant/alcohol systems. Counting all the above
mentioned measurable quantities, there are six that can be used to build the model.

Experimentally, we measured the zero shear viscosity of alcohol/SDS
micellar solutions as a function of both alcohol and SDS concentrations. The
measurements were performed for alcohol carbon chain length from three (propanol)
to eight (octanol). For propanol and butanol (short chain alcohols), we determined
the amount of alcohol that associates with the SDS micelle using the model
developed here. Since the equation formulated involves the viscosities of
water/alcohol and water/SDS systems, we also measured the water/alcohol system
as a function of alcohol volume fraction and the water/SDS system as a function of
SDS concentration. As for pentanol to octanol (long chain alcohols), the subject of
study was the micellar growth upon alcohol addition. In this case, the model
proposed by Kohler and Strnad (1) was used, in which only the water/alcohol/SDS
viscosity as a function of alcohol volume fraction is needed. Using this model, we
determined the free energy responsible for micellar growth. The value was
comparable to the results from the small angle neutron scattering and the dynamic
light scattering.

Experimental

Samples. Sodium dodecyl sulfate was obtained from Sigma with > 99% purity and
was used for sample preparation without further purification. All alcohols used were
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of HPLC grade, and the water was deionized with > 18 MQ resistance. The sample
preparation procedure for measuring viscosity as a function of alcohol at a given
SDS concentration is as follows: (1) prepare a solution of known weight % SDS,
(2) add a known amount of alcohol to the SDS solution, and (3) adds an appropriate
amount of SDS according to the added alcohol volume to maintain the SDS
concentration constant. In this way, a series of samples of constant SDS
concentration, but with different alcohol content can be prepared. All measurements
and sample preparation were performed at T = 25 °C.

Viscosity Measurements. In order to accurately determine the zero shear viscosity,
three viscometers were used to measure the viscosity. The first apparatus used was
a Gilmen falling ball viscometer. The solution density was determined using a
PAAR densitometer (model DMA45) with +0.0001gm/cm?® accuracy. Both glass and
stainless steel balls were used in the measurement. The results obtained from both
balls differed by less than 0.02%. During measurement the viscometer was
immersed into a temperature bath kept at 25£0.1 °C. The second viscometer used
was a low shear rate Brookfield viscometer (Model LV8) with 0 to 1000 centipoise
working range and a 0.1% accuracy of the selected scale. A cuvette geometry was
used with 18 cm? fluid volume and 1 mm spindle-wall gap. A shear rate of 12 s
was chosen. The third viscometer used was a Rheometrics RFX viscometer with a
working shear rate range from 10 to ~ 10,000 s', depending on the SDS
concentration. Since only the zero shear viscosity was interested, the data was taken
from the Newtonian range (approximately from 100 to 800 s, viscosities for shear
rate lower than 100 s exhibited poor reproducibility).

Theory

Solubility of Alcohol in Micelle (the Alcohol Partition Coefficient). The
evaluation of alcohol solubility in micelle (the partition coefficient) involves a three-
component system containing water, micelles, and alcohol. In fact, there is another
component. That is the surfactant monomers in the bulk. However, one can take
water and the surfactant monomers as the bulk phase and treat it as the solvent
component. This is a plausible assumption, since the monomer concentration in the
bulk phase does not vary substantially for concentrations below or above the CMC.
With this assumption, we derived the alcohol partition equation by first breaking the
three-component system into to two two-component systems. They are the
water/alcohol and water/SDS systems. The relative viscosity of the water/alcohol
systems can be expressed as

nt =14 _ 14 Rey @
Mw

where n,* is the relative viscosity with water being the solvent. 1,y is the viscosity
of the water/alcohol and 7, is the water viscosity. f(¢) is a function representing
the contribution of the added alcohol to the viscosity, and ¢, is the alcohol volume
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fraction. Similarly, we can write the relative viscosity for water/SDS system as,

nS =% -1y ghy @
My

with N, being the viscosity of the SDS solution, and ¢ being the SDS volume
fraction. With these two equations, we can then express the relative viscosity of the
water/SDS/alcohol system with respect to the "water+alcohol solvent" as,

Ng(dsd,)
= D@04 3)
" LRI CHN)

where T,y is the viscosity of the three-component solution and o, is the fraction
of alcohol in the bulk. Since the disperse phase in the water/SDS/alcohol system
consists of both SDS and alcohol, equation 3 can be re-written as

n = Nauwlbobs) _

, = ——— =
U CA N,

where K is the solvation constant representing the scaled volume of the micelle after

alcohols are solubilized into the micelles. Thus, K can be expressed in terms of ¢,,,
¢s, and o, as

1 + h(bK)bK @

by = aud, + (K- ©)

Since M, in equation 4 can not be experimentally determined, we formulated the
measurable quantity N7 = ng,,/Ms,, instead. This is done by substituting equation
1, 2 and 5 into 4,

1+h(KyK,

©
1+8(¢)ds

17 = [1+Ra,d,)]

Equation 6 is a rigorous equation for describing the relative viscosity of the three-
component system with respect to the water/SDS solution viscosity. However, the
functional forms for f, h, and g are not known. We therefore, need to make certain
assumptions to simplify equation 6 in order to make it useful. We first assume g
and h behave linearly at low SDS and low alcohol concentrations with
corresponding slopes Cs and Bs. This is
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8y = Cs &, )]
and

h(Kdg) = By ®)
The second assumption made was that the relative viscosity of the water/alcohol

mixture, 1,%, can be described by a quadratic equation, i.e.,
These assumptions were later found to be very reasonable for the system studied

= 1+d,) = 1+C,0,-B,b; ®

here. With these assumptions, equation 6 can be re-written into a simple algebraic
form,

7,09 = 1+C,0,- Adw *BsKds (10)

1+Cgdg
Substituting equation 5 for K in equation 10 yields
Wb = 28 . ¢, 9+ OWD) an
1+Cgbg
where
Cp = CAaA(1+BS¢s)+BS(l-aA) a2)

1+Csbg 1+Csdg

From equation 12 one gets

o« = C,s(1+Cd)-By a3)
4" C,A+B9Bs

This is the equation to be used for evaluation of the alcohol dissolved in the bulk.
1-a, is the fraction of the alcohol solubilized in the micelles. Equation 13 is a rather
simple relation, and the parameters C,;, C,, Cs, Bs, can all be determined
experimentally. Here we summarized their experimental meanings: (a) C,s= initial
slope of Nsaw/Msw versus ¢, plot, (b) C,= initial slope of N,w/Mw versus ¢, plot, (c)
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Cs= initial slope of Mg, /M versus ¢ plot, (d) Bs= initial slope of Ns,w/Maw Versus
¢ plot. As long as one makes the above measurements, o, can be determined
rigorously.

Micellar Growth Upon Addition of Long Chain Alcohols. The analysis of the
viscosity data for the long chain alcohol cases was based on the Kohler and Strnad
theory (1). Thus, only the relevant steps of this model will be summarized. The
starting point of the theory is the "shape factor”. In classical viscosity theory for
disperse system, the shape factor is defined as the intrinsic viscosity, representing
the viscosity of an individual particle. This can be determined by the slope of the
relative viscosity at the dilute concentration limit. Mathematically, it is

[n] =lim 2 : a9
$-0

where [1] is the intrinsic viscosity characterizing the shape of an individual particle,
1, is the relative viscosity, and ¢ the volume fraction of the disperse phase. In
principle, the particle shape information can be extracted by studying [1]. However,
the micellar solutions differ from a typical disperse system. A definition of intrinsic
viscosity like equation 14 does not represent the structure of an individual micelle.
This is because the micellar size varies as a function of concentration. Below the
CMC) surfactants are in monomer form and equation 14 will give the intrinsic
viscosity of a monoer. Thus, the shape factor of a micelle can only be defined at
a finite concentration above the CMC. Because the shape factor is concentration
dependent, equation 14 for the intrinsic viscosity should be modified as,

ne)-1 (15)

[n] = [a(@)] = b

SDS micelles are known to grow from spheres to spherocylinders (12-14)
with increasing concentration or with addition of salts. Likely, they will grow into
spherocylinders when long chain alcohols are added. If this is the case, the shape
factor derived by Jeffery (18) and Eisenschitz (19) can be used to determine the
axial ratio p,

i 4‘32] 14 3p +
[n(®] 15 lp2(4P2‘10+3°‘) + PR +D[(2p2-1)a-2]
6 4p2+2-(4p%-1)a (16)

(P?+1)(2p*+4-3p*a) p(4p*-10+3a)[(2p>+1)-6]
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where

B=p>-1 a-= _;_Eln’%‘/% p21 a7
p/B p-

This is a rather complicated equation. A simpler, approximation form is (for
polydisperse case),

= S 18
(@] = 0.25 <ln(0. 63P)>v p>3 18)

where v is the dried volume of a surfactant molecule. One can expand equation 18
at a reference p value, p,, to include the polydispersity, which is known for the
SDS micellar system (13). Taking p, = <p>>, / <p*>, to account for the second and
the third moment, equation 18 becomes

2
= 025 p >3 (19
[n@)] <1n[(m3<p3>v pr > P
}
ng/2 nc b
¥

— s —

Figure 1. Schematic diagram of a spherocylindrical micelle.

The axial ratio p = a/b (see Figure 1) can be related to the minimum aggregation
number n, (this is the aggregation number when the micelle is spherical) and the
aggregation number n,

2n

+
3n,

(20)

W=

p:

the next step is to relate n and n, to the energy that is responsible for the micellar
growth. This can be achieved by an association model, assuming a linear relation
between n and the standard potential of a micelle, p\°
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uan) = nug + (n-n)pq @n
W = He —Ba - YM§ @2
W, = Mo ~Bi — TS 23)

where ug° and pc° are the standard potentials of a surfactant molecule at the
hemispherical caps and at the cylindrical section respectively (see Figure 1). 7
and Y, are the corresponding activity coefficients. Ws°and W°are the standard
works for transferring a surfactant ion from the bulk to the hemispherical caps and
to the cylindrical section of the micelle respectively, and p,° is the standard
potential of an alcohol molecule. Obviously, the energy involving the micellar
growth is the difference between W° and W.°, i.e.,

AW = W} - W/ @9

AW is the energy to be determined via viscosity measurement. This energy is
related to the shape factor by the following equations (1)

6T, + 2T @) > 45 @5

1
@] = =
9 Inf1.68,T, + 0.069]

c
T, = — (26)
on,C,
Aw=d @n
n
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where C, is the molar concentration of SDS in a micelle, C, = (N, v)" (N, =
Avogadero's number and v the SDS molecular volume), and AW is in units of kgT
(kg = Boltzmann constant). The procedure to get AW is to first determine [1(¢)] by
equation 15, then to use equation 25 to calculate I,, and finally to use equation 26
and 27 to evaluate AW. In this analysis one needs to know v and n, in order to
compute AW. In the following section we shall discuss how to determine v and n,.

IV. Results and Discussion

Short Chain Alcohols - The Alcohol Solubility. Figure 2 shows the relative
viscosity of the water/propanol mixture for propanol up to 0.35 volume fraction.
Within this volume fraction, the relative viscosity was found to be linear with 0.998
correlation coefficient. The slope (C,) obtained was 5.01 (it becomes quadratic at
higher ¢,, as described by equation 9, but C, remains the same). Figure 3 shows
relative viscosity of the SDS/water system as a function of the SDS concentration.
It is fairly linear for SDS up to ~ 0.06 volume fraction. The slope (C) obtained was
8.04. For the propanol case, Bg turned out to be very similar to Cs at low SDS and
low alcohol concentration. We thus took B;=Cs. From equation 13 one can see that
the only quantity needed for calculating the partition coefficient is C,s. Figure 4
and 5 shows the results for the 2 wt % and the 5 wt % SDS cases as a function of
alcohol where the initial slopes are the C,s values needed. With these C,s values

3 2
25 [ o)
: o
e 2| e 15}
1.5 |
1 F . | s L L 1 | | |
0 01 02 03 04 0 0.025 0.05 0.075 0.1
Propanol Volume Fraction SDS Volume Fraction
Figure 2. 1 of Propanol/water Figure. 3 1, as a function of
mixture as a function of propa- SDS concentration.
nol volume fraction.
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Figure 4. M of 2% SDS in water/
propanol solution as a function

Figure S. 1 of 5% SDS in water/
propanol solution as a function

of propanol volume fraction. of propanol voume fraction.

3
| d

25 O
I F

©)
e 2 o
15
1 /A N R

0 01 02 03 04

Butanol Volume Fraction

Figure 6. n_of 5% SDS in water/

butanol solution as a function of
butanol volume fraction.

and equation 13 we found that ~ 30% of the propanol solubilized in the micelles (i.e.,
1-a,) for the 2% SDS case and ~ 35% for the 5 wt% SDS solution. As for the
butanol case, 43% alcohol was found to be solubilized in the micellar phase (o, =
0.57) (see Figure 6). In the butanol case Bs¥C; and needs to be measured
independently. We measured it by measuring 1, as a function of SDS concentration
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at 0.02, 0.05, 0.10, 0.15, and 0.20 butanol volume fractions. We then took the
average value B thus obtained from 5 alcohol concentrations which differed by less
than 2%. Table I gives the parameter values obtained from the propanol and
butanol cases. The NMR results by Stilbs (3) are also tabulated.

To accurately determine o,, one needs to carefully determine all four
coefficients (i.e., C,, B, Cs, and C,5). This is because equation 13 is very sensitive
to these four parameter values. We found that only when these four parameters are
obtained within 3% error, can one get a reasonably accurate o,.

Table L. Parameters values for SDS /alcohol systems

Systems Ca Cas Bg Cs Oy
2% SDS +

Propanol 5.01 5.63 8.04 8.04 0.7
5% SDS+

Propanol 5.01 5.32 8.04 8.04 0.65
5% SDS+

Butanol 421 5.22 8.79 8.04 0.57
7% SDS+

Propanol 0.68
(NMR)

7% SDS+

Butanol 0.56
(NMR)

From the short chain alcohol results, it is clear that a substantial amount of
the added alcohol molecules are solubilized or associate with the micelles. A
qualitative argument for this phenomenon is that the short chain alcohols are soluble
both in the aqueous phase, at the micellar-water interface, or even in the micellar
core near the polar head, depending on the hydrophobicity of the alcohol. In fact,
earlier ESR work (20) suggested that the short chain alcohols are mostly near the
micelle-water interface due to the low HLB values. Since the viscosity measurement
does not provide the location of the alcohol molecules, we can only conclude that
there are nearly 50% of the short chain alcohol molecules hydrodynamically
associate with the micelles. As for micellar breakage at high short chain alcohol
concentration one can explain as follows. For any given SDS concentration, the
total micellar surface is finite. Thus, when the alcohol concentration is increased to
a critical amount that completely "dresses" the micelles, the hydrophilicity-
hydrophobicity contrast is between the alcohol and the alcohol-containing water,
which is certainly very small. In this situation, if the alcohol concentration is
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further increased, the micelles can no longer be sustained because of the small free
energy gain on micellization. Thus, they are expected to break, which was indeed
observed.

Long Chain Alcohols - The Micellar Growth. The main difference between the
effect of long chain alcohols and short chain alcohols on the viscosity is the 7,
behavior toward high alcohol concentration. As one can see from Figure 7, 1\, turns
upward (i.e, concave up) for the pentanol and the octanol cases, while it is concave
down for propanol and butanol (See Figure 4 to 6). In fact, this is a good indication
that the short chain alcohols tend to dress on the micelles while the long chain
alcohol will insert into the micelles and serve as co-surfactants. Since the long
chain alcohols insert into the micelle, they initiate micellar growth, while the short
ones end up breaking the micelles.

3 60

- o
+ |
25 ’ +
| A O g a0l
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e 2 0 AA ®+ g i O
I AQQ £ 20 | O
1.5 P Y o ©
o OXP
1 . L . . 0 N L
0 0.25 0.5 0 0.2 0.4 0.6
Alcohol Volume Fraction [Octanol]/[SDS]

Figure 8. Shape factor for 5%

SDS/octanol system using
equation 15.

Figure 7. mfor5% SDS asa
function of propanol (circle);
butanol (cross); pentanol (tri-
angle); and octanbol (square).

Figure 8 shows the shape factor for the octanol case in 5% SDS solution.
[octanol)/[SDS] represents the molar ratio. To get AW we need v and n, as
described in equation 25 to 27. For SDS surfactant molecules, v has been reported
(12) to be ~ 405 A%and n, can be determined by v and the hydrocarbon chain length
of the SDS molecule. Taking 1.54 A for C-C bond with 109.5 degree bond angle,
and a 1.11 A C-H bond length for the methyl group (21), one can easily get the
carbon chain length for SDS to be 15.2 A (this is different from 16.7 A obtained by
using Tanford's empirical formula (22) ). This chain length corresponds to an
aggregation number n, = 42 based on spherical packing and v = 405 A%, Small
angle neutron scattering confirms these estimates (12). Taking these two numbers
and analyzing the viscosity data for the octanol case according to the procedure
described in the previous section, the AW can be estimated.
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Figure 9 gives the AW obtained. Small angle neutron scattering for 8% SDS
without alcohol (72) gives AW = -0.29 kT compared to -0.26 kT obtained here for
5% SDS. We also compared this value with light scattering result for SDS + 0.8M
NaCl (13). The way we compared the two was to take the SDS concentration where
both SDS/NaCl and SDS/Octanol have an aggregation number of ~ 2000 (0.058% for
the SDS/NaCl system and p = 28 for the SDS/octanol system). The AW in these
corresponding cases was -0.35 kT for SDS/Octanol and -0.37 kT for the
SDS/NaCl system from the light scattering result. This comparison may not be
accurate. However, it gives a qualitative comparison, and the results are on the same
order. These results demonstrate that the model proposed by Kohler and Strnad (1)
is in fact applicable for SDS/alcohol systems. Actually, this model may be
applicable for all systems growing from spherical to spherocylindrical micelles. The
advantage of using viscosity measurements is that it is a rather simple in-house
technique, while NMR and small angle scattering are much more involved
experimentally.

Some improvement may be made to the model. One can see from equations
16 and 18 that the determination of AW depends on the formulation of the
polydispersity (i.e., the particle size distribution), which in turn depends on the
formulation of the shape factor. Equation 18 is a convenient expression to
analytically formulate the polydispersity and to link to I', (equation 25). However,
it is only applicable for p > 3 and [1(¢)] > 4.5. This is a severe restriction for some
critical cases, such as pentanol, where the micelle go from being broken (such as
the butanol case) to rapid growth (the pentanol case). For this critical alcohol chain
length we found that p was less than 3 at the low alcohol concentrations. Due to the
restricted applicable p range of equation 25, we did not analyze the pentanol data.
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Conclusion

We investigated the alcohol effect on SDS micellar solutions. For short chain
alcohols we derived a simple formula to determine the alcohol partition coefficient
between the micellar phase and the aqueous bulk phase by using viscosity
measurements. The results obtained agree with the previous NMR data. For long
chain alcohols, we characterized the micellar growth. It was achieved by
determination of the micellar growth energy using the theory proposed by Kohler
and Strmad (I). The results are qualitatively consistent with some previous works
using small angle neutron scattering and light scattering.
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Chapter 12

Control of Flow Properties in Surfactant
Solutions via Photoreactions of Solubilizates

Thomas Wolff

Institut fir Physikalische Chemie und Elektrochemie, Technische
Universitit Dresden, 01062 Dresden, Germany

Certain aromatic solubilizates have drastic influences on the
viscosity of dilute aqueous micellar solutions, while other com-
pounds do not show this effect. Whenever it is possible to photo-
chemically convert solubilizates of the former type to compounds
of the latter type, viscosities and flow properties may be varied in
situ by exposing samples to appropriate light. These effects were
found in cationic cetyltrimethylammonium bromide as well as in
non-ionic Triton X-100 systems.

The rheological properties of dilute aqueous micellar solutions are determined by the
volume fraction, size and shape of the micelles present. Early investigations have also
shown that the structure and extent of the layer of hydration water (I) and the
addition of salt and/or certain solubilizates can also influence viscosities and flow
behavior (2,3,4). Several sorts of non-Newtonian flow including viscoelasticity were
observed. These non-Newtonian features are generally ascribed to the existence of
long wormlike micelles (5,6), while spherical micelles give rise to Newtonian flow.

Photochemical transformations of aromatic solubilizates can be performed in
situ using light not absorbed by the surfactant. These transformations thus provide a
means of varying and controlling viscosity, provided photoeduct and photoproduct
induce different viscosities. Search for the origins of these "photorheological effects"
is complicated by the specificity of the effects, i.e. any scaling concept will not help,
since volume fractions are not affected.

Examples of photorheological effects, the strategy to elucidate microscopic
origins, and some results thereof will be presented in this article.

Photorheological effects

Newtonian flow systems. In Table I viscosities of aqueous solutions of the cationic
surfactant cetyltrimethylammonium bromide and of the non-ionic surfactant Triton X-

0097-6156/94/0578—0181$08.00/0
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100 are listed in the absence and presence of solubilizates. Inspection reveals an
increase of viscosity caused by the solubilizates (photoeducts) and either a decrease
or a further rise of viscosity upon photochemical formation of photoproducts. This
shows the specificity of the effects.

Table 1. Influence of Solubilizates and Their

Photochemical Conversions on Viscosities of Micellar Solutions

Surfactant

Solubilizate

Conversion (%)

Viscosity (mPas)

CTAB
(0.25 mol/dm®)

Triton X-100
(0.25 mol/dm®)

n-butylanthracene
(9.5 mmol/dm?)

(18.5 mmol/dm?)

N-methyldiphenyl=
amine (10 mmol/dm?®)

(20 mmol/dm?)

3-stilbene carboxylic
acid (27 mmol/dm?)

phenylglyoxylic
acid (25 mmol/dm?)

N-methyldiphenyl=
amine (20 mmol/dm?)

(50 mmol/dm?)

1.76

3.42
1.62
10.19
2.60

2.50
1.68
11.50
5.62

32.03
63.26

18.00
8.88

5.61

7.95
9.44
16.70
27.68

values from references 7,8,9,10,11,12

The photochemical reactions involved are given by the schemes 1 through 4
showing that a common chemical structure responsible for the increase or decrease
of viscosity cannot be recognized. It should be noted that the wavelengths of the light
used for photochemical transformations are not absorbed by the surfactants. Irradia-
tions of surfactant solutions without solubilizates, thus, do not affect viscosities and

flow.
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Scheme 1: Photodimerization of anthracene derivatives (7,9,13,14); n-butylanthrace-
ne: R = C,H,; 9-anthracene carboxylic acid (9-AC): R = COOH; TFAE: R =
CH(CF;)OH

QLD %

Hs CHj

Scheme 2: Photocyclization of N-methyl-diphenylamine to N-methylcarbazole (8)

E—
hy',A
R2

Scheme 3: Photoisomerization of stilbene derivatives; 3-stilbene carboxylic acid: R,
= COOH, R, = H ()]

Q 0
OH hy
I —_— H + co,

Scheme 4: Photodecarboxylation of phenylglyoxylic acid (12)
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Non-Newtonian systems. Deviations from Newtonian flow in some cases are
observed at high ratios of solubilizate to surfactant (exceeding those given in Table
I). This was found e.g. in the CTAB system using the solubilizates 3-stilbene carbox-
ylic acid (/1) and phenylglyoxylic acid (12). These effects, however, can be ascribed
to beginning phase separation since the solubilizate concentrations are close to solubi-
lity limits.

More interesting are systems which even at low solubilizate concentrations
show all sorts of deviations from Newtonian flow (such as rheopexy, thixotropy and
viscoelasticity), which are sensitive to photochemical reactions of the solubilizates.
Compounds inducing such behavior in aqueous CTAB are 9-anthracene carboxylic
acid (9-AC) and 2,2,2-trifluor-1-(9-anthryl)-ethanol (TFAE):

CF3

0i iOH H iOH
9-AC TFAE

0.15 Molar CTAB solutions containing 9-anthracene carboxylic acid (9-AC)
exhibit Newtonian flow at 22.5 mmol/dm® 9-AC (and below), rheopectic flow at 37.5
mmol/dm?®, and thixotropic flow above 37.5 mmol/dm® (9). Rheopectic as well as
thixotropic flow is accompanied by viscoelasticity, which can be visually observed in
swirled solutions. The complicated dependence of viscosity on concentration is

_depicted in Figure 1 giving the viscosity as a function of shear time at y = 65 s™.

The three lowest concentrations give rise to typical rheopectic flow: the curves ex-
hibit a zero time viscosity (see insert of Figure 1), increase and level off after 90 s.
The curves for 40 and 60 mmol/dm® do not show a zero time viscosity but the
viscosity is proportional to the shear time - a behavior indicating elastic deformation
of the solution rather than flow. Finally, at 75 mmol/dm?, pure thixotropy is ob-
served, i.e. the viscosity decreases from a high zero time viscosity and levels off
after some time of shear.

The curves shown in Figure 2 are typical examples for the influence of partial
photochemical conversion of 9-AC to dimers according to Scheme 1. Flow curves
after irradiation (photoconversion) always exhibit fewer non-Newtonian features than
those for solutions containing 9-AC monomers only.

Similar behavior is observed when TFAE is the solubilizate instead of 9-AC
(13,14). In both cases there is a qualitative resemblance of results obtained using
compounds bearing phenolic or aromatic acid groups, such as naphthol or salicylic
acid and their salts (2,5). TFAE belongs to a rare class of compounds which induce
viscoelasticity in aqueous CTAB without being acidic and without addition of salt.

Strategies and Results

To understand the microscopic origins of the observed effects we need to know the
size and shape of micellar aggregates. Besides detailed rheological studies this
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Figure 1. Viscosity 7 vs. shear time at a shear rate y = 65 s for aqueous
solutions of cetyltrimethylammonium bromide (CTAB) at various concentrations
in the presence of 9-anthracene carboxylic acid (9-AC); molar ratio CTAB:9-AC
= 2.5; temperature 25 °C. (Adapted from ref. 7.)
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Figure 2. Flow curves (shear stress ¢ vs shear rate ) at 25 °C for aqueous
solutions of 22.5 mmol/dm® cetyltrimethylammonium bromide (CTAB) and 9.9
mmol/dm?® 9-anthracene carboxylic acid (9-AC); (a) before, (b) after 5 % photo-
conversion. (Reproduced with permission from ref. 7. Copyright 1989 American
Chemical Society.)
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requires light scattering experiments. However, since the positions of scattering
particles have to be independent of each other (15), these measurements must be
performed at surfactant concentrations significantly below those used for producing
photorheological effects. We cannot suppress electrostatic interactions in ionic
micellar systems by the addition of salt since this would alter all the photorheological
effects. The concentration dependence of micelle sizes and shapes thus presents a
problem. Therefore and in order to have independent evidence for any strange light
scattering result, further techniques such as electron microscopy and ESR spin probe
investigations are needed occasionally.

Table II. Results of rheological and light scattering experiments:
micelle weights M, micelle lengths L, relaxation time constants 7
(7-9, 11-15); in parentheses: values after photoconversion

—c(s0) M J10%/mol Lg/nm Ly /nm Lyg/nm  7/s  7,f/s
[c(su)+c(s0)]
CTAB
- 3.0 - - - - -
Triton X-100
- 6.1 - - - - -
n-butylanthracene in CTAB, globular micelles
0.037 120(120) - - - -

N-methyldiphenylamine in CTAB, globular micelles
0.14 97(99) - - -
N-methyldiphenylamine in Triton X- 100, globular micelles
0.14 5.95.8) - -
9-anthracene carboxylic acid in CTAB thread-hke mlcelles

0.2 2.41.7y 5.233.7) nm. 32(24) n.m. n.m.
TFAE in CTAB, thread-like micelles

0.1 71(64)  105(98) - - - -

0.2 - - 32(13) - - -

0.25 - - - 102(92) 34(34) 0.16(0.05)

¢(s0),c(su): concentrations of solubilizate and surfactant, respectively; indices pertain
to values determined from static (LS) and dynamic light scattering (DLS) and visco-
metry (VIS), respectively. LS- and DLS values at c(su) = 1-4 mmol/dm?, VIS-values
for 9-AC at ¢(su) = 150 mmol/dm?, VIS- and 7-values for TFAE at c(su) = 250
mmol/dm3.

Selected results from light scattering and rheological investigations are collected
in Table II. On inspection we note that in the Newtonian systems (in which micelle
shapes cannot deviate much from sphericity) the changes in viscosity (Table I) are not
accompanied by significant variations in micelle weights or sizes (or the changes are
so minor that they cannot account for the viscosity effects). We further note that

"micelle weights are extremely high as compared to the systems without solubilizates,
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i.e. these induce increases of aggregation numbers by several orders of magnitude
(7,8,9). Since globular micelles of that size are hard to imagine, electron micrographs
of rapidly frozen CTAB solutions containing N-methyldiphenylamine were taken (I6).
In these, very large micelles are seen which appear as clusters of smaller, disk-like
aggregates forming an overall globular shape. The smallest entities on the micro-
graphs agree in size with the light scattering results (Table II). Most aggregates are
much larger. This suggests that the aggregates increase in size via cluster formation
upon raising the concentration from that used for the light scattering samples (1-4
mmol/dm?®) to that applied for the rheological as well as the electron micrograph
samples (250 mmol/dm®). The electron micrographs, thus, represent the situation in
the samples used for the photorheological experiments rather than the light scattering
results.

The question remains what causes the photochemically induced viscosity
changes in the Newtonian systems if not a variation in micelle size. As there is
nothing but water and micelles (containing solubilizates) and as the latter are not
affected, we have to consider the water. The existence of more or less extended
layers of structured hydration water surrounding colloids is discussed in the literature
(17, 18, 19). If there is such a thing it may well contribute to viscosity effects:
solubilizates in the more viscous sample induce a more rigid structure of the micellar
surface, which gives rise to a more extended (or more viscous) shell of hydration
water; solubilizates in the less viscous samples reside a little deeper in the micelles,
so that the ordering effect on the micelle surface is reduced. Transformations of the
micelle hydration shell will not be seen in static light scattering experiments because
of too small a difference in refractive index. Support for this hypothesis was gained
from the addition of urea, known to have a"structure breaking" influence on water
(17), which did reduce viscosities but not micelle sizes (8). Independent evidence
arose from ESR spin probe investigations: ESR signals of stable nitroxide radicals are
sensitive to the viscosity of their immediate environment (20), i.e. the relative
intensities of the observed triplet signals vary. Spin probes located in the layer of
hydration water indicate a higher local viscosity in the systems exhibiting the higher
bulk viscosity (2I), proving the above hypothesis. This technique also provides
evidence for the hypothesis that solubilizates in less viscous samples are preferredly
located a little deeper in the micelles: the coupling constants in the ESR signals
reflect the polarity of the environment of the probes; as compared to solubilizate free
micelles, these coupling constants (for probes located in layer of hydration water) are
affected only in the more viscous samples in which the solubilizates are supposed
near the surface (21).

Easier to understand are the microscopic solution structures responsible for the
photorheological effects in the non-Newtonian systems. Here - in contrast to the
Newtonian systems - changes of sizes and shapes of micelles upon phototransforma-
tions of solubilizates are observed (Table II). In the presence of monomers of 9-AC
or TFAE one has to assume long thread- or worm-like micelles which - entangled or
crosslinked - give rise to the non-Newtonian features. Accordingly, electron micro-
graphs of viscoelastic CTAB solutions containing 9-AC show thread-like aggregates
and indicate some crosslinks or entanglements (16). The data in Table II reveal a
reduction in the length of micellar threads upon photoconversion of either 9-AC or
TFAE, independent of the method. This is in agreement with the observation that the
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non-Newtonian features diminish upon irradiation (photodimerization) indicating that
the photorheological effects are caused by removing the monomers.

For the solubilizate 9-anthracene carboxylic acid more details of the interaction
with the micelles are known. A substantial fraction of the monomers reacts with
cetyltrimethylammonium bromide, i.e. the anions of the aromatic acid form ion pairs
with the cationic surfactant head groups according to Scheme 5. Thereby hydrobro-
mic acid is set free deceasing the pH of the solutions to values around 2 (9). The
photodimers are not capable of forming analogous ion pairs since the pH increases
upon irradiation. Thus, the photorheological effect is due in part to the inherent
generation and consumption of electrolyte (HBr), which affects micelle size and

0. -OH 0.0 CTA*

CTAB OOO . Oee . HBr

Scheme 5: Ion pair formation by 9-AC and CTAB

shapes. Other aromatic acids such as 3- and 4-stilbene carboxylic acid, however, do
not act in this way. pH-Measurements in these cases as well as in systems containing
phenylglyoxylic acid clearly show that ion pairs are not formed and that these com-
pounds are solubilized in their non-dissociated forms (11).

In TFAE, however, different, not yet identified interactions with CTAB must
occur, since the pH of the solutions is the same as in TFAE free aqueous CTAB.
Some details of the viscoelastic solution structure follow from oscillating shear
experiments (I4) allowing the calculation of relaxation spectra, which give the
distribution of relaxation time constants (22). Examples are shown in Figure 3. The
spectra exhibit two relaxation maxima corresponding to two distinct relaxation
mechanisms. In an example at 0.05 mol/dm* TFAE on Figure 3a, it can be seen that
the longer time constant (34 s) is not affected by the photodimerization of TFAE
while the shorter time constant is reduced from 0.16 to 0.05 s after photoconversion
of only a few % of the TFAE monomers (see also Table II). Following Cate’s theory
(6) we can attribute the slower relaxation process to breaking of thread-like micelles
and the faster one to translational diffusion of micelles along their contour length. It
is thus sound that the latter process becomes faster upon photodimerization of TFAE
since the micelles become shorter (Table II).

Discussion and Outlook

All the experiments described were performed at surfactant concentrations at which
small spherical micelles are present in the absence of solubilizates, i.e. below the
second critical micelle concentration. The observed effects, thus, are due to the action
of the solubilizates only, which were present at low concentrations, below 1 % by
weight. The rheological and light scattering experiments have enabled us to elucidate
the microscopic changes of micelle size and shape accompanied with the solubiliza-
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Figure 3. (a) Relaxation spectra H(7) for aqueous 0.25 molar CTAB containing
0.05 mol/dm? TFAE (circles), 0.04 mol/dm® TFAE (squares), and 0.03 mol/dm?
TFAE (triangles); open circles: irradiated solution at 3 % photoconversion. (b)
Relaxation spectra for aqueous solutions containing CTAB and TFAE at a molar
ratio CTAB:TAFE = 5; circles: 0.25 mol/dm® CTAB; squares: 0.2 mol/dm’
CTAB; triangles: 0.15 mol/dm® CTAB. (Reproduced with permission from ref.
14. Copyright 1993 Academic Press.)
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tion of photoeducts and with their photochemical conversion. Information on all of
the interactions of solubilizates (or their photoproducts) and surfactant has been rare
up to now. A combination of several spectroscopic methods may add to clarification,
such as F-NMR on samples containing TFAE or Raman spectroscopic investigations
on the state of water in the hydration layer, cf. (23) and (24).

The observed photorheological effects open a new method for investigating
micelle formation kinetics: a rearrangement of micelles can be started by flash
irradiation in a running (rotating or oscillating) viscometer, which then registers the
change in viscosity as a function of time.

In future investigations it will be interesting to determine whether or not similar
effects can be observed in surfactant aggregates differing from micelles - such as
vesicles and biocolloids.

Finally, it should be mentioned that many of the solubilizates showing pho-
torheological effects also influence transition temperatures in lyotropic liquid crystal-
line phases appearing at higher surfactant concentrations. In these systems phase
transitions can be switched isothermally simply by exposing the samples to appropri-
ate light (25).

Conclusions

Rheological properties of surfactant solutions can be varied in situ when solubilized
compounds are photochemically converted. Microscopically the effects can originate
from changes of the size of worm-like micellar aggregates. There are, however,
systems (exhibiting Newtonian flow throughout), in which photochemically induced
viscosity variations take place without a change in micelle size. In these cases trans-
formations of the micellar hydration shell are likely to be the cause of the photorheo-
logical effects.
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Chapter 13

Microstructure and Rheology of Nonionic
Trisiloxane Surfactant Solutions
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The nonionic trisiloxane surfactant, M(D'E12)M (=
((Me)38i0)2Si(Me)-(CH2)3(OCH2CH2)120H), forms clear isotropic
solutions in water at all concentrations between 10 and 43 °C. Both
water-rich and surfactant-rich solutions are low viscosity Newtonian
liquids. However, at intermediate concentrations, the solutions are non-
Newtonian and viscoelastic. This rheological behavior along with
supporting data from small-angle X-ray and neutron scattering, and
pulse-gradient NMR measurements points to a progressive change in
surfactant microstructure across the concentration range. This change is
parallel to the progression of liquid crystal phase behavior at lower
temperatures. The results are interpreted in terms of a model in which
small spherical micelles formed at low concentrations transform
progressively to entangled worm-like micelles, branched interconnected
worm-like micelles, and then a random bilayer structure which persists
to 100 % surfactant.

In a previous study (I ), we showed that a nonionic trisiloxane surfactant,
((Me)3Si0)2Si(Me)(CH2)3(OCH2CH3)120H, which is denoted as M(D'E12)M, shows
unusual phase behavior in forming clear isotropic solutions across the entire
concentration range and over a wide temperatures range: see Figure 1. In the
temperature range between 10 and 43 °C, this surfactant is completely miscible with
water. But at temperatures below 10 °C, a hexagonal liquid crystal phase, Hj, was
found at about 50 wt% surfactant, and a lamellar liquid crystal phase, L, at about 70
wt%. At temperatures above 43 °C the liquid-liquid immiscibility called the cloud point
or the lower consolute temperature (LCT) is found. The LCT varies with
concentration; the minimum in the LCT curve is about 5% and 43 °C. A few other
trisiloxane and alkyl polyoxyethylene surfactants such as M(D'E18)M (I ), C12Eg and
Ci12E6 (2,3 ) also form clear isotropic solutions in water at all concentrations, but only
in a much narrower temperature range well above room temperature.
3Current address: Unilever Research United States—Edgewater Laboratory, 45 River Road,
Edgewater, NJ 07020
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Figure 1. Binary phase diagram of M(D'E12)M / water system.
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We undertook this study to determine how the surfactant microstructures
present in such isotropic solutions evolve as the concentration changes across such a
wide range. Possibly at low concentrations small globular micelles are formed (4 ).
But the microstructures cannot remain small globular micelles all the way to 100 %
surfactant. Most nonionic surfactants form clear isotropic solutions in two or more
disconnected regions of concentration and temperature (variously labelled as the Ly, L2
and L3 regions (2,3 )). This study should also bear on the evolution of microstructure
within and between such regions. The microstructures of the sponge phase, L3 (5, 50),
and of bicontinuous microemulsions (6, 7 ) have been intensely studied. But parallel
studies of other isotropic surfactant solutions at midrange and surfactant-rich
compositions have not been made. It is possible that bicontinuous microstructure<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>