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Abstract

This thesis details the investigations focused on the rheology and the
temperature-sensitivity of the rheology of wormlike micellar solutions formed in
aqueous mixtures of long poly(oxyethylene) chain surfactants and hydrophobic
cosurfactants. The emphasis is on the variation of the poly(oxyethylene) chain length.
The temperature was another important parameter that was vgried for the study.
Different cosurfactants were used to observe the effect of the change of cosurfactant
type on the formation and temperature-dependence of the rheology of wormlike
micellar solutions.

Viscoelastic micellar solutions are formed in poly(oxyethylene) cholesteryl
ether (ChEOy, m = 15, 30) aqueous solutions upon addition of tri(ethyleneglycol)
mono n-dodecyl ether (C12EOs). The steady-shear and dynamic rheological behavior
of the systems is characteristic of wormlike micellar solution. In either system, the
plateau modulus and relaxation time are found to increase with increasing
cosurfactant mixing fractions. Th¢ plateau modulus of the ChEO3,-C;,EO3 system at
the maximum viscosity region is found to be higher than that in the ChEO;5-C1,EO;
system at the maximum viscosity region, whereas for the relaxation time the opposite
relation is found. The maximum viscosities obtained in the two systems are of the
same order of magnitude. In the ChEO3-Ci2EO; system, the maximum viscosity is
obtained at a higher co;surfactant mixing fraction than that in the ChEO;5-C1,EQO;
system. It is concluded that decreasing the head-group size of the hydrophilic
surfactant favors micellar growth. Monolaurin, another hydrophobic surfactant known
to induce growth in some systems, is found to cause phase separation before
significant mipellar growth occurs in ChEOy, solutions although the effect of head-

group size of ChEOy, is found to be similar to the ChEO,,-C;,EQO; systems.
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Next, we have studied the temperature sensitivity of the rheology of the
wormlike micellar solutions formed in poly(oxyethylene) cholesteryl ether (ChEOp,
m = 15, 30) upon addition of tri(ethyleneglycol) mono n-dodecyl ether (C1,EO3) and
monolaurin. We have found that increasing the poly(oxyethylene) chain length of
ChEO,, greatly reduces the temperature-sensitivity of the viscosity of the solution. In
the viscous region small changes in the cosurfactant compositiop can subtly change
the temperature sensitivity dependihg on the temperature range and type of
cosurfactant. For, C12EO;, which is a poly(oxyethylene) surfactant, the temperature
sensitivity is lower at lower temperatures and higher at higher temperatures if the
cosurfactant mixing fraction is high and vice versa if the mixing fraction is low. F ;)r
monolaﬁrin, the temperature sensitivity increases with cosurfactant mixing fraction in
the viscous region. In the ChEO;p-monlaurin system viscous solutions are not formed
at any temperature that we studied. We have discussed these results in terms of the
reduction of the average curvature of micellar interface with temperature due to
dehydration of the poly(oxyethylene) chain and formation of branches in long
micelles. We indicate the scientific and technical significance of our findings.

The content of the thesis is based on the following papers:

1. Ahmed, T.; Aramaki, K. “Wormlike micelles in poly(oxyethylene) surfactant
solution: Growth control through hydrophilic-group size variation” .J C’blloid
Interface Sci. 2008, 327, 180-185 '(Chapter 3)

2. Ahmed, T.; Aramaki, K. “Temperature sensitivity of wormlike micelles in
poly(oxyethylene) surfactant solution: importance of hydrophilic-group size” J.
Colloid Interface Sci. 2009, 336, 335 - 344 (Chapter 4)

The structure of the thesis is as follows:
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Chapter 1: ‘Introducﬁon
1.1 Amphiphile or Surfactant:

Amphiphiles are molecules having at least one water-soluble (hydrophilic)
moiety and one or more water-insoluble (hydrophobic) group. In a homogeneous
environment like water, these are in a “frustrated” condition. Therefore, these adsorb
spontaneously at the polar-nopolar interface and surfaces, with the hydrophilic groups
in contact with the bulk polar phase and the hydrophobic part facing the nonpolar
phase. Those amphiphiles that actually do manifest such adsorption behavior are
called surface active agents or surfactants.

The hydrophobic part of surfactant usually consists of saturated hydrocarbon
chain g:ovalently bonded to hydrophilic moiety. The hydrophilic part of surfactants
can vary greatly in chemical structure and compositions. On the basis of the charge of
the polar head group surfactants are mainly classified as follows"?:

a)OAnionics: these are amphiphilic molecules with an anionic group such as

carboxylate, sulfate, phosphate as a polar group coupled with a positive

counterion (cation) such as sodium, potassium, ammonium, calcium and
protonated alkyl amines. These are the largest group of surfactants.
b)UCationics: these are amphiphiles with cationic group, such as quaternary
ammonium as apolar group coupled as a negative counterion (anion) such as
~ halide ion (CI, Br). Due to their strong surface activity, they are in surface
modification.

c)UZwitterionics: these consist of amphiphile molecules possessing two

oppositely charged groups within a single molecule. The cationic group is

mostly ammonium ion and the anionic part varies, although carboxylate is the

most common.



d) DNonfom‘cs: in this class of surfactants the hydrophilic part is a nonionic polar
group such as polyether, glycoside or polyhydroxyl. The polyether moiety
consists of oxyethylene units, made by polymerization of ethylene oxide (EO).
Any material containing an active hydrogen can be ethoxylated, but the most
common starting materials are fatty alcohols, alkylphenols, fatty acids and
fatty amines. When the number of EO groups is large, the ethoxylation gives a

distribution (usually Poisson-type) of EO chain lengths.

Two or more amphiphilic molecules may be connected at the level of head-group
or very close to head-group by a spacer group or simply by a covalent bond. These
dimeric surfactants, also known as Gemini surfactants, have greater surface activity

compared to conventional monomeric surfactants.

The polyether nonionic surfactants, or the POE surfactants, are unique in the sense
that their physicochemical properties are very temperature dependent.' Contrary to
ionic compounds they become less water soluble — more hydrophobic — at higher
temperatures. The control of the polymerization of the EO groups that has been
achieved allows a systematic variation of the hydrophilic head group size of

surfactants, which is very significant for scientific studies.

The field of application of surfactants is one of the widest in modern technology,
and involves professionals from diverse areas of science.'” They are used in products
as diverse as cosmetics, fertilizers, detergents, paints, dyes, foods, medicines, textiles
and play an important role in industrial processes such as minéral and petroleum

recovery, pulp and paper production.



1.2 Criticél Packing and Geometry of Aggregates

The driving force for the micelle formation in an aqueous system is the
hydrophobic interaction between the alkyl chains of the surfactant’ and the
interactions that oppose the formation of micelles®° are the electrostatic interaction
between the head groups, the steric interaction arising from the packing of head
groups at the micelle surface and of alkyl chains in the micelle core, and an
interaction associated with residual alkyl chain-water molecules contacts at the
micelle surface. The balance between the attractive and repulsive interaction results in
the formation of micelles.

From a statistical thermodynamic viewpoint, for a solution of surfactants in |
aqueous solution with Xy is the mole fraction of surfactant composing aggregates of

aggregation number N, fyis the standard chemical potential per amphiphile in
éggregate of size N, [, is the chemical potential per amphiphile in an N-mer, kg is the
Boltzmann constant, T is the absolute temperature, the following result can be
derived:"!

fiy = fiy +(ksT /N)In(Xy /N)=p  (1-1)

which takes into account the amphiphilic nature of the surfactants and expresses the
important fact that at equilibrium, the chemical potential of all amphiphiles in solution
should be independent of their state of aggregation, just as in phase equilibrium.
Further, taking into account all association-dissociation processes, e.g.,
Ay = A, +4A, etc, the familiar expression of mass-action law of chemical

equilibrium can be derived for self-assembling systems:'!

X, /N N .. -
el )] o



In the limit of very low concentrations, surfactants in solution are monomeric.
Above a certain threshold concentration X, named the critical micelle concentration

(CMC) obtained through the relationship: !

X~ exp[m“lT;‘i] (1-3)
'B

for a minimal aggregation number N >>1, globular micelles composed of 30 — 100
molecules form, while the concentration of monomers remain essentially constant.
This minimal aggregation number reflects the cooperative nature of micelle
formation. In the case of bilayer forming surfactants, e.g., phopholipids, the number is -
extremely small and macroscopic aggregates are formed directly.

At a concentration very close to the CMC, the micelles are in general
spherical. As the concentration is increased, the micelles may remain spheroidal or
grow and become elongated, cylindrical or disk like. The micellar shape is determined
by a dimensionless parameter often called “critical packing parameter” (CPP), which
is defined as v/asl., where v, I are the volume and extended length of a hydrophobic
alkyl chain respectively and a, is the area occupied by a surfactant molecule at the
micelle-water interface,® a; is determined by the cross-sectional area of the surfactant
head group and by the various interactions that play in the micelle formation.® On the
other hand, the extended length of the alkyl chains for a saturated hydrocarbon with »
carbon atoms, max, and volume v can be estimated by Tanford’s equation.5

IS Lypax = 0.154 +0.12657 nm (1-4)
v = (27.4+26.9n)x10" nm® (1-5)

The extended length /. is approximately 80% of the /4, value. Once the cpp of

a surfactant molecule is roughly estimated from the molecular dimensions, it gives a



rough idea about the shape of the aggregates into which it is packed as shown in

Figure 1.1.
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Figure 1.1: Schematic representation of the shape of the surfactant and self-assembled

structures depending on the critical packing parameter

The hydrophilic head group on the side of water interface and hydrophobic tail
on the other side of the interface determines an optimal curvature, also, known as
spontaneous curvature, which in turn determines geometry of the aggregates. The
principle curvatures, ¢; and c,, define the mean (H = (c; + ¢2)/2) and the Gaussian (K
= c1 ¢3) curvatures. Aggregates enclosing polar head groups and water (reverse
micelles) are regarded to have negative curvatures; on the other hand, the aggregates
with interior filled with lipophilic chains (normal micelles) have positive curvatures.
By convention, normal micellar aggregates with ¢pp < 1, have a normal or positive
curvature, whereas the reverse aggregates with cpp >1, are considered to have

reversed or negative curvatures. An interesting case is % < ¢pp < 1, which allows the



possibility of branched cylindrical micelle formation. A simple general expression

relates the dimensionless packing parameter to the curvature of the interface:

2
CPP:—v—zl—ch+ch (1-4)
al, 3
Alternately,
2
crp=" =1 YL 1] L (1-5)
a,l, 2\R R, 3RR,

where Ry (=1/c1) and R, (= 1/cy) are the radii of local curvatures.

The micellar growth with surfactant concentration has been explained by -
different models, which all assume that the free energy of a surfactant is higher in
spherical micelles than in rodlike or disk like micelles.®'® The larger the magnitude of
the free energy difference, the steeper is the increase of the micellar size with
increasing surfactant concentration. The surfactants with CPP > 1/3 shows micellar
growth with the surfactant concentration. Besides, ionic surfactants with a value of
CPP élightly below 1/3 may show micellar growth. It is noteworfhy to point out that
the polydispersity in the size of the micelles largely depends oﬁ the shape of the
aggregate structure. As generally accepted, the polydispersity of the spherical

micelles is smaller compared to the elongated, cylindrical or lamellar micelles.

1.3 One-dimensional micellar growth |

The concept of elongated, or rodlike, micelles was introduced as early as 1951
by the great Peter Debye.'> They concluded, based on light scattering studies, that
cetyltrimethylammonium bromide in aqueous potassium bromide form micelles that
are rodlike in shape, rather than being spherical or disk—shaped.That elongated

micelles may form entangled network structure with high solution viscosity was



suggested Quite early by N. Pilpel in 1956."* Thus, the concept of elongated micelles
is not new. However, the theoretical and experimental achievements of recent years
have made the study of these systems quite fascinating.

The thermodynamic incentive for micellar growth is the different packing
energies in the cylindrical part and the curved end-regions. The energy required for

breaking a linear micelle into two shorter micelles is denoted 28, Performing a free

energy calculation with due consideration to the end-energy, the weight average

micellar size, defined by, (V)= [ X(N)NaN / | X(N)a is found to be:"
0

0
(N)=26"4" (X =2N" (1-6)
where N* is the most probable aggregation number. Alternatively, using mean-field

theory it can be found for the free energy density F:'*

BF =2 c(N)[Inc(N)+BE]+F,(9) (1-7)

N

where c(N) is the number density of aggregates of N monomers and E = 28, ¢ is the

‘total volume fraction, 8= 1/ksT. Minimizing the above equation at fixed ¢ gives
c(N)ocexp[—N/]V:l; N = ¢ exp[BE /2] (1-8)

where N is the number average aggregation number. For branched micelles with z-

fold branches the result is modified as:"
BF =Y c(N)[Inc(N)+ BE" [+2(z" =1)CIn(2C) +F, (¢) (1-9)
N

Thus the main ingredient for micellar growth is the increase in the end-cap
energy.® ' This can be achieved by several different methods. The most studied
involves ionic surfactants in the presence of salts of both binding (e.g. sodium
salicylate) and non-binding type.'®* The mechanism involved in this formation is the

screening of the electrostatic repulsions between the charged head-groups, leading to



an increase in the end-cap energy. Consequently, the average micellar length
increases dramatically. Wormlike micelles can also form in mixtures of a surfactant
with another small molecules called hydrotropes. Incorporation of co-surfactant with
a small head-group in the palisade layer of micellar aggregates of ionic surfactants
reduces the effective area per molecule as, which results in an increase of CPP, thus
leading to micellar growth.”! Nonionic surfactants can also form.wormlike micelles,
usually in the presence of co-surfactants.>* Mixtures of oppositely charged
surfactants often exhibit synergistic enhancement of the rheological properties. The
micellar growth can occur by decrease in the micellar surface potential via charge
neutralization and increase in ionic strength by the release of counterions.* 4
Mixtures of ionic and non-ionic surfactants can also display synergistic effects and
have been studied extensively.**! Zwitterionic surfactants that contain both positive
and negative charges can also form wormlike micelles.’”” ** Gemini or dimeric
surfactants have been found to form wormlike micelles.’* > The result of these
extensive studies is that the counterion with strong binding capability is more suitable
- for micellar growth in ionic system and the co-surfactant with the smaller head-group
or longer hydrophobic tail (within a small range of variation) gives better growth. The
case of the cationic/anionic mixture can be considered to be an extreme case of ionic
surfactant with binding salts.”®*’

The effect of temperature on the micellar growth can be understood from the
relationships given in equations (1-7) to (1-9). For most common surfactants, the end-
cap energy is not affected by the temperature and therefore the micellar contour
length decreases exponentially with temperature rise.”> °® *® A notable exception is

poly(oxyethylene) surfactants, whose head-groups become effeétively smaller with

rise in temperature due to dehydration of the oxyethylene units. This means a



reduction of the micellar interfacial curvature, and so temperature-induced growth is
to be expected. This is indeed observed in several systems.*”** However, very highly
viscous wormlike micellar solution is rare in poly(oxyethylene) surfactants and

therefore there is room for research in this field.

The scattering of X-ray, light and neutrons by matter due to static or dynamic
heterogeneities in material is a very useful method for understanding the microscopic
structure and dynamics. Briefly, an incident beam of radiation is scattered by the
material with different intensities at different angles. The variation of the intensity
with angle provides information on the microstructure responsible for scattering.’
Increasingly smaller length-scales are probed at larger scattering angle. Usually,

scattering data, presented as a function of the scattering vector given by g = 4msin6/A
(0 = scattering angle, A = wavelength of radiation), display variation over many order

of magnitude of g. Since light and neutron have different wavelengths, the two can be
complementary for investigating different length-scales, as can be understood from
the definition of ¢.* For low surfactant concentration, the micelles are free from
significant interactions, and the interpretation of the data is quite easy and reliable.**
6% The micellar contour length, persistence length and cylinder cross-section diameter
has been extracted from the scattering data of dilute solutions.*> For concentrated
solutions, the successful application of Renormalization-group theory for flexible
polymers by Schurtenberger and co-workers to the SANS, SLS and DLS data of
wormlike micelles gives one of the strongest support of the formation of polymer-like
micelles as well as providing énon-invasive method of characterizing such systems.*®
67 The exponent % in equation 1-8, derived from mean-field theory, has been

demonstrated by scattering experiments to be invalid when interaction among



micelles ié strong.'”** %6 Modern simulation methods have been utilized to analyze
and. model the data. Thus, indeed the study of wormlike micelles can provide
important model systems for testing modern molecular theories.

We would like to point out the existence of another group of materials having
similarity in structure and dynamics with those of solutions of long micelles. Several
examples of hydrogen-bonded supra-molecular polyniers are known: benzene-
tricarboxamide or cycloheaxane-tricaboxamide in n-alkanes, cyclohexane or toluene;
bis-ureas in toluene.®*”! Whereas the self-assembly of wormlike micelles is controlled
by a delicate balance of the various geometric aspects of the head-group and the tail,
the structure of the monomer of supra-molecular polymer can be considered to be
composed of two almost non-interacting components — the associating groups
responsible for the self-assembly process, and the rest of the molecule, free to be
altered at will without compromising the self-assembly process. Therefore, the
formation of wormlike micelles is more difficult than the development of supra-

molecular polymer solutions.

1.4 Rheological behavior of micellar solutions

Surfactant molecules self-assemble into aggregates of different
microstructures depending on the composition, temperature, and other outer
conditions. At a surfactant concentration just above critical micelle concentration
(CMC), micelles are usually in spherical shape. The micellar solutions with globular
aggregates always have a low viscosity, often comparable to the viscosity of the

solvent (75). The viscosity (77) varies linearly with the volume fraction of the globular

particles, ¢, according to the Einstein’s equation:

n=ns(1+2.5¢) (1-10)
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The rodlike aggregates increase the viscosity slightly as long as they do not
overlap. The sphere-rod transition in the micellar shape can be induced by different
ways such as increasing surfactant concentrations, salinity or temperature, depending
on the type of the surfactant. At certain conditions, these micelles can undergo
elongation to form long and flexible aggregates called as ‘threadlike’ or ‘wormlike’

micelles.

Figure 1.2: Schematic diagram of non-entangled (concentration < ¢*), and entangled

(concentration > ¢*) wormlike micelles.

Above a certain surfactant concentration, called overlap concentration (c*),
the wormlike micelles begin to overlap with each other and viscosity becomes much
higher than that predicted by the Einstein’s equation. In some surfactant solutions, the
viscosity may be very high even at low concentrations (about 1 wt%) suggesting a
supramolecular three-dimensional network structure. Formation of such a structure is
attributed to the tendency of the micellar aggregates to arrange them into long
threadlike or wormlike aggregates, which are connected and interwoven or entangled
to form a transient network (Figure 1.2). The entanglement of the flexible aggregates
to form a transient network analogous to the polymer network imparts a viscoelastic
behavior to the solution, that is, simultaneous coexistence of viscous and elastic
properties. The presence of the viscoelasticity manifests in phenomenon such as rod
climbing and elastic recoil, as well as the presence of entrapped bubbles in the

sample. The presence of long chain is a necessary but not a sufficient condition for

11



viscoelasticity. The structure must also possess a certain internal mobility to relax the
stress imposed on the system and a permanence of the structure is also necessary to
maintain elastic properties.

The wormlike micelles have an equilibrium conformation in the networks. The
micelles constantly undergo translational diffusion process, and they also break and
recombine. If the network is deformed or equilibrium conditions are suddenly
changed, the relaxation occurs within a definite time and the equilibrium condition is
restored again. If the network is deformed by a small perturbative shear stress ¢ in a
shorter time than it can reach equilibrium, the system exhibit elastic property
characteristics of a solid material with a Hookean constant Gy, which is called the.

shear modulus, and we obtain a simple relation between stress (o) and strain (9):
o=Gyy (1-11a)
If, on the other hand, the network is deformed slowly, it behaves like a viscous

fluid with a zero-shear viscosity 7), and the shear stress is given by

dy '
o=1, dar ( )

where(dy/dY) is the shear rate.

The dynamic rheological behavior of viscoelastic micellar solution is described by the
mechanical model, called the Maxwell model, consisting of an elastic component
(spring) with the Hookean constant Gy and a viscous component (dashpot) with the

viscosity 1; [Figure]. When a sudden strain is applied to the system for a short time,
the stress relaxes.exponentially with a time constant 7z
O =0,exp(t/Ty) (1-12)

TR=T|()/ Gy (1'13)

12



It is possible to obtain different rheolog{cal parameters by following the stress decay
as a function of time. Alternatively, the rheological properties of é viscoelastic
material can be investigated by applying a sinusoidal deformation of angular
frequency @. From the phase angle between sinusoidally varying stress and strain
signals, the elasticity (storage) modulus G’, the viscous (loss) modulus G, and the
magnitude of complex viscosity |n7*| can be calculated. For.a Maxwell fluid,

following relations are obtained:™

w?t?
G(w)y=—2_-G 1-14
(@) 1+ w2 ° (1-14)

T
G'(@)=—2L—-G 1-15
(@) 1+t ° (1-15)

|n*| _ (GIZ +G"2 )1/2 _ na

—— (1-16)
® ‘/1+ R

where @ is the frequency of oscillatory-shear. Gj is called shear (plateau) modulus. At
lowa, and @7z << 1, G’ becomes proportional to af whereas G” is proportional tb a,
with G” > G’. This region is called é terminal zone, and the system behaves as a
simple liquid (Figure 1.3(a)). It can be seen that for wzz >>1, G’ approaches a
constant limiting plateau value equal to shear modulus (Gp), with G’ > G” and the
system behaves as an elastic material. The G, is a material property and is related to

the number density of entanglement (v) at a temperature 7, according to the following
relation:

Go=vkT (1-17)

where k is the Boitzmann constant.

The relaxation time, 7 is given by the inverse of the @ (expressed in rad.s™)

corresponding to G’-G*’ cross-over in a G’, G”-@plot. In addition to equation (1-13),

13
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Figure 1.3: (a) Mechanical model for a viscoelastic behavior described by the
Maxwell equations. (b) The rheological behavior shown by a typical wormlike
micellar solution. At low oscillatory-shear frequency the system shows the
Maxwellian behavior. However, at high frequency deviation from the Maxwellian

behavior is observed.

equation (1-16) allows one to estimate 7, from the oscillatory-shear measurement by
extrapolating |17* | to the zero oscillatory frequency.

Although the Maxwell equations predict a monotonous decrease of G” at a high
frequency region [shown by a broken line in Figure 1.3(b)], the wormlike micelles
deviate from this behavior, showing an upturn of G” in high-frequency region [shown
by solid line in Figure 1.3(b)]. This deviation is often associated with the transition of
relaxation mode from ‘slower’ reptation to other ‘faster’ processes such as Rouse
modes of cylindrical micelles, analogous to a polymer chain. The minimum value of
G” at high-frequency region is related to the micellar contour length according to the

following relation:"*

min

(1-14)

Q
B o~



where /. is the entanglement length, i.e., the contour length of the section of wormlike
micelles between two entanglements, and T is the contour length of the wormlike

micelle. For flexible micelles, the correlation length, £ which gives the mesh size of

the micellar network, is related to /, and Gy according to the relations 4.7

5
3

le = 5—2 (1 - 1 8)

13 L

1
kT p

~| - 1-19

(o) -

Combining Eqs. (1-18) and (1-19) yields a relation which relates Gy to .

|

E)
I3

G, (1-20)

The living polymer model proposed by Cates et al'* ™ describes the
viscoelastic behavior of entangled wormlike micelles by considering two processes of
~ stress relaxation — reptation or reptile-like motion of the micelle along its own

contour, and reversible scission of micelles — taking place at two time scales, namely,
reptation time 7., and breaking time 7,. When the time scale of breaking and
recombination of micelles occurs in a very short time scale in comparison to the slow

reptation process, that is, %e, >> %, the viscoelastic behavior of such a system at low

shear frequency follows the Maxwell model with single relaxation time 7r given by

12

(. Trep) - In the limit %>> Ty, the theoretical model predicts the following scaling

laws for the viscoelastic parameters as a function of the fraction of surfactant (¢).

1.5 Significance of the present work

15



Due to the functionality, surfactants have become indispensable in all aspects
of modern technology and society. Therefore, the risk of exposure to such substances
for the environment and human health should be given good considerations. Also, the
environmental impact of the manufacture of surfactants should be thought about. A
general guideline is to choose materials that are biodegradable and can be produced
from renewable resources. In this respect, the poly(oxyethylene?) cholesteryl ether
surfactants are very attractive because the cholesteryl group is derived from plant
materials. Also, both the hydrophobic and the hydrophilic groups are rather harmless
to the environment. Therefore, their application and study should be welcome.
Viscoelastic wormlike micellar solutions, in particular, now find application in foods,'
cosmetics, pharmaceuticals, oil-fields etc. So, the potential for highly viscous
solutions of poly(oxyethylene) cholesteryl ethers should be given much attention.

More important from the scientific standpoint is that the scattering studies of
wormlike micelles of ionic surfactants, as well as the computer simulation and
interpretation of rheological data of charged amphiphile solutions are complicated due
- to electrostatic interactions. Cates’ rﬁodel applies properly to nonionic wormlike
micelles. Therefore, development of wormlike micellar systems based on nonionic
surfactants is very important in order to understand the structure and dynamics of this
important class of material. Among nonionics, the poly(oxyethylene) type form the
largest class. But only poly(oxyethylene) cholesteryl ether surfactants are known to

form very highly viscous (~ 10° Pa-s) wormlike micellar solution upon addition of

proper co-surfactants. As mentioned previously, the poly(oxyethylene) group
manifests interesting temperature induced change in effective size. This in turn,

affects the curvature of the micellar interface and the temperature effect on the
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rheology of wormlike micellar solution of this surfactant is different from other
surfactant groups.

In order to utilize the uniqueness of poly(oxyethylene) cholesteryl ether
surfactants in the study of micellar growth and temperature sensitivity, it is important
to be able to form highly viscous solutions from very long POE chain surfactants
using nonionic co-surfactants. This can provide the opportunity to tune the structural
parameters such as contour length, persistence length, cross-sectional diameter of
wormlike micelles over a wide range by varying the POE chain length. Also, since it
is known that the effect of temperature on the micellar growth in poly(oxyethylene)
alkyl ether depends on the POE chain length, the temperature effect on the rheology
of wormlike micelles of very long POE chain cholesteryl ether should be compared

with that of shorter chain homologues.

Appendix: Viscoelasticity of living polymer
In the theory of entangled polymer solutions a basic quantity is the stress-relaxation
- function p(¢), which is the fraction of impbsed stress remaining at time ¢ after an infinitesimal
stress is imposed at time 0. The p(z) is basically the average fraction of tube existing at time 0
that has not been lost by disengagement- by time ¢. The portions of the original tube persisting
at time ¢ are those through which neither end of the chain has passed. The problem is
equivalent to a one-dimensional stochastic problem if we imagine the chain to be at rest in a
- moving tube, to convert £(2) to be the survival probability of a particle with diffusion constant
equal to the curvillinear diffusion constant D, of the chain, launched at # = 0 with uniform
probability on the line segment [0, L] with boundaries that absorb the particle. For Worm-like
micelles, Cates extended this idea by allowing the absorbing boundaries to undergo jump

transitions with probabilities given by the rate constants of bond-exchange processes. Even

without solving the resulting equations some important conclusions can be reached. For 7, <<
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Trep the Li(t) is the probability that an arbitrary tube segment, present at ¢ = 0, survives to time ¢

without a chain end passing through it. However, the tube segments need only to wait for a
break to occur close enough to it, so that the new chain end can pass through the given tube
segment before disappearing again. The distance ! an end can move by reptation during its
lifetime 7, obeys D.(L)I* = 7, and so (VL) =~ To/Trep(L) due to ordinary reptation theory. The
waiting time 7 for a new end to appear within / is 7,L/I. This gives, for a characteristic stress

relaxation time 7, = (" m‘,ep)w.
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Chapter 2: Experimental

2.1 Materials

¢ Surfactants used in the present study are given in the following table.

Table 2-1: List of amphiphiles used in the studies included in this thesis.

Amphiphiles Formula - Abbreviation

Poly(oxyethylene) cholesteryl ChEO,

ether , n=15,30
HO{CH,CH, Oy ™
Monolaurin (Glycerol a- C15H3004 ML
monolaurate)
Trioxyethylene monododecyl ether C12H25(OCH,CH,);0H C12EOs
2.2 Methods

2.2.1 Visual observation

Appropriate ratio of water and surfactants were mixed well and kept at desired
temperaturg: for a long time in order to achieve equilibration. The solutions were
observed by placing between crossed polarizers, in both still and shaken condition.
The presence or absence of birefringence and flow-birefringence were carefully noted.
This gives an idea of the nature of surfactant solution phases. However, for wormlike

micelle characterization, we mainly depend on rheometry, as detailed below.
2.2.2 Rheometry"*
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The rheological behavior of structured fluids, polymer and surfactant solutions
and suspensions is a most fascinating subject. The basic principle of rheology
(derived from the greek word: rheos = river) is the correlation of the deformation of a
fluid with the occurring stresses, in particularly during flowing processes. Rheology is
the study of the deformation and flow of matter. In a gross sense, a rheological
measurement tells one how “hard” or “soft” a material is, or it indicates how “fluid-
like” or solid-like” it is. These characteristics of a material depend on the time scale it
is probed. A rheometer measures the rheological properties of a complex fluid (such
as solutions of surfactant or polymer) as a function of rate or frequency of

deformation.

2.2.2.1 Basic Principle of Rheology:
2.2.2.1.1 Steady-Shear Rheology:

Simple steady-shear is the easiest flow to generate and is therefore, of central
importance in rheology. Let us consider a fluid between two plates as shown in Figure
2.6. Suppose that both plates are initially at rest with no flow occurring. When a force
F is applied to the upper plate, a shear stress o is generated in the fluid from the
cohesive forces between the fluid molecules. It is assumed that the gap h is small and
strain is the same at all points. The shear is given by

o="FIS | : (2-1)
where S is the surface area of upper face. Alternately, omay be defined as the force
that a flowing fluid exerts per unit area of its surface in a direction parallel to the flow.
The rate of deformation or the shear rate is the first derivative of strain with respect to

time.
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= " e— 2"2
Va T har &2
A shear viscosity is defined as
o
n=~ (2-3)
Y

Figure 2.1: Test fluid between two parallel plates separated by a gap 4. Steady shear
(a’h) is applied to the fluid at rest (a) by sliding the upper plate at a constant velocity

given by da/dt (b).

Note that this expression‘is analogous to Newton’s law for simple liquids and
the viscosity here is a function of shear rate and not a constant parameter.
Various kinds of flow curves, i.e., double logarithmic plots of viscosity versus

shear —rate, observed in wormlike micellar systems are shown Figure 2.2.

(@) N (b) ©
T] (o]
(o]
~
= 2 % ——\/\
g = =
log ¥y log ¥ log 1

Figure 2.2: Various types of flow curves shown by the solution of surfactant systems.

The simplest type of steady-shear response is Newtonian behavior, where the
viscosity is independent of the shear-rate [Figure 2.2(a)]. This is also manifested as a
linear relationship between shear stress and shear rate, with the slope of the line
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defining the viscosity. Most low molecular-weight liquids and gases show Newtonian
behavior. Among the non-Newtonian phenomena, the most widely observed in the
viscoelastic micellar systems is shear thinning. In the simplest case, the sample shows
Newtonian behavior at low shear rate and shear thinning at higher shear rate [Figure
2.2(b)]. The zero-shear viscosity may be obtained by the extrapolation of the viscosity
curve to zero shear-rate. Since during the steady-shear experiment the sample is
deformed extensively the microstructure of the material is disturbed. For such strong
deformations, the theoretical aspects of the rheology of wormlike micellar solution is
difficult. However, Cates and his collaborators have made some advance in this
direction.”® They have extended the reptation model of living polymer to strong flow
condition and predicted a critical shear rate and a plateau value in the stress versus
shear-rate plot which have been experimentally observed. Shear thickening [Figure
2.2(c)], which corresponds to the increase in viscosity over a range of shear-rate, is

observed much less frequently.

2.2.2.1.2 Dynamic (Oscillatory-Shear) Rheology:
In dynamic shear flow, a sinusoidally varying deformation (strain) is applied to
the sample (Figure 2.3).

Y = YoSin (i) (2-4)

R

Figure 2.3: Oscillatory deformation of the viscoelastic material and variation of strain

(solid line) and stress (dotted line) with time.
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where v is strain —amplitude (i.e. the maximum applied deformation) and w is the
frequency of the oscillations. The shear stress generated by the oscillatory shear will
again be sinusoidal but will be shifted by a phase angle (¢) with respect to the strain
wave form: |
o = 0, sin (wt +¢) (2-5)
The presence of a phase angle term means that the maxima and minima of
sinusoidally varying stress signals are not necessarily coincident with the maxima and
minima in the strain. For perfect solid, stress is in phase with strain (¢ =0). In case of
purely viscous liquid, stress is in quadrature with strain (¢ = #/2). For viscoelastic
materials ¢ has an intermediate value. At small strains and for a given viscoelastic
material, the fluid structure is not much disturbed by the deformation and the stress
measured during oscillatory deformation is controlled by the spontaneous
rearrangements or relaxation. In this case, the shear stress produced by a small
amplitude deformation is proportional to amplitude of the applied strain §,, and o
deformation ratio o, /¥, and the phase angle ¢ are the material properties’ at any
frequency, which is the main feature of linear viscoelasticity.
Using trigonometric identities, the stress wave can be decomposed into two
components, one in-phase with the strain and the other out-of —phase by 90 degrees:
O = 0, cos (¢) sin (wt) + 0, sin () cos (wt) (2-6)

We can rewrite the above expression in terms of two material functions (G’ and G )

as
o =9, [G’sin(wt) + G’ cos (wt)] 2-7
Elastic or storage modulus, G’ = (i U/yo) cos¢g 2-8)
Viscous or loss modulus, G’’ = (0,/7,) sin¢ 2-9)
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The elastic modulus (G’), which is related to the stress in phase with the
imposed strain, provides information about the elastic nature of the material. Because
elastic behavior implies the storage of deformational energy in the system, this
parameter is also called the storage modulus. The viscous modulus (G’’), on the other
hand, is related to the stress component, which is completely out-of-phase with the
displacement. This parameter characterizes the viscous nature of the material.
Because viscous deformation results in the dissipation of energy, the G’’ parameter is
also called the loss modulus. A purely elastic material would exhibit a non-zero
elastic modulus and a viscous G’ = 0. In contrast, a purely viscous material would
show a zero elastic modulus. A viscoelastic material will exhibit non-zero values for
both G’ and G".

The complex viscosity (jn*)) is defined as:

1
12 1n2\2
|n*|=——~—-——-—(G G’ (2-10)
)

The variation of complex viscosity with frequency is analogous to the variation of
steady viscosity versus shear-rate.

The storage and loss moduli are given by:

. Gy(wr)* i
G(w)———————1+( % (2-11)
v Gylw) ]
G(a))————1+( )2 (2-12)

It is possible to define and measure various other rheological functions besides
G’ (w) = G'(w) +iG"(w) . For example:
a)[0The relaxation function G(?) is defined as the ratio of the time-dependent stress

to a suddenly applied strain held constant after application.
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b)UFor the transient strain generated when a constant stress is applied at some
point in time and then brought down to zero value at some later time, the ratio
of the transient strain to the constant stress value is called the creep function
J(@).

¢)UThe Fourier transform of the creep function is called the complex compliance
J*(w).

d)TJA material usually possesses a distribution of retarded elastic response times
L(7) or viscous relaxation times H(7).

However, when the material deformation is small, the experimental results lie in

the linear viscoelastic region and all these functions are interchangeable as shown in

Figure 2.4:

Complex modulus G*(®) Complex compliance

or eobme T (o)
. . epralc
Complex viscosity 1°(®) relations
Fourier Fourier
transform transform

1 3 Convolution 10
(Relaxatlon function G(t) l ime;’ral A(Creep function J(t)

_Comp!ex Laplace ‘ Laplace
inversion transform transform

Complex
inversion

Distribution function J Integral Distribution function

of relaxation times H(t) 2% ) of retardation times L(7)

Figure 2.4: Interrelations between the various linear viscoelastic functions.

Thus all possible types of experiment yield the same information about the material.
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2.2.2.2 Instrumentation

Rheological measurements are typically performed on a rheometer. There are
several categories of rheometers, with the most prominent being capillary rheometer
(which utilize pressure-driven or poiseuille flows) and rotational rheometers (which
use drag flows). Capillary rheometers are capable of measuring only the steady-shear
properties of a fluid, not the dynamic rheological properties. For this reason, we will
focus solely on rotational instruments. Two types of rotational rheometers exist:
stress-controlled rheometers and strain-controlled rheometers. In a strain-controlled
rheometer, a known deformation (strain or shear rate) is applied to the fluid, and the
stress is detected. Typically, the strain is applied by rotating one segment of the
geometry, and a transducer connected to the other segment measures the stress. A
stress theometer operates in the opposite fashion, by applying a controlled stress and
measuring the resulting deformation. In the past few years, stress rheometers have
become immensely popular because of great sensitivity and wide torque range.

In rheological measurements, depending on the property of the test material,
test -conditions to be maintained and type of the material property to be studied,
various geométries such as parallel-plates, cone-and- plate, concentric cylinders, can
be used to impose shearing flow. Schematic diagrams of cone-plate and couette
(concentric cylinders) geometries are shown in Figure 2.5. The parallel-plate and
cone-plate geometries are common due to a small amount of sample required and ease
to load and clean. The advantage of the cone-plate geometry over the parallel-plate
one is that the small cone angle 8 (<0.2rad) provides a uniform shear throughout the
sample. Couette geometry is suitable for low-viscosity samples. Flow is generated in a
rotational geometry by moving one of the systems in such a way that the fluid is

dragged aloxig the wall.
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Transducer

Actuator Actuator

Figure 2.5: Schematic diagrams of cone-plate (left) and couette (right) geometries.

In a strain-controlled rheometer, input is the deformation and output is the
torque. The raw data can be converted into rheologically significant quantities using
the physical dimension of the geometry. On a cone-plate geometry with cone angle 6
and radius of cone R, following equation relates the angular velocity Q (rad.s™) of the
lower plate induced by the actuator (as shown in Figure 2.5) to the shear-rate exerted

on the sample:

y== 2-13
Y= (2-13)

The response of the sample is measured by the transducer in terms of a torque (M),

which is related to the shear-stress according to following relation:

3IM

e (2-14)

The viscosity then can be obtained from equation (2-3). In a stress controlled
rheometer, for the same geometry, a constant known stress is applied, and the angular
displacement, , related to 7 by Q=dw/d: and equation (2-13), is measured. The
viscosity then can be calculated from equation (2-3). This method is more sensitive,

although at the price of higher instrument cost.
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In oscillatory-shear measurement, the plate is made to oscillate from its mean position,
with a maximum displacement up to an angle @ (in rad). The strain amplitude is then

given by

Yo= (2-15)

SRS

The response of the sample is in terms of sinusoidal torque (M) with a phase lag (¢)
with respect to the input strain. The maximum stress amplitude (o) is obtained from
equation (2-14). The elastic and viscous moduli can then be calculated using

equations (2-11) and (2-12), respectively. The final expressions are:

=31 s 2-16)
2R @

. 3M0

= Py sin¢g (2-17)
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Chapter 3: Wormlike micelles in poly(oxyethylene) surfactant solution: Growth control
through hydrophilic-group size variation
3.1Introduction

Surfactants are now recognized to form long flexible micelles in aqueous solutions
under the influence of various factors such as salt, temperature, cosurfactants etc.' These
wormlike micelles, with linear polymer-like étructure due to one-djmensiongl growth, can be
highly viscoelastic like polymer solutions. Thus, these systems are very interesting from
scientific and industrial standpoint. Therefore a large amount of research employing different
materials and various techniques (such as rheology, cryo-TEM, light scattering, small-angle

X-ray and neutron scattering etc.) have been carried out to characterize these systems.” >’

However, most of the past and recent work is focused on ionic surfactant systems.?’?’
Nonionic surfactants have comparatively lower CMC values than ionic ones, allowing
investigations through techniques and theories of dilute solutions. Their solution behavior is
not complicated with electrostatic effects, which is the case with ionic surfactants.® 2% Also,
the size of the poly(oxyethylene) chain, the common head-group in many nonionic
surfactants, can be varied easily. Therefore, wormlike micelles formed from
poly(oxyethylene)-type nonionic surfactants may be easier to understand. Yet, there are few
reports of formation of highly viscous (more than 1000 Pa-s) micellar solution with
poly(oxyethylene)-type nonionic surfactants.

Recently, Acharya et al reported the formation of dilute viscoelastic micellar solutions
in thé nonionic poly(oxyethylene) cholesteryl ether (abbreviated as ChEOp) surfactant
systems and the maximum zero-shear viscosity reached about 3000 Pa-s.”’ Poly(oxyethylene)
cholesteryl ether surfactants are unique nonionic surfactants in which the segregation

tendency between the hydrophilic and hydrophobic groups is very strong compared with that

of conventional alkyl ethoxylated surfactants and these surfactants are known to achieve
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equilibrium interfacial conditions rather slowly due to the bulk and rigidity of the
hydrophobic group.”® As a remarkable fact, they form a liquid crystal in a pure state above
their melting temperatures,”’ whereas conventional nonionic surfactants become simple
liquids above the melting temperature. In dilute aqueous solutions of poly(oxyethylene)
cholesteryl ether surfactants spherical micelles are formed at room temperatures®® and
increase in teﬁlperature promotes unidimensional micellar growth.33 These surfactants, in
binary systems and with cosurfactants, show interesting phase behavior, in which a
rectangular phase or a defected lamellar phase in addition to conventional liquid crystals
appear.’®3*

Several reports on mixed nonionic viscoelastic systems followed the publication of
Ref. 29.°*% An important technique of such research has been the utilization of suitable
hydrophobic amphiphiles as cosurfactants to promote unidimensional micellar growth. The
effect of changing cosurfactant head-group size or hydrophobic tail length on micellar growth
was investigated.*>*® The increase in the hydrophobic alkyl chain of the cosurfactant or the
decrease in the number of ethyleneoxide units in the head group of the cosurfactant decreased
the fraction of cosurfactant required for inducing micellar growth.' 2% 3536 However, the
effect of changing the head-group size of the hydrophilic surfactant over an extensively large
range of sizes was not investigated.

In this study, we report the formation of wormlike micelles in solutions of
poly(oXyethylene) cholesteryl ether surfactants with head-groups of exceedingly different
sizes (ChEOy, m = 15 and 30). We have used monolaurin and triethyleneglycol dodecyl ether
as qosurfactants because they are known to induce one-dimensional micellar growth in
several systems.>>*%3% We present the rheological data of the systems and discuss the data in

the light of current theories of viscoelasticity of wormlike micellar systems. We find our
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results in agreement with the established concept of micellar growth due to the reduction of

effective area per molecule in surfactant assembly.
3.2. Experimental

3.2.1 Materials

Poly(oxyethylene) cholesteryl ether (abbreviated as ChEO,, m = 15 and 30) was
purchased from Nihon Emulsion Co., Japan. Monolaurin (98%) was supplied by Tokyo Kasei
Kogyo Co. Ltd. (Japan). Triethyleneglycol dodecyl ether (C1,EQ;) was obtained from Nikko
Chemicals Co., Japan. All these chemicals were used as received. Millipore-filtered water
was used to prepare all the samples.
O
3.2.2 Methods
3.2.2.1 Observation of micellar transformation

Different ratios of the selected surfactants were dissolved in water by mixing well
using magnetic stirrer. The samples were equilibrated for long times at 25 °C. They were
observed between crossed polarizers. High viscosity, ability to trap bubbles for long times
and shear birefringence was taken to be indication for the formation of long micelles due to

unidimensional micellar growth.

3.2 2.2’Rheolog1’cal Measurement

Samples for rheological measurements were prepared by adding the fequired amount
of C;2EO; and monolaurin to measured volumes of aqueous ChEO,, solution of a desired
concentration. The samples were homogenized and kept in a water bath at 25 °C for at least

48 hours to ensure equilibration before performing measurements. Rheological measurements
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were performed in a stress-controlled rheometer, AR-G2 (TA instruments co.), using cone-
plate geometry modified with a solvent-trap to minimize evaporation and with the plate
temperature controlled by a peltier unit. Frequency sweep measurements were performed in
the linear viscoelastic regime of the samples, as determined previously by dynamic strain

sweep measurements.
3.3.Results

3.3.1 Steady shear rheology
Steady-state shear-rate viscosity plots for the aqueous 0.06 M (excluding
cosurfactant) ChEO3g systems containing various C;,EOj; ratios are shown in Figure 3.1. At

low C;1,EO3 mixing fraction (up to X = 0.4), the viscosity is very low and is independent of
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Figure 3.1 Steady-shear-rate viscosity plots of the 0.06 M (excluding cosurfactant) ChEQj3
solutions at 25 °C with different mixing fractions of C;2EO;, (O) X =0.76, (A) X =0.74, ()

X =0.73, ()X =0.72, (A) X =0.71, (*) X = 0.66, ((J) X = 0.34, (+) X =0.

35



10°;
AAA
10_1'; AAL
n ] OOOOOOOO
2 0000000
A AR R R PPPPP Joo
4444
~—~
= 4444
107-
] ++ b+
oo
482098588
10° T
10" 10 10 10°

}//s'l T

Figure 3.2 Steady-shear-rate viscosity data of the 0.06M (excluding cosurfactant) ChEQs
systems with different concentrations of monolaurin at 25 °C. Legends: (A) X =053, (<) X

=0.51, (€) X=0.5, (+) X=0.47, (O) X =0.44, ([J) X = 0.39, ( *) X =0.

shear at low shear rate (Newtonian fluid). At X = 0.65 and above, however, the Newtonian
behavior is limited to low shear rate, which can be taken as evidence of the formation of long
wormlike micelles.’ At high concentration (X = 0.74 and above) samples are viscoelastic with
large low -shear viscosity values.

- Steady shear measurements were carried out on 0.06 M (excluding cosurfactant)
ChEO,, systems (m = 15, 30) containing monolaurin. The data is presented in Figure 3.2. The
ChEO;s soiution low-shear viscosity does not increase significantly with increasing mole
fraétion of monolaurin up to about X = 0.4. For higher mole fractions viscosity increases with
successive increase of X up to phase separation at about X = 0.55. These higher mole-fraction
systems also manifest slight shear-thinning behavior. The maximum viscosity obtained is not
very high (~1 Pas). The solutions with higher X were shear birefringent, indicating

unidimensional micellar growth. In the case of ChEOs3p solutions no shear birefringent
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systems were obtained upon monolaurin addition and steady shear measurements revealed
insignificant increase in viscosity upon successive increase in monolaurin content (Figure 3.3).

At X =~ 0.5 phase separation occurs. These results are discussed further below.
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Figure 3.3 Steady-shear-rate viscosity data of the 0.06 M (excluding cosurfactant) ChEO3g
systems with different concentrations of monolaurin at 25 °C. Legends: (+) X =0, (O) X =

0.3, () X =0.39, (O) X = 0.45, (A) X = 0.5.

3.3.2 Dynamic rheology

- To study the viscoelastic properties of the wormlike micellar solutions in the
ChEO;30-C12EO3 systems, oscillatory shear measurements have been performed. Figure 3.4
shows the Qariation of the elastic or storage modulus (G’) and the viscous or loss modulus
(G") with oscillation frequency at C;2EO3 concentrations of X = 0.74 — 0.77. In these systems,
liquidlike behavior (G’ < G”) is observed in the low-frequency region, but both G’ and G”
increase with @ and viscoelastic behavior (G'>G")is observed in the high-frequency region.

As can be seen from Figure 3.4 with increasing concentration of C;,EOs the region of G'> G”
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extends to lower frequency, and above X = 0.74 of C,EO;, the system is viscoelastic in a
wide range of shear frequency and has a rheological pattern typical of entangled wormlike

micelles. The rheological data on 0.06 M ChEO;5-C;EO; systems have been published in

Ref. 29.
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Figure 3.4 Variation of G', G” and | n*|as a function of w for the C;,EO; containing 0.06 M
(excluding cosurfactant) ChEQOj;p solution systems at 25 °C for different C;,EO;
concentrations. Legends: ((0) G’ experimental, (A) G” experimental, (--) Maxwell model,

(—) complex viscosity.

The o values for the Newtonian systems of low viscosity have been obtained by
extrapolating the viscosity to zero-shear rate. For viscoelastic systems following Maxwellian
behavior at low-shear frequency, 7 values were estimated from the following equation:

1o = GoT | (3-1)
Alternately, the following relationship allows one to estimate 7o by extrapolating the complex

viscosity values (| n*|) to zero shear frequency:
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(GIZ + an)m 7o

o) B N1+ w*?

(G-2)

The values of viscoelastic samples obtained from the estimated values of Gpand 7 are only
approximate values. The zero-shear viscosity values of the different systems are plotted in
Figure 3.5 below.

Figure 3.5 Variation of zero-shear viscosity of 0.06 M (excluding cosurfactant) ChEOm-
cosurfactant (m = 15 and 30, cosurfactants: monolaurin or C;,EQs) systems as a function of

cosurfactant mole fraction at 25 °C.

3.4. Discussion
3.4.1 Effect of cosurfactant type

~ In the ChEO;s-monolaurin and the ChEO;5-C1,EO; systems up to about X = 0.45
?he zero-shear viscosities do not change with increasing cosurfactant mixing fractions and the
viscosity values for the two systems are almost indistinguishable for the same cosurfactant
mixing fractions. The steady-shear viscosity measurement of these systems (Figure 3.2)
reveals shear-independent viscosities for X' = 0 ~ 0.47 and therefore no micellar growth. With
increasing mixing fractions, slight growth followed by phase-separation occurs in the case of
monolaurin and highly viscoelastic solutions are formed in the case of C;2EO;. However, the
growth trend in both systems is almost the same. Thus, in this case, the effectiveness of
monolaurin and Ci,EO3 cannot be conclusively compared.

In the case of the ChEO3¢-monolaurin and the ChEQ30-C12EO; systems also, we

cannot compare the effectiveness of the cosurfactants due to the phase separation in the
ChEOj3¢-monolaurin system at about X = 0.5. We note, however, that up to this mixing

fraction (X = 0.5) the viscosities of the two systems are almost constant and identical.
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3.4.2 Effect of the hydrophilic surfactant headgroup size

In the ChEOy-C12EO; systems highly viscoelastic solutions are formed with large
cosurfactant mole fractions. The viscoelastic behavior of the entangled micelles is described
by the Cates model,>* which considers two processes of stress relaxation — reptation or the
reptile-like motion of the micelle along a tube and the reversible scission of micelles — taking
place on two time scales, namely, the reptation time 7., and the breaking time 7. The
viscoelastic behavior of such a system at low shear frequency often follows the Maxwell

model of viscoelastic fluids with a single relaxation time 7 given by (Tb-Trep)

and plateau
modulus (Gy ) described by equations 3-3 and 3-4%:
w’t’
G'(w)=———G 3-3
(CU) 1 + 0)2172 0 ( )

G'(w) = —1;-“’-‘-— (3-4)

w’t? %o
G" does not show a clear minimum, but a very wide one followed by an upturn with
increasing , suggesting a wide spectrum of the stress relaxation at high frequency or several
relaxation processes superimposed.

The analysis of the oscillatory-shear measurement data reveals that in the maximum
viscosity region (X=0.77) of the 0.06 M (excluding cosurfactant) ChEO34-C12EO3 the Go value
is higher than that in the maximum viscosity region of the 0.06 M (excluding cosurfactant)
ChEO;5-C1,E03.% Gy is related to the average length between entanglements, /, (nanometers),
in the network b§ the equation*! Gy ~ kT/(1.>?), a larger value of Gy in the ChEO3o-C12EO5
system corresponds to a smaller /, that is, a smaller mesh size of the transient network that is
probably due to a higher total surfactant content in the ChEO3,-C1,EO; system. However the
relaxation time in the ChEQj30-C12EQOj; system in the maximum viscosity region is smaller than
that in the ChEO,5-C;2EQ; system, implying faster stress relaxation. Similarly, it can be seen

that the ratio G "min/Go in the system ChEQO39-C12EO3 (~ 0.14) is higher than that in the system
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ChEO;5-C1,EO; (~0.03 at X = 0.62)* in the maximum viscosity region. Because the quantity
is related to the micellar contour length L through the following relation when 7, is much
longer than the Rouse time, (1r)*>*°.

"min/ Go= Lo /L (3-5)
The larger G"nin/Go and smaller /, in ChEO30-C1,EQ; suggest significantly smaller L. On the

basis of Doi-Edwards relation,® 7,0 L*¢*2 where ¢ is the volume fraction of surfactant, it

can be assumed that the micelles with shorter contour lengths require shorter times to reptate

2
— Maxwell
A X=0.75
& X=0.76
E O X=0.77

GIG"

Figure 3v.6 Normalized Cole-Cole plots for 0.06 M (excluding cosurfactant) ChEO3¢-C12EO3 - -
systems at 25 °C for various mixing fractions of C;;EO;3 X denotes the cosurfactant mixing
fraction.

and therefore can undergo stress relaxation quickly. Also the Doi-Edwards® relation G «
¢*?/L, implies an increase in Gp with a decrease in L probably because decrease in L at a
value of ¢ would increase the number of micelles and consequently the number density of
micelles in the system. Such theoretical predictions are consistent with the rheological results
of the ChEQ30-C12EO; and ChEO;5-C2EO3 systems in maximum viscosity regions. These
results imply that upon decreasing the EO chain length of ChEO, in the ChEO,-C12EO;

system the average micellar length increases or micellar growth is favored.
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Plots of G”G"nax against G7G’max for ChEQ;0-C12EO; systems at different

' cosurfactant mixing fractions are shown in Figure 3.6. In this plot, known as normalized Cole-
Cole plot,* a Maxwell material is characterized by a semicircle centered at G(w)/G "max = 1. It
can be seen from the Figure 3.6 that with increasing C;,EO; concentration the system

approaches Maxwellian behavior.
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Figure 3.7 Variation of plateau modulus and relaxation time for 0.06 M (excluding
cosurfactant) ChEQO3¢-C12EO3 system and ChEO,s-C;,EO; system at 25 °C with the mixing
fraction of C12EO3 (X). Legends: open symbols: ChEQO30-C12EO; system; closed symbols:

ChEO;5-C12EO3 system.

From Figure 3.7 we see that 1tlaoth the plateau modulus and the relaxation time of the

- ChEOQO30-C12EO; system increases monotonously with cosurfactant ratio near the maximum
viscosity composition range (X = 0.74-0.77). Since Gj is usually proportional to the number
density of the micellar aggregates, and therefore, reflects the mesh size of the network,*! the
increase in plateau modulus Gy with concentration corresponds to the increase in the degree of
entanglements. The increase in 7, reflects the one-dimensional growth of micelles with

increasing concentration. This analysis corroborates the ideas of micellar growth previously
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expressed from the discussion of steady-shear rheological data. Similar behavior is observed
in the ChEQ;5-C1,EQs system (X'= 0.59-0.61).

The maximum value of the zero-shear viscosity, which is a product of the plateau
modulus and the relaxation time (equation 3.1), in the ChEO;5-C;2EO; and the ChEO;¢-
C12EO; systems are of the same order of magnitude. We observe that the plateau modulus is
higher in the ChEO30-C12EOj; system (X = 0.77) than that in the ChEO5-C12EO; system (X =
0.62) whereas the relaxation time is lower in the ChEO3-C1,EO; system than that in the
ChEO,5-C12EO3 system (Figure 3.7), and these opposite effects compensate each other,
resulting in zero-shear viscosities of the same order of magnitude. The physical origin of these
differences has been discussed previously.

In order to achieve viscosity of the same order of magnitude, higher mole fraction
of cosurfactant is required in the ChEO30-C12EQ; system (X’ = 0.77) than that in the ChEO;s-
C12EO; system (X = 0.62) (Figure 3.5). This can be understood from considerations of the
curvature of the mixed surfactant layer. Incorporation of a cosurfactant with a small head-
groﬁp reduces the effective area per molecule, which results in a decrease in the interfacial
curvature of the surfactant self-assembly, thus leading to micellar growth.! In agreement with
this concept, it has already been found that for aﬁy particular hydrophilic surfactant, the
cosurfactant with the‘ smaller head-group is the more effective for inducing micellar growth.?*
16 Also, for homologous hydrophilic surfactants in a small range of head-group sizes, it was
previously found that less cosurfactant is required to induce micellar growth, i.e. reduce the
effective area per molecule, in the case of the hydrophilic surfactant with the smaller head-
group.” Our cuﬁent investigations imply that the same concept is valid for a much wider
range of head-group sizes.

In the monolaurin-ChEQO;s and monolaurin-ChEQO; systenis phase separation

occurs without significant growth. In the first system only slight micellar growth is observed
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before a liquid crystalline phase is formed. In the second system no growth occurs before a
solid phase separates. This variation is again due to the difference in the head group size of the
hydrophilic surfactants. In particular, the solid phase separation in the system can be attributed
to the large difference of hydrophilicities of monolaurin and ChEQOj;, which is known to cause

phase separation in other systems.>’

3.5 Conclusion

We make the first report of formation of highly viscous (~10° Pa-s) wormlike micellar
solution of long poly(oxyethylene) chain nonionic surfactant (ChEOsp) by adding appropriate
hydrophobic cosurfactant. Such solutions manifest viscoelastic behavior at low net surfactant
concentrations, i.e., in these systems steady-state shear-rate sweep measurements reveal
shear-thinning and dynamic frequency sweep rheometry shows cross-over characteristic of
Maxwell model. Such data agree with the concepts of entangled network structure and
reptation in Cates’ theory of living polymer. Similar data from solutions of the homologous
séries of hydrophilic surfactant ChEOn (m = 15 and 30) with Ci2BO; cosurfactant
demonstrate that the larger the head-group of the hydrophilic surfactant the more cosurfactant
is required to induce elongation of micelles. Independent determination of the plateau
modulus and relaxation time from the dynamic rheological data confirms the formation of
longer micelles in the solution of the hydrophilic surfactant with the smaller head-group in
the maximum viscosity compositions. We do not know of any published results that compare
micellar growth for such a large range of head-group size of hydrophilic surfactant. Previous
studies demonstfated the positive effect of reducing the head-group size in a limited range or
of increasing the hydrophobic tail length of the cosurfactant on micellar growth.*>?® Our
current findings extend such results in the sense that now we can greétly vary the micellar

length by selecting the size of the head-group of the hydrophilic surfactant and packing
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constraints in micelles can be tuned by changing the head-group size of the hydrophilic
surfactant as well as by varying the cosurfactant head or tailh group sizes. We have also used
monolaurin as cosurfactant in ChEOp, solutions and found that phase separation occurs before
significant micellar growth occurs. However, the trend is the same as that found with C;2EO;.
Therefore, although in other systems monolaurin was found to be a more effective
cosurfactant than C;2EOs, our present results indicate that phase separgtion can complicate
the comparison of cosurfactant effectiveness and the outcome depends on the nature of the
hydrophilic surfactant. We thus have a large range of head-group sizes of the surfactant as
well as cosurfactant type at our disposal as a tool for control of micellar growth. New
experiments may be devised based on such techniques. For example, since the nonionic
systems of our study are free from electrostatic interactions, they can be profitably
investigated utilizing recent develdpments in neutron scattering®® and atomistic simulation.*
Such research may provide deeper understanding of the elusive flexibility of wormlike
micelles as well as bring out improvements for the computational aspects of colloid and

interface science.
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Chapter 4: Temperature sensitivity of wormlike micelles in poly(oxyethylene)
surfactant solution: importance of hydrophilic-group size
4.1 Introduction

Surfactant molecules can self-assemble in dilute aqueous solution to form
aggregates greatly extended in one dimension." ~* Such growth can occur due to the
addition of electrolytes, hydrophobic cosurfactants, polar oils or even in binary
systems with increasing concentration of surfactant.’ ~'® All these factors reduce the
spontaneous curvature of the surfactant self-assembly and cylindrical geometry
becomes more stable with respect to the more curved spherical geometry. When the
contour length of such aggregates exceeds a certain length called the persistence
length, their structure and dynamics resemble those of flexible polymers in solution,
and are described as wormlike micelles.’” ?' Lattice statistical theories (e.g. mean-
field theory) originally developed for polymer solutions have been adapted to describe
the equilibria of these systems.*” ?* Similarly, application of the reptation theory of
polymer solution has helped explain the dynamics of these systems, in particular the
_ power law dependence of viscoelastic relaxation time on the length of micelles.” "%
The mean-field theory equilibrium description mentioned above predicts an
~ average micelle contour length that decreases exponentially with increasing
temperature if there does not exist any other factor that modifies this behavior.?! In
poly(oxyethylene) surfactants, the average curvature reduction of the surfactant layer
due to the dehydration of the head-group with increasing temperature is a potential
mechanism favoring temperature induced micellar growth.?® “*® For micelles of short
poly(oxyethylene) chain surfactants, some studies reveal that the temperature induced
curvature reduction can be strong enough for the high viscosity compositions to

encourage the formation of three-fold junctions with local negative curvature.'® 6
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This effect reduces the viscosity with increasing temperature. In the case of the lower
viscosity compositions, viscosity was found to increase with temperature, indicating
micellar growth. Whatever the case, it can be concluded that the reduction of the
average curvature of micellar interface with temperature can overcome the thermal
stabilization of micellar end-caps.

The rheological properties of wormlike micellar solution formed in
water/Tween-80/C14EO; system were found to be considerably temperature-
sensitive.'! Thé hydrophilic head-group of Tween-80 contains a large number of
poly(oxyethylene) groups. However, the head-group is branched and there are no
known data on similar systems to compare and conclude on the effect of head-group
size variation on the temperature sensitivity of poly(oxyethylene) surfactants.

Poly(oxyethylene) cholesteryl ether (ChEOy) surfactants are remarkable in
that they form highly viscous micellar solutions when appropriate cosurfactants are
added in aqueous or mixed solvents.' '”>?* In chapter 3, we discussed the formation
of viscoelastic wormlike micellar solutions of poly(oxyethylene) cholesteryl ether
surfactant having large head-group (30 ethylene oxide units).*® This result opens up
the possibility of studying the wvariation of temperature sensitivity of
poly(oxyethylene) surfactant wormlike micelles through changing the chain length of
the poly(oxyethylene) head-group over a large range.

Therefore we have proceeded with the investigation of the temperature
sensitivity of the rheology of the ChEO, (m = 15, 30) micellar systems containing
C12EO3 and monolaurin cosurfactant, the same surfactants studied in chapter 3. We
report our findings in this presentation. We have performed rheological measurements
on the several systems. We present the data and the analysis and discuss the results by

comparing with other complementary researches.
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4.2 Experimental
4.2.1 Materials

Poly(oxyethylene) cholesteryl ether (abbreviated as ChEOy,, m = 15 and 30)
was purchased from Nihon Emulsion Co., Japan. Monolaurin (98%) was supplied by
Tokyo Kasei Kogyo Co. Ltd. (Japan). Triethyleneglycol dodecyl gther (C12EOs;) was
obtained from Nikko Chemicals Co., Japan. All these chemicals were used as
received. Millipore-filtered water was used to prepare all the samples.
O
4.2.2 Methods
4.2.2.1 Observation of micellar transformation

Different ratios of the selected surfactants were dissolved in water by mixing
well using magnetic stirrer. The samples were equilibrated for long times at 15, 20,

25, 30, 35, 40 and 45 °C. They were observed between crossed polarizers.

Birefringence of samples at rest and in shaken condition was carefully noted at
different temperatures.
4.2.2.2 Rheological Measurement

Samples for rheological measurements were prepared by adding the required
amount of C1,EQ; and monolaurin to measured volumes of aqueous 0.06 M ChEOp,
solutions. The samples were homogenized and kept in a water bath at some set
temperature (15, 20, 25, 30, 35, 40, 45 °C) for at least 48 hours to ensure equilibration
before performing measurements. Rheological measurements Wére performed in a
stress-controlled rheometer, AR-G2 (TA instruments co.), using cone-plate geometry
modified with a solvent-trap to minimize evaporation and with the plate temperature

controlled by a peltier unit. Frequency sweep measurements were performed in the
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linear viscoelastic regime of the samples, as determined previously by dynamic strain

sweep measurements.

4.3 Results
4.3.1 Steady shear rheology

Steady-state shear-rate viscosity data for the aqueous 0.06 M (excluding
cosurfactant) ChEO3 and ChEOss systems containing various monolaurin and C12EOs
ratios at 25 °C have been presented in chapter 3. We have performed steady-shear
theometry on the same systems at various temperatures. The monolaurin containing

systems could not be measured at low temperatures because the cosurfactant phase

separates as solid. Also, for systems containing large amount of C1,EO; the cloud
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Figure 4.1. Effect of Temperature on the steady-shear theology of 0.06 M (excluding
cosurfactant) ChEOy, (m = 15, 30) containing different mixing fraction (X) of C12EO; :
(a) ChEO3o-C12EO3, X= 0.77, (b) ChEO30-C12E03, X= 0.74, (C) C}1E015-C12EO3, X

= 0.62, (d) ChEO5-C12EO3, X' =0.6.
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Figure 4.2. Effect of Temperature on the steady-shear rheology of '0.06 M (excluding
cosurfactant) ChEO,s containing different mixing fraction (X) of monolaurin: (a) X =
0.51; (b) X=0.53.

point is below 40 °C and so there are no data. For clarity of presentation we present

the data of only the most viscous systems at various temperatures (Figures. 4.1, 4.2).
The aqueous 0.06 M ChEOs;¢ solution containing Ci2EO3 (X = 0.77) is
remarkable in that the plots at different temperatures almost superimpose at all shear-
rates (Figure 4.1a). However, at high shear-rates nonlinear effects and shear-induced
structure formation complicates the understanding and so we discuss mainly the low-
shear data below. The low-shear viscosity values of the aqueous 0.06 M ChEOsq
solution containing C1,EO3 (X = 0.77) system (Figure 4.1a) and the aqueous 0.06 M
ChEOs solution containing C;,EO; (X = 0.74) system (Figure 4.1b) manifest lower
order of magnitude variation than those of the aqueous 0.06 M ChEO;s solution
containing C;,EO3 (X = 0‘.62) system (Figure 4.1c) and the aqueous 0.06 M ChEO;;s
solution containing C;2EO; (X = 0.6) system (Figure 4.1d). We point out that the
difference between the first pair and the second is that ChEOsq used in the first pair
has a larger head-group than that of ChEO;s in the latter. Also, the systems in Figures

4.1 a and ¢ reaches very high (~ 10° Pa-s) low-shear viscosities at 25 °C. For the

systems in Figures 4.1 b and d only ~ 10* Pa-s viscosity is achieved and the variation
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of low-shear viscosity is greater at low temperatures and lower at high temperatures
whereas the opposite is observed for the systems in Figures 4.1 a and c. We notice
that, for all systems in Figure 4.1, at all temperatures, shear-thinning is observed, that
is above a critical shear-rate ¥,, the viscosity falls rapidly with increasing shear. This
non-Newtonian behavior is an indication of formation of network structures of long
wormlike micelles, which is also supported by the observation of shear birefringence

in the samples. Shear-thinning occurs due to alignment of aggregates under flow if the

deformation is faster than the time required to regain an equilibrium network structure,

and with increasing network density the relaxation becomes slower; i.e., shear thinning

begins at a lower shear rate. The zero-shear viscosity (7o), an important rheological

quantity, has been obtained by extrapolating the low shear plateau data. In the cases
where the low shear-rate viscosity is high, beginning of shear-thinning is observed at
lower shear-rates, which indicates increased structuring in the material. In Figure 4.1
and Figure 4.2b we notice that the low-shear viscosity first increases, reaches a
maximum and then decreases as temperature is increased. Lower viscosity usually
implies shorter average micellar contour length. But in our case, we argue that the
decrease in viscosity at high temperature is due to micellar junction formation,
supported by dynamic rheological data presented below. These junctions are labile
- and unlike physical cross-links in polymer gels, promote faster stress relaxation. Such
~ branched micellar networks should also behave as non-Newtonian fluids and so shear-
thinning is observed at high shear-rates (Figures 4.1, 4.2b). The system in Figure 4.2a
manifests simple rise in low-shear viscosity and decrease in critical shear-rate with
increasing temperature, suggesting mainly micellar growth with temperature rise in
the temperature range of investigation. Also, this system is Newtonian at low

temperature.
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The systems in Figures 4.1 and 4.2 are all formed at rather high cosurfactant
composition. For low cosurfactant compositions (data not presented) we did not
observe any shear-thinning or shear birefringence. The significance of these results is

discussed further below.

4.3.2 Dynamic rheology
To study the viscoelastic properties of the wormlike micellar solutions in the
above systems, oscillatory shear measurements have been performed. Figure 4.3

shows the variation of the elastic or storage modulus (G*) and the viscous or loss
modulus (G”) with oscillation frequency at different temperatures for the aqueous 0.06

M ChEOy, solutions containing C;,EQ3 with those Ci2EO; concentrations that form
highly viscous solutions. In the aqueous 0.06 M ChEO;s solutions containing
monolaurin, viscoelasticity is indicated in dynamic measurements only at high
temperatures for the most viscous compositions. Such small quantity of data is not
much useful for comparison and so we do not graphically present them here. In the
aqueous 0.06 M ChEOQ;, solutions containing monolaurin, all compositions are fluid at
all temperatures. Therefore, we did not perform dynamic rheometry for this system.

In the systems of Figure 4.3, liquid-like behavior (G”< G”) is observed in
the low-frequency region, but both G and G” increase with @ and viscoelastic
behavior (G”> G”) is observed in the high-frequency region. The cross-over occurs at
the longest relaxation time, the terminal relaxation time 7, of the system.

The 170 values for the Newtonian systems of low viscosity have been

obtained by extrapolating the viscosity to zero-shear rate. For viscoelastic systems
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Figure 4.3. Effect of Temperature on the dynamic rheology of 0.06 M (excluding
cosurfactant) ChEOy, (m = 15, 30) containing different mixing fraction (X) of C12EQO;
N (a) ChEO30—C12EO3, X= 077, (b) ChEO3o-C12EO3, X= 074, (C) ChEOls-CuEO?,,X

=0.62, (d) ChEO;5-C;2EOs, X = 0.6. Legends: filled symbols G’, open symbols G” -

15°C @0O; 25 °C H[]; 35 °C A A\. The lines are the best fit to the Maxwell model.

following Maxwellian behavior at low-shear frequency, 1o values were estimated from
the following relation involving the plateau modulus (Go) and the terminal relaxation
time (7r):

o = GoTr | (4-1)
Alternately, the following relationship allows one to estimate 7 by extrapolating the

complex viscosity values (| 7*/) to zero shear frequency:

, yor1/2
(GZ+G2) M

@ ) 1+ @'t

= @2
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The values of viscoelastic samples obtained from the estimated values of Goand 7r are

only approximate values.

The viscoelastic behavior of the entangled micelles is described by the Cates
model,”® ~ % which considers two processes of stress relaxation — reptation or the
reptile-like motion of the micelle along a tube and the reversible scission of micelles —

taking place on two time scales, namely, the reptation time 7., and the breaking time
7. The viscoelastic behavior of such a system at low shear frequency often follows the
Maxwell model of viscoelastic fluids with a single relaxation time 7z given by

(T Tep) ? and plateau modulus (Go) described by Equations. 4-3 and 4-4°":

0T,
G(w)=—2—=G 4-3
(@) 1+ w*t ° (4-3)
ot
G'(w)y=—2-G 4-4

R

The Maxwell material is characterized by a clear maximum in the G” curve, a plateau
in the G’ curve at high frequency, and a cross-over of the two curves at the G”
maximum. The 7z obtained from experiment is well approximated by the relaxation
time appearing in the model. In cases where the maximum in G” and the plateau iq G’
are not clear, we did not try to fit to Maxwell model (data for 15 °C in Figure 4.3 b and

d). The systems in Figure 4.3b and d are the aqueous 0.06 M ChEO;, solution
containing C2EQ; (X = 0.74) and the aqueous 0.06 M ChEO;s solution containing
C12EO3 (X = 0.6), respectively. Since the cosurfactant content is comparatively lower
in these systems than the aqueous 0.06 M ChEOj3¢ solution containing C2EO; (X =
0.77) in Figure 4.3a and the aqueous 0.06 M ChEOs solution containing C1,EO; (X =

0.62) in Figure 4.3c, at low temperatures the average interfacial curvature is expected
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to be high for the systems in Figure 4.3 b and d, and so, shorter micelles should
abound, giving low relaxation times (0.07s in the former and 0.44s in the latter) and
stronger deviation from the Maxwell model. Such deviations are not observed for the
systems in Figure 4.3 a and ¢, which in fact have rather low cross-over frequency at
low temperatures, indicating higher relaxation time on account of the rather slow
reptation of large micelles. This high relaxation time correlates well with the high low-
shear viscosity of the same systems (Figure 4.1a and c). Also, at high frequencies, in

each system in Figure 4.3, the G’ and the G” plots make positive deviation from the

prediction of Maxwell model. This type of upturn is usually attributed to stress
relaxation by local motions or small length-scale motions in the system. Due to this
upturn at high frequencies, it is not easy to get an idea of the elasticity of the systems
directly from the data. Fitting to the Maxwell data gives an estimate of the lower
bound of the possible plateau modulus values. In the data presented in Figure 4.3 we
notice that for each system, the cross-over frequency shifts from high to low value and
again rises as temperature is gradually increased. This corresponds well with the shift
of steady-rate zero-shear viscosity with temperature for the same systems (Figure 4.1).
This suggests some structural change with temperature rise, which allows faster stress
relaxation in the high temperature domain. Consideration of both the relaxation times
~ and the plateau modulus indicates that this change is due to increased micellar
branching. Also, the variation of the cross-over frequency with temperature for the
aqueous 0.06 M ChEO3, solution containing C12EO3 (X = 0.77) in Figure 4.3a and for
the aqueous 0.06 M ChEOs3, solution containing C12EO;3 (X = 0.74) in Figure 4.3b is
order of magnitude lower than that for the aqueous 0.06 M ChEO;s solution containing
C12EO3 (X = 0.62) in Figure 4.3c and the aqueous 0.06 M ChE01 5 solution containing

C12EO; (X = 0.6) in Figure 4.3d. Again, this corresponds well with the variation of the
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steady low-shear viscosity with temperature of these systems shown in Figure 4.1 and
can be attributed to the difference in the head-group sizes of ChEO;s and ChEOs.

Discussions of these results are presented below.

4.4 Discussion

4.4.1 Effect of hydrophilic surfactant head-group size

Figure 4.4. Variation of zero-shear viscosity with temperature an'd cosurfactant mixing
fraction (X) for the 0.06 M (excluding cosurfactant) ChEOp, systems: (a) ChEO;s-
C12EO3, (b) ChEO3p-C12EOs, (¢) ChEO;s-monolaurin, (d) ChEO3p-monolaurin. Lines

are meant to be guide for the eye only.

In Figure 4.4 we present the summary of the zero-shear viscosity data of the
several systems at different temperatures. The order of magnitude rise in the viscosity
at certain X value (cosurfactant composition) is indication of the formation of long
micelles, supported by shear-thinning, flow birefringence and isotropy at rest, which
are characteristics not shared by surfactant liquid crystals and sponge phase. The value
of X at which viscosity dramatically rises, if such rise is present, shifts to lower value
upon increase in the temperature (Figure 4.4). It is evident from Figure 4.4 that the
viscosity in the 0.06 M aqueous ChEO3 systems is much less sensitive to temperature
variation than that in the 0.06 M aqueous ChEO;s systems. In the 0.06 M aqueous
ChEOj;¢ solutions containing monolaurin there is no indication of long micelle
formation at any temperature. In fact the plots of the system are approximately flat and
almost superimposed (Figure 4.4d). However, this fact, coupled with the result that the
viscosity rises in the 0.06 M aqueou; ChEO;s solution containing monolaurin at

certain X value and the shift of this value with temperature (Figure 4.4c) is indirect

59



support of the fact that the ChEOs, systems are less temperature sensitive than the
ChEO;s systems. Thus, increase of the POE chain length of surfactant can reduce the

temperature sensitivity of the viscosity of wormlike micellar solutions.

10°4 . 7487 \D

Figure 4.5. Variation of the zero-shear viscosity of the most viscous aqueous 0.06 M
ChEO;;s solution containing Ci,EO3 (X' = 0.62) (O) and the most viscous aqueous 0.06
M ChEOs solution containing C;,EO; (X = 0.77) (O) with temperature. Lines are

meant to be guide for the eye only.

Figure 4.6. Variation of the relaxation time (a) and plateau modulus (b) of the most

viscous aqueous 0.06 M ChEO;;s solution containing Ci2EO; (X = 0.62) (O) the most

viscous aqueous 0.06 M ChEOj3 solution containing C12EO; (X'=0.77) (O0) with

temperature. Lines are meant to be guide for the eye only.
To bring the point in focus, we separately present the zero-shear viscosity

data of the aqueous 0.06 M ChEOs solution containing Ci,EO3; (X = 0.62) and the
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aqueous 0.06 M ChEOjg solution containing C;,EO3 (X = 0.77) in Figure 4.5. These
are the most highly viscous solutions, with the same order of magnitude zero-shear

viscosity (~10° Pa-s) at 25°C, found in the two systems. The cosurfactant mole

fractions are different, but since highly viscous solutions are formed in either systems
in such a small composition regime that this mismatch is unavoidable. Both plots rise
and following a maximum, fall as temperature is increased. Clearly, for the first
system, in the temperature range studied, the maximum viscosity obtained is more
than 3 orders of magnitude higher than the minimum viscosity obtained. In the latter
system the difference is less than 2 orders of magnitude. We also present the terminal
relaxation time of the same systems in Figure 4.6a. The order of magnitude differences
in the variation of the relaxation times of the two systems are similar to those for the
zero-shear data (Figure 4.6a).

- Referring to Figure 4.5, it should be mentioned that a truly temperature-
insensitive system would yield a horizontal viscosity-temperature plot. The aqueous
0.06 M ChEOs3, solution containing C;,EO3 (X = 0.77) comes closer to reaching this
ideal, compared to the aqueous 0.06 M ChEO; s solution containing C;2EO; (X = 0.62).
In case of the commonly studied ionic wormlike systems, only monotonic decrease of
viscosity with increasing temperature has been observed.> ?! In ionic systems, the
translational entropy contribution of the micellar end-caps favors shorter micelles with
greater net end-cap density and overcomes thé end-cap energy as the temperature is
raised. In POE surfactants the effect of temperature on the surfactant spontaneous
curvature is dominant over the usual entropy/energy balance.*> From our results in
Figure 4.5 we notice that temperature sensitivity of the mi;:ellar growth, which is

determined by the interfacial curvature, can be tuned by changing the POE chain

61



length. Thus the importance of using very long chain POE surfactant like ChEOs3y to
form wormlike micelle is clear. We discuss this point further below.

At lower temperatures, the viscosity rises with temperature in the systems in
Figure 4.5. There is a corresponding rise in the relaxation times as seen in Figure 4.6a.
Since relaxation time is an indication of linear micellar growth, the viscosity increase
in the low temperature range can be attributed to mainly the increase in average
micelle contour length due to curvature reduction with temperature. As we have
mentioned in the introduction, for POE surfactant wormlike micelles, the drop that
follows the rise of the zero-shear viscosity with temperature rise, as observed in our
data is explained by the predominance of the formation of three-fold junctions with
rise in temperature. These junctions have lower local curvature, and are favored by
higher temperature in POE surfactants. These junctions are quite fluid, and can slide
along the micellar contour. This motion provides a very fast stress relaxation
mechanism. Thus although the branched micelles formed by such junctions have
higher network density, the relaxation time is quite low. Therefore, the viscosity of
branched micellar network is also low. Cates’ model has been extended to branched
micelles, and it has been demonstrated that all the results concerning the rheology of
linear micelles can be applied to branched micelles, if instead of the average micellar
contour length L by L. is used throughout, where L. represents the harmonic mean
between the average distance from one point along the micelle to the first cross-link
and the average distance from that point to the first end-cap, or equivalently, the ratio
of the total length over the concentration of end-caps plus twice that of junctions.® In
this definition, we notice that the junction density contributes more toward reducing
L. than the end-cap density. Now from Figure 4.6a we see that the relaxation times go

through a maximum as temperature is raised both for the aqueous 0.06 M ChEO;s
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solution containing C;2EO; (X = 0.62) and for the aqueous 0.06 M ChEOs, solution
containing C1,EO; (X = 0.77), although for the latter the maximum, occurring at 20

°C, is not strongly peaked. This reflects that L., as defined above, passes through a
maximum value in either system. The relaxation times at 15 °C in the aqueous 0.06 M
ChEO;;s solution containing C;2EO; at X = 0.62 (~15 s) is smaller than that in the
aqueous 0.06 M ChEOsy solution containing C;,EO; at X' = 0.77 (~23 s). Therefore, at

this temperature, we may assume slightly higher end-cap density in the former system
compared to the latter which is justified by the smaller net content of the hydrophobic
C12EO; in the former system compared to the latter. If the ratio of the hydrophilic
surfactant, which in this case is ChEOp, compared to the hydrophobic cosurfactant is
large, the hydrophilic molecules can be accommodated in the high curvature end-caps
by increasing their density.”> As temperature is raised, the end-cap density decreases
and produces a rise in the relaxation time. Thus, at the low temperature zone, the
relaxation time of the aqueous 0.06 M ChEO;;s solution containing C;2EO; at X = 0.62
increases faster than that of the aqueous 0.06 M ChEOs3¢ solution containing C;2EO;
at X = 0.77, reflecting again the greater temperature sensitivity of the interfacial
curvature of shorter POE chain surfactants (Figure 4.6a). However, at intemiediate
temperatures, junction formation becomes predominant and the relaxation time drops.
The sharper fall of the relaxatioﬁ time following the maximum in the aqueous 0.06 M
ChEO,s solution containing Ci2EO; (X = 0.62) as compared to the aqueous 0.06 M
ChEOQsq solution containing C;2EQ3; (X = 0.77) indicates that in the former system
stronger temperature induced curvature reduction favors greater formation of low
local-curvature junctions in the high temperature regime, which reduces L, more
strongly, compared to the latter sysfem (Figure 4.6a). Of course, formation of shorter

micelles with greater end-cap density and lower entanglement density would reduce
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the relaxation time, but would also reduce the elastic modulus. Increase in the
junction density of entangled network can increase the elasticity of the system. We
have found, as shown in Figure 4.6b, the modulus increases with temperature for the
aqueous 0.06 M ChEO;s solution containing C12EO3 (X = 0.62), but for the aqueous
0.06 M ChEOQs3¢ solution containing C1,EO3 (X = 0.77) system it passes through a
maximum and then does not change appreciably as temperature is raised. This kind of
decrease m the elastic modulus with decrease in micellar interfacial curvature has
been observed in other systems.>* ~*° The explanation invoked is ‘the formation of
saturated, multi-connected network without any entanglement, whose elasticity would
be lower than the elasticity of a network containing both entanglements and junctions.
The fact that the modulus does not change appreciably after a sharp fall, as can be
seen in Figure 4.6b, provides confidence in assuming that in the aqueous 0.06 M
ChEO3¢ solution containing C12EQ3; (X = 0.77), saturated network forms at high
temperature. Thus, from considerations of the dynamic rheology results in Figure 4.6,
the fall in viscosity of the same systems (Figure 4.5) with temperature rise can be
ascribed to increase in micellar junction density due to curvature reduction. The
alternative assumption of increasihg end-cap density due to the formation of shorter
micelles can be rejected because end-caps are not favored by reduced curvature and
decrease in miqelle contour length cannot increase the elastic modulus.

We ascribé the origin of the difference between the aqueous 0.06 M ChEO:s
solution containing C12EQ; (X = 0.62) and the aqueous 0.06 M ChEOjo solution
containing C1,EQ; (X = 0.77) systems mainly to the difference in the size of the POE
chains. NMR investigation of dodecyl oligoethylene oxide surfactant solutions
indicate that the water of hydration of POE chains decreases mainly from the

innermost ethylene oxide groups at increasing temperatures.28 This implies less
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reduction of the curvature, and therefore less micellar growth, for the surfactant of
longer POE chain upon increasing temperature, since at any temperature a longer
chain will retain more water than a shorter chain. This is experimentally verified by
recent investigations on alkyl POE surfactants, in agreement with molecular
thermodynamic models.*” *® Thus, we can assume that with temperature rise the
dehydration of POE chains of ChEO;5 causes greater curvature reduction compared to
ChEO3,. |

We focused on the difference between the aqueous 0.06 M ChEO;s solution
containing C;;EO; and the aqueous 0.06 M ChEOs solution containing Ci,EOs
systems for different X values. Of course, at X = 0.77, the aqueous 0.06 M ChEO:s
solution containing C;;EQ; is phase separated and therefore comparison cannot be
made. The viscosity of the aqueous 0.06 M ChEOs3y solution containing C1,EO; at X'=
0.62 is not very high at any temperature, indicating poor micellar growth (Figure
4.4b). Therefore, appropriate comparison cannot be made with the aqueous 0.06 M
ChEO;s solution containing C;2EO; at X = 0.62. So, we chose the most viscous

systems for detailed comparison.

4.4.2 Effect of the cosurfactant fraction and type

In Figure 4.7 we present the viscosity-temperature plot of the aqueous 0.06
M ChEO,, solution containing C12EOs for X values that form highly viscous solutions.
The maxima in the viscosity-temperature plot is a general feature in these systems,
implying predominantly growth in micellar contour length followed by mainly
branching and later perhaps saturation by branch points, all due to average curvature
reduction with increasing temperature. Before the maximum is reached contour length

increase is the main contribution, whereas following the maximum, increased
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branching is the dominant process. In Figure 4.7a, we notice that for the lower C;,EQ;
concentration (X' = 0.6) viscosity rise in the low temperature region is sharper (the
slope of the low temperature branch of the plot is steeper) and viscosity fall in the high
temperature region is weaker (the high temperature branch, following the maximum of
the plot, is less steep) than those for the higher cosurfactant composition (X = 0.62).

This behavior is seen with the aqueous 0.06 M ChEO3y solution containing C1,EO3
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Figure 4.7. Comparison of the variation of the zero-shear viscosity with temperature

0.06 M (excluding cosurfactant) solution of ChEOy, for different mixing fraction (X)
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fractions (X): (a) relaxation time, (b) plateau modulus.

also (Figure 4.7b). It appears that for the higher cosurfactant compositions in either
system, the average interfacial curvature is sufficiently reduced at any temperature so
that there is always some tendency of formation of low local-curvature junction
points. Such coexistence of junctions and end-caps, that is branched and cylindrical
micelles has been observed by cryo-TEM in nonionic surfactant systems even at 18

°C.>" Increase in temperature reduces the average interfacial curvature of the micellar

interface and therefore allows for both elongation of the cylindrical body of the
micelles (which has lower curvature than that of end-caps) as well as increase in the
density of the low local-curvature junction points.*® In other words, temperature rise
favors both micellar growth and branching, although branching becomes significant
for the lower cosurfactant compositions (higher average curvature) only at rather high
temperatures (Figure 4.7). Whereas micellar growth favors increase in viscosity,
branching lowers the viscosity due to the faster relaxation process of the sliding
movement of the fluid junctions. Thus, with temperature rise, the increase in the

junction density of the lower average curvature systems in Figure 4.7 compensates
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somewhat for the micellar growth induced viscosity rise in the lower temperature
zone and results in rather flat viscosity-temperature plots. Since at higher temperature,
lowér average curvature allows for more low local-curvature junctions, following the
temperature at which branching becomes predominant, junction density increases
more rapidly for the same high cosurfactant content systems in Figure 4.7 and the
viscosity falls much more sharply due to the faster relaxation processes of the sliding
movement of junctions. The relaxation times in Figure 4.9a can be seen to behave in
manner quite similar to the viscosity of the same systems in Figure 4.7. This is
understandable, since the relaxation time reflects the magnitude of L., a quantity
which is decreased due to increase in both end-cap density and junction density of a
system.>® Thus, we can explain the slow rise in the relaxation times in the aqueous
0.06 M ChEO; solution containing C;2EO; system (X = 0.77) and the aqueous 0.06
M ChEO;s solution containing C12EO; system (X = 0.62) at low temperatures due to
decrease in end-cap density and increase in junction density, two effects which
oppose each other toward increasing L.. At high temperature, junction formation
becomes predominant and L. falls, thereby reducing the relaxation time. In the
aqueous 0.06 M ChEOs solution containing C1,EO; (X = 0.74) and aqueous 0.06 M
ChEO;;s solution containing C;,EO; (X = 0.6) systems, which have higher average
interfacial curvature due to lower cosurfactant ratios, low local-curvature junction
formation is less probable than in the low average interfacial curvature aqueous 0.06
M ChEOj solution containing C;2EO;3 (X = 0.77) and the aqueous 0.06 M ChEO,s
solution containing C;2EO3 (X = 0.62), respectively. In fact the relaxation times at 15

°C for the aqueous 0.06 M ChEO;s solution containing C1,EO; at X = 0.6 (~ 0.44 s)
and the aqueous 0.06 M ChEO3 solution containing C12EO; at X = 0.74 (~ 0.07 s) is

much lower than respectively the aqueous 0.06 M ChEO s solution containing C;,EO;
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at X=0.62 (~ 15 s) and the aqueous 0.06 M ChEO;, solution containing C;,EO; at X
= 0.77 (~ 23 s), indicating much larger end-cap density in the first two systems

(Figure 4.9a). Temperature rise reduces the average interfacial curvature and the end-
cap density decreases, giving sharp rise in the relaxation time. Thus, L. and therefore
relaxation time rise faster in the low temperature region and falls slower in the high
temperature zone in the aqueous 0.06 M ChEOs3¢ solution containing C1,EOQ; (X =
0.74) and in the aqueous 0.06 M ChEO; s solution containing C,,EQ3 (X = 0.6) than in
the aqueous 0.06 M ChEOs3y solution containing C;2EQ; (X = 0.77) and in the aqueous
0.06 M ChEO;s solution containing C,EO3 (X = 0.62), respectively (Figure 4.9a).
The plateau modulus presented in Figure 4.9b reflects the entanglement density of the
measured system, which depends on the net surfactant volume fraction. Since the total
surfactant content in our systems are differs from one to another, we do not make any
direct comparison. However, we point out the fact that except for the aqueous 0.06 M
ChEOQO;p solution containing C15E03 (X = 0.77), all the systems in Figure 4.9b
manifest an increase in the modulus with temperature rise, even in the temperature
zone where relaxation times fall for the same systems (Figure 4.9a). This can be only
explained by the increase in the low local-curvature junction points due to decrease in
the average interfacial curvature with increasing temperature. Also as discussed in the
previous section, the sharp fall in the modulus at high temperature in the aqueous 0.06
M ChEOs3p solution containing C12EO3 (X = 0.77) can be explained as the formation
of saturated network having low elasticity, again due to the decrease in average
interfacial curvature. Thus, the sole concept of the reduction of the average interfacial
curvature with temperature can consistently explain all the observations and thc

dynamic rheological data supports and complements the steady shear-rate data nicely
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as well as providing valuable insights into the structural changes induced by

temperature.

In the 0.06 M aqueous ChEO;s solution containing monolaurin (Figure 4.8),
the trend seems to be different. In fact, for X = 0.53 the viscosity passes through a

high value (~ 107 Pa-s) maximum followed by a drop upon increasing temperature.

Dynamic measurements, for which we did not present data, reveals that the drop in
zero-shear viscosity corresponds with drop in relaxation time and increasing plateau
modulus, implying predominant micellar branching with increasing temperature. For
X = 0.51, the monotonous but slow rise of viscosity with temperature correspbnds
with similar monotonous rise in relaxation time and modulus, implying linear micellar

growth dominating over branching. The data obtained starts from 25 °C. At this

temperature the maximum viscosity achieved is not very high, implying low micellar
growth and greater average interfacial curvature. Thus, there is expected to be little
tendency for low local-curvature junction formation at low temperatures. Since
monolaurin does not have POE head-group, ChEOs is the only component expected
to contribute to temperature induced curvature reduction in this system. Since the
POE chain of ChEO;s is quite large, if its fraction is higher in the solution, the #moﬁnt
of water of hydration will also be higher. Therefore, with increasing temperature, the
net water of hydration removed from the POE layer will be less for that solution
which contains the larger ratio of ChEO;s. Thus, the reduction of average interfacial
curvature upon increasing temperature should be less for the higher ChEO;s fraction,
i.e. the lower monolaurin fraction system. This would imply higher temperature

sensitivity for the higher monolaurin composition system, which is actually observed

(Figure 4.8).
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As mentioned above, in the 0.06 M aqueous ChEQj; solutions
containing monolaurin, micellar growth is not observed at any temperature. So, we
cannot effectively compare this system with the aqueous 0.06 M ChEO;0 solutions

containing C;,EOs.

4.5. Conclusion

We report the first indication of the possibility of making wormlike micelle
solution possessing low sensitivity toward temperature-induced changes in
rheological properties. We have found that for wormlike micelles formed from long
POE chain cholesteryl ether surfactants with addition of appropriate cosurfactanis, the
temperature sensitivity of the viscosity and relaxation time of the solutions can be
reduced if the POE chain length is increased. Due to dehydration of the POE chains
with increasing temperature, the curvature of the micellar interface decreases and
micelles become progressively longer and ultimately branched through junction
formation. As a result, the viscosity passes through a maximum at some temperature.
The extent of the variation of viscosity in different temperature zones may also be
changed by changing the cosurfactant content. Subtle changes can occur due to.
changes in cosurfactant mixing ratio and type. Since the changes of the rheological
properties with temperature can be explained by the transformation of micelles from
cylindrical to branched, which is ultimately determined by a sensitive interplay of
end-cap and junction densities, our results intimate the potential of more fruitful
research toward fine-tuning these quantities.

The implication of temperature-insensitive wormlike micelles for the industry
is clear. We can name shampoos, detergents etc. as a few éxamples. On the scientific

side, the development of temperature-insensitive wormlike micellar solutions would
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require changes in the theoretical approach to such systems. Since rheological data
can be easily obtained and temperature is an important thermodynamic parameter that
can be efficiently tuned without making internal changes in a system, any theoretical
derivation can be quickly tested. A well-developed analogy between the solution
behavior of POE surfactant micelles and microemulsion and that of dipolar fluids
composgd of magnetic colloidal nano-particles imply that 'such progress can benefit

the whole of colloid science in general.*
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Chapter S: Conclusions

Poly(oxyethylene) cholesteryl ethers are unique among the POE nonionic
surfactants in being able to form highly viscous aqueous micellar solutions. Even with
EO chain of 30, it is possible to form solution with ~10® Pas zero-shear viscosity by
adding appropriate cosurfactant, namely Ci;2EO;. To date, such highly viscous
solutions have not been reported in the case of Poly (oxyethylene) alkyl ether
surfactants, the most common type of POE surfactant.

In Chapter 3 we have seen that changing the headgroup size of
poly(oxyethylene) cholesteryl ether from 30 to 15 has the effect of less césurfactant
requirement for micellar growth. The explanation invoked is that the interface of
larger headgroup surfactant micelle is more curved and therefore more cosurfactant is
needed for sufficient curvature reduction to allow wormlike micelle formation. It is
scientifically satisfying to find that the concept of interfacial curvature reduction is
useful even in the case of such long poly(oxyethylene) chain surfactants. The
agreement of rheological data with Maxwell model, as predicted by Cates’ theory,
implies that now the systematic headgroup size variation of surfactant molecules is
another tunable parameter, besides the usual factors such as salt content, surfactant
concentration, temperature etc., for deeper experimental study of the structure and
dynamics of wormlike micellar solution. Since the cosurfactant headgroup should be
small enough so that it is hydrophobic, we do not have a large range of gosurfactant
headgroup sizes to vary. But now from our investigations, we see that the headgroup
size .can be quite extensively varied. We have also éeen that the effectiveness of
cosurfactants such as C1;EO;3 or monolaurin in promoting micellar growth cannot be

placed in any invariable order but rather is dependent upon the particular system to
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which these are added. Thus, there is no hard-and-fast rule for cosurfactant selection
for micellar growth.

In Chapter 4 we look at the temperature dependence of
poly(oxyethylene) cholesteryl ether surfactant micellar solution viscosity for different
cosurfactants. Since POE chains are dehydrated at high temperature, and therefore
micellar interfacial curvature is reduced, it is expected that the poly(oxyethylene)
cholesteryl ether micelles would grow with témperature rise and the solution viscosity
increase, as opposed to the well-studied ionic surfactant wormlike micelles, whose
solution viscosity decrease with temperature rise due to the reduction of the micellar
length. Indeed, we find that the curvature reduction can induce micellar‘ branching
following growth, resulting in a maximum in viscosity-temperature plot. Again, we
see that the exact behavior depends on the particular cosurfactant used. However, in
general we find that the temperature sensitivity of micellar solution viscosity
decreases as we go from POE chain length 15 to 30. In the case of C;,EO; containing
solutions, detailed dynamic rheological study strongly suggests that the temperature
induced curvature reduction of the interface of POE surfactants is responsible for the
observed behavior.

In summary, we can say that with poly(oxyethylene) cholesteryl ether
surfactants we can form very viscous wormlike micellar solution in long POE chain
surfactant solution upon greater amount of cosurfactant compared to shorter POE
chain surfactant and the temperature-sensitivity of the rheology of such solutions can
be significantly reduced when the POE chain is very long. We expect that this concept
can be utilized to develop completely temperamre-'insensitivc wormlike micellar

solution in the future.
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