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Abstract 

The properties of aqueous solutions of erucyl bis(hydroxyethyl) methyl ammonium chloride 
(EHAC) have been studied using steady-state and dynamic rheology, small-angle neutron 

scattering static and under shear (SANS, flow-SANS) and cryo-transmission electron 

microscopy (Cryo-TEM). This cationic surfactant self-assembles Into giant wormlike micelles 
in the presence of KCI. The effect of surfactant concentration, temperature and added salt 

were first Investigated. The solutions have a gel-like behaviour at room temperature and 
become Maxwellian as the temperature is Increased. It was found that the low-shear 

viscosity had a strong dependence on salt concentration and temperature: a maximum was 

observed upon addition of KCI and Arrhenius behaviour was obtained by varying the 

temperature. SANS revealed the presence of spherical micelles in salt-free solutions and the 

formation of wormlike micelles upon addition of KCI. A core-shell model with polydispersity 

and the Hayter-Penfold potential was used to fit the EHAC solutions without KCI giving 

spherical micelles with inner and outer radii of 29 A and so 35 A, respectively. For the 

wormlike micelles, the high-Q regime was fitted using the Kratky-Porod wormlike chain 

model and a cross-sectional radius of gyration of r, 20 A was obtained. Additionally, flow- 

SANS experiments were analysed by calculating an anisotropy factor (A, ) and the results are 
in good agreement with the Theological response of the system. An increase in Ar and the 

appearance of a 'butterfly pattern" was obtained revealing the alignment of the wormlike 

micelles in the direction of the flow. Furthermore, Cryo-TEM images showed changes in 

structure of the aggregates by adding KCI. Spherical micelles transform into linear wormlike 

micelles and at high ionic strength branched wormlike micelles are formed. Further 

investigations on this system, involved the addition of alcohol ethoxylate non-ionic 

surfactants (CmEn) to EHAC aqueous solutions with and without KCI. The salt-free solutions 

gave rise to mixed spherical micelles. However, upon addition of KCI, mixed wormlike 

micelles were formed. This was verified by using a fully deuterated CmEn and extensive used 

of contrast-matching variation. With the addition of CmE� the scattering intensity decreased 

and the appearance of a structure peak occurred in solutions with added salt. In addition, 
from the steady-state Theology, it was found that the low-shear viscosity decreases upon 

addition of CmEn and shifts the maximum viscosity to higher KCl concentrations. Both results 

indicated the formation of short wormlike micelles. The latter was confirmed by Cryo-TEM. 

Finally, the combination of SANS, Theological measurements, and Cryo-TEM has proven to 

be a useful tool to understand wormlike micellar systems and to correlate their strong 

viscoelastic response with the nanoscale structures formed in solution. 
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Chapter 1; Introduction 

CHAPTER 1: Introduction 

1.1 Background information 

Colloid and interface science plays a significant role in many aspects of oil and gas 

production processes. Complex colloidal fluids are used in all phases of the recovery 

process which include well construction, reservoir fracturing and hydrocarbon production. '. 2 

The productivity of a reservoir can be limited by low natural permeability or by permeability 

reduction induced by particulate damage to the rock pore spaces either during drilling or 

production. One of the major processes commonly used to overcome these limitations is the 

creation of hydraulic fractures that extend up to 300 metres from the well increasing the flow 

of oil and enhancing oil productivity. ' 

The most common fracturing fluids use natural polymers, for example, guar cross-linked by 

borate or transition metal (Zr, Ti) complex to form viscoelastic gels. These fluids transmit 

hydraulic pressure to the rock to induce fractures in the formation, into which sand and other 

ceramic particles (proppant) are transported by the gel to give a porous proppant pack that 

keeps the fractures open on the removal of the fluid pressure. Once the proppant Is in place, 
delayed oxidative or enzymatic breakers are used to degrade the gel. ' 

These conventional polymer based fluids have serious limitations. They require chemical 
breakers and the small cross-linked fragments, comparable in size to the sandpack pore 

throats, reduce the hydraulic conductivity or permeability of the pack significantly. As a 

consequence, a new generation of fracturing fluids, based upon viscoelastic surfactants 

have been introduced, which attempt to address this problem. ' 

Viscoelastic surfactants have the advantage of fewer additives and they require no chemical 

breakers. Their gel Theology is caused by wormlike cylindrical micelles. When these are in 

contact with the hydrocarbon produced by the fracture through the proppant pack, the fluid 

viscosity and elasticity is significantly reduced and the fluid residues flow easily out of the 

pack. Flow back efficiencies close to 100% are achieved. Hence, this new generation of 

fracturing fluids clean up better than cross-liked polymers, leading to higher conductivities 

and greater well productivity. ' 

Understanding the rheology of these systems will have major implications for their oil field 

applications. Maintaining their viscoelasticity under high temperature and their fast recovery 

under high shear rate are new challenges for oil field applications. In addition, understanding 
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Chapter 1: Introduction 

the flow behaviour of these fluids through porous media, where the elongation flow rapidly 

changes is extremely significant for oil-field applications. 1.2 

Many other important applications have been found for viscoelastic wormlike micelles, for 

example, In home care products and in heating and cooling systems. Typical examples, of 
these applications are hard surface cleaners, drain opener liquids and drag reduction 

agents. 2 

Wormlike micelles can be formed by individual amphiphilic surfactants with a certain 

molecular geometry. The most widely studied surfactant is cationic combined with an organic 

counterion. " Anionic surfactants can also form wormlike micelles by addition of inorganic 

salts from monovalent to trivalent ions or strongly binding cationic hydrotropic salt. &" Non- 

ionic surfactant with fatty alcohol ethoxylates are also of interest for drag reduction agents as 
they are temperature sensitive. The effective drag reduction temperature is close to the 

cloud point of the surfactant solution enhancing the drag reduction ability. 12 Mixtures of 

surfactants can synergistically form wormlike micelles. Formulations of surfactants for 

various applications usually contain several different surfactants. Mixed surfactants often 
have better performance than individual surfactants, for example, in their rheological 

properties. " 

1.2 Thesis overview 

The aim of this research project was to understand the rheological properties of a cationic 

surfactant used in oil field applications, erucyl bis(hydroxyethyl) methyl ammonium chloride 
(EHAC), by correlating them with the nanoscale structures formed in solution. Different 

techniques were used: steady-state and dynamic rheology, small-angle neutron scattering 
(SANS) both static and under shear and cryo-transmission electron microscopy (Cryo-TEM). 
The key variables for this investigation were surfactant concentration, salt concentration and 
temperature. 

Chapter 2 gives a brief introduction to surfactants and their behaviour in aqueous solutions. 
It gives an insight about their properties and types of assemblies they form. Chapter 3 

describes the fundamental concepts of rheology and explains in a theoretical framework the 

rheological behaviour of aqueous solutions of surfactants. Chapter 4 discusses small-angle 
neutron scattering (SANS) theory and it is focused on areas of relevant importance to this 

work. 

Investigations on the rheological properties of EHAC are presented in Chapter 5. The flow 

behaviour is correlated with changes in the nanoscale structure of the aggregates formed in 
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solution. These changes were measured by SANS and visualised by Cryo-TEM. The effect 
of temperature, surfactant concentration and added salt were investigated. 

Chapter 6 presents an investigation on the effect of adding a non-ionic surfactant (alcohol 

ethoxylate surfactant. C/eE1e) on the properties of aqueous solutions of EHAC. SANS 

measurements were performed and the results are compared with the ones obtained for 

pure EHAC micelles. The changes in the aggregates structure were visualised by Cryo-TEM. 

The effect of adding a non-ionic surfactant on the rheological properties of this system was 

also presented In this chapter. 

In order to expand the study presented in Chapter 6, a deuterated non-ionic surfactant (d- 

C12E20) was used to verify the formation of mixed wormlike micelles and spherical micelles in 

EHAC/d-C12E20 surfactant mixtures. SANS Investigations were performed on this system 

using contrast-matching variation studies. This study is presented in Chapter 7. 

Chapter 8 introduces small-angle neutron scattering Investigations under shear (flow-SANS) 

on viscoelastic wormlike solutions formed by EHAC upon addition of salt. The effect of shear 

rate, temperature, surfactant and salt concentration were investigated. 

All the results chapters are written following the characteristics of a publication. They begin 

with a literature review about the subject, followed by the sample preparation and the 

experimental procedures. Then, a detailed discussion of the results Is presented. At the end 
of each chapter, conclusions and acknowledgements can be found. 

Chapter 9 presents the general conclusions obtained from this research project and gives 
suggestions and new ideas for future work. 

Finally, the appendices and a copy of the publications obtained from this work can be found 

at the end of this thesis. 

The list of publications is shown below: 

1. Croce, V.; Cosgrove T.; Maitland, G.; Hughes, T.; Karlsson, G. 'Rheology, Cryogenic 
Transmission Electron Microscopy and Small angle Neutron Scattering of Highly Viscoelastic 
Wormlike Micelles', Langmuir, 2003,19,8536. 

2. Croce, V.; Cosgrove, T.; Dreiss, C.; Maitland, G.; Hughes, T.; Karlsson, G 'Impacting 
the length of wormlike micelles using mixed surfactant systems', Langmuir, 2004,20,7984. 
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3. Croce, V.; Cosgrove, T.; Dreiss, C.; Maitland, G.; Hughes, T. "Mixed spherical and 

wormlike micelles: A detailed contrast-matching study by small-angle neutron scattering", 
Langmuir, 2004,20,9978. 

4. Croce, V.; Cosgrove, T.; Dreiss, C.; S. King.; Maitland, G.; Hughes, T. "Flow-SANS 

investigations on wormlike micelles formed by erucyl bis(hydroxyethyl) methyl ammonium 

chloride with KCI", Submitted to Langmuir in September 2004. 
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CHAPTER 2: Surfactants in solution 

2.1 The amphipathic structure of surfactants 

Surfactants are among the most versatile of the products of the chemical industry, appearing 
in such diverse products as the motor oils used in the automobiles, the detergents for the 

laundry and the drilling muds used in the production of oil. Recently, surfactants have 

become the subject of intense investigation by researchers in the field of chemical kinetics 

and biochemistry because of the unusual properties of the polymeric forms (wormlike 

micelles) of these materials. 

Surfactant is an abbreviation for a surface-active agent, which literally means active at a 

surface. In other words, is a substance that, when present at low concentration in a system, 

has the property of adsorbing onto the surfaces or interfaces of the system and of altering to 

a marked degree the surface or interfacial free energies of those surfaces or interfaces. 

Surface-active agents have a characteristic molecular structure consisting of a structural 

group that has very little attraction for the solvent (insoluble), known as the hydrophobic 

group, together with a group that has strong attraction for the solvent (soluble), called the 

hydrophilic group. This is known as an amphipathic structure. In this investigation, the 

hydrophilic part is referred to as the head group and the hydrophobic group as the tail of the 

surfactant molecule as shown in Figure 2.1. 

Hydrophilic 
Head group Hydrophobic Tail 

Figure 2.1. Schematic illustration of a surfactant. z 

2.2 Classification of surfactants 'Z 

The primary classification of surfactants is made on the basis of the charge of the polar head 

group, and is divided into four different classes: 

1. Anionics: The head group of the molecule has a negative charge. Carboxylate, sulphate, 

sulfonate and phosphate are the polar groups usually found in anionic surfactants. The 
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counterions most used are sodium, potassium, ammonium, calcium and various protonated 

alkyl amines. For example: RCO-O Na4' (soap). They are used in most detergent 
formulations. 

2. Cationics: The head group of the molecule has a positive charge. The vast majority of 

cationic surfactants are based on a nitrogen atom carrying the cationic charge. For example: 
RNH3 CI (salt of a long chain amine). The prime uses of cationic surfactants are related to 

their tendency to adsorb at negatively charge surfaces. 

3. Zwitterionics: Contain two charged groups of different sign. The positive charge is almost 
invariably ammonium. The negative charge may vary, although carboxylate is by far the 

most common. For example: *RNHZCH2000' (long chain amino acid). These surfactants are 

very well suited for use in shampoos and other personal care products since they show very 
low eye and skin irritation. 

4. Non-Ionics: The head group is uncharged but soluble in water (polyether or 

polyhydroxyl). For example: RC6H4(OCZH4), OH (polyoxyethylenated alkyl phenol). The 

single most important type of non-ionic surfactant are the fatty alcohol ethoxylates (CnE, ). 

They are used in liquid and powder detergents as well as in a variety of industrial 

applications. 

2.3 Aqueous solutions of surfactants '4 

When surfactants are dissolved in water, the hydrophobic group disrupts the structure of 

water. The water molecules near the hydrophobic tails of a surfactant molecule arrange 
themselves into a cage around it causing an increase in the free energy of the system. 
Therefore, the surfactant molecules concentrate at the interface with their hydrophobic 

groups directed away from the water minimising the free energy of the system. On the other 
hand, the hydrophilic group prevents the surfactant of being expelled completely as a 

separate phase from the system. A schematic representation is shown in Figure 2.2. 

The adsorption of surfactant molecules at the water/air interface reduces the surface tension 

of the water. As a consequence, the work required to expand the interface by unit area is 

reduced. In general, the denser the surfactant packing at the interface the greater the 

reduction in surface tension. 
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2.3.1 Micelle formation 

The distortion of the water structure can also be decreased (and the free energy of the 

solution reduced) by the aggregation of the surface-active molecules into micelles with their 

hydrophobic groups directed toward the interior of the cluster and their hydrophilic groups 
directed toward the water. The formation of colloidal-sized clusters of individual surfactant 

molecules in solution is known as micellization. Figure 2.2 shows schematically the three 

environments in which surfactant molecules reside in a typical aqueous solution. Surfactant 

molecules disperse as monomers in the aqueous phase, form aggregates (micelles), or 

adsorb as a film at the air/water interface. The surfactant is in dynamic equilibrium between 

these states. The surfactant molecules in the bulk will have a higher energy than those 

adsorbed at the interface or the ones forming the micelle. 3 

If LI; --W 

Figure 2.2. Schematic representation of the three states in which surfactant molecules reside in water. ' 

The classic picture of a micelle formed by surfactant systems in aqueous solution is that of a 

sphere with a core of essentially liquidlike hydrocarbon tails surrounded by a shell containing 

the hydrophilic head groups with associated counterions and water of hydration. The length 

of the core or the inner radius of the micelle will be limited by the length of the hydrocarbon 

tail when extended to its fullest. s 

In addition to spherical micelles, surfactants aggregates can occur in different shapes. Such 

as cylinders, wormlike micelles, vesicles and bilayers. In Figure 2.4 different types of micellar 

aggregates are shown. The formation of the different structures will depend on surfactant 

concentration and structure, temperature, salinity, presence of additives among others. ' 
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Spheres 

Vesicles 

Bilayer 

Figure 2.3. Different types of micellar aggregates. ° 

The concentration of surfactant at which micelles first appear in solution is called the critical 

micelle concentration or CMC. Representing the surfactant by S, the micellization process 

can be described by the following equilibrium: 

nSHS� 

In which S� is the micelle with a degree of aggregation n. The formation of micelles from the 

constituent monomers involves a rapid, dynamic, association-dissociation equilibrium. 

Micelles are undetectable in diluted solutions of monomers, but become detectable over a 

narrow range of concentrations as the total concentration of surfactant is increased, above 

which nearly all additional surfactant species form micelles. The concentration of free 

surfactant, counterions and micelles as a function of the overall surfactant concentration is 

shown in Figure 2.4. Above the CMC the concentration of free surfactant is essentially 
constant, while the counterion and micellar concentrations increase approximately linearly. " 

CMC 

5 a 

c 

c 

Figure 2.4. Concentration of individual species in a surfactant solution. 3 
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Chapter 2: Surfactants in solution 

The CMC can be measured as an abrupt change in the neighbourhood of a critical 

concentration in many physical properties of the surfactant solutions, for example, surface 
tension, electrical conductivity, and osmotic pressure. '-1-6 

2.3.2 Factors affecting the critical micelle concentration '. 2,5"e 

There are some important factors, which influence the value of the CMC. Among these are: 
the structure of the surfactant molecule, the presence of added electrolyte in the solution, the 

presence of various organic compounds, temperature and pressure. 

In general, the CMC decreases as the hydrophobic character of the surfactant increases, i. e. 

as the number of carbon atoms Increases in the hydrophobic tail. This effect is larger In non- 
Ionics and zwitterionics. For a straight-chain hydrocarbon surfactants of about 16 carbon 

atoms or less bound to a single terminal headgroup, the CMC is usually reduced to 

approximately one-half of its previous value with the addition of a -CH2- group. The 

presence of double bonds in the hydrocarbon chain decreases the hydrophobic character 

somewhat, thus resulting in generally higher CMC values than those of the corresponding 

saturated compounds. Introduction of branching or polar functional groups along the chain 
usually lead to an increase in the CMC, but the introduction of a benzene ring reduces the 
CMC. 

The effect of the electrolyte on the CMC in aqueous media is very pronounced for ionic 

surfactants, and less so for nonionics and zwitterionics. The reduction in the CMC is due 

mainly to the decrease in the electrical repulsion between the ionic head-groups. The CMC 

is also reflected by the degree of binding of the counterion to the micelles. In general, an 
increased binding of the counterion results in a decrease of the CMC. The extent of binding 

of the counterion increases with polarity and valency, and decreases with an increase in 

hydrated radius. It has been found that for a given hydrophobic tail and an ionic head group, 

the CMC decreases in the order Li' > Na' > K' > Cs' > N(CH3)4 > N(CH2CH3)4 > Ca2 

Mgt+. 

Small amounts of organic material may produce marked changes in the CMC In aqueous 

media. Hydrocarbons, such as benzene or heptane, are solubilized in the interior of the 

micelle. They increase the micelle size and change the curvature of the micelle surface. Both 

factors tend to decrease the CMC. The presence of long-chain alcohols decreases the 

charge density of the micelle surface, resulting in a lower CMC. Short-chain alcohols are too 

soluble in water and only a few molecules may penetrate into the micelle, only large amounts 

of these alcohols can change the properties associated with the environment of the micelle. 
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2.4 Wormlike micelles (Micellar growth) 

A frequently encountered behaviour for long-chain surfactants (C14 or above), is that at low 

or Intermediate concentrations the viscosity of the solutions starts to increase rapidly with 

concentration. In contrast to, short-chain surfactants the viscosity varies smoothly up to high 

concentrations as predicted for a dispersion of spherical micelles. The increase in viscosity 
in long-chain surfactants is a consequence of micellar growth with increasing surfactant 

concentration, at first to short prolates or cylinders (Figure 2.5) and then to long cylindrical or 
thread-like micelles 2'4 

The growth of micelles is generally a one-dimensional process leading to aggregates with a 

circular cross-section. The hydrophobic core has a radius that is close to the length of the 

extended alkyl chain of the surfactant. The shell has the hydrophilic head groups with the 

counterions and associated water molecules. The linear length of the rodlike micelles or 

contour length can reach many hundreds of nanometres. In addition, these large micelles 

are very polydisperse in contrast to small spherical micelles. 2A 

Micellar growth is a very common phenomenon in many cationic surfactants. The reported 

systems mainly included cetylpyridinium halide (CPyX)710, cetyltrimethyl ammonium halide 

(CTAX)"'15 and some other cationic surfactants with aromatic counterions or halide. 16 An 

example is the cationic surfactant erucyl bis(hydroxyethyl) methyl ammonium chloride used 

in this investigation (EHAC). Anionic surfactants such as sodium dodecyl trioxyethylene 

sulfate (SDES) and sodium dodecyl sulfate (SIDS) can also form wormlike micelles. "'1e Non- 

ionic surfactants of the polyoxyethylene type with short polar group also form wormlike 

micelles. Between 4-6 oxyethylene units there is a dramatic growth19.20, while with 8 or more 

oxyethylene units there is a negligible growth with concentration. ̀ 

A schematic diagram illustrating typical wormlike micellar structures found as a function of 

surfactant volume fraction (O) and the molar ratio C9/C of the salt and the surfactant 

concentration is shown in Figure 2.5. The location of the lines delimiting the different 

domains in the phase diagram depends strongly on the nature of both the surfactant and the 

added salt. At very low 0, surfactants are isolated unimers. As the surfactant volume fraction 

is increased, wormlike micelles can form without overlapping behaving as independent 

identities (dilute regime). If the surfactants are anionic or cationic and the salinity is low, 

these wormlike micelles repel each other electrostatically, forming the analog of 
'polyelectrolytes". At high salinity, electrostatic screening allows the micelles to intersect 21-23 

On the other hand, if the surfactant concentration is further increased and the salinity is kept 

low the wormlike micelles formed become entangled (above the overlap concentration, +*) 

and there is a transient network characterized by a correlation length (semidilute regime). 
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Increasing the salinity of the system will result in the formation of branched wormlike micelles 

or a saturated network of thread-like micelles. The Onsager regime corresponds to a domain 

where the persistence length of the cylindrical aggregate is larger than the mesh size of the 

network, leading to a strong orientational correlation. Ordered phases such as nematic, 

hexagonal or cubic can be formed at very high surfactant volume fractions. '""' 

Solutions of large micelles show many parallels with solutions of linear polymers and the 

micelles have been denoted as "living polymers". Because of their polymer like behaviour, 

concepts and theories have been successfully applied. Differences from polymers, which 

complicate the comparison, include the strong dependence of the "degree of polymerization" 

on the conditions such as surfactant concentration, temperature, etc. Furthermore, under 

certain conditions, such as very high salt concentrations, growth may lead to branched 

structures. ' 
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Figure 2.5. Schematic diagram: surfactant volume fraction () as a function of the molar ratio CJC of 

the satt and the surfactant concentration. Taken from ref 22. 

These large micelles can vary strongly in flexibility and may be referred to as rigid rods, 

semi-flexible or highly flexible. As for polymers, they can be characterized by a persistence 
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length. The flexibility of ionic micelles is strongly dependent on electrolyte addition. Thus, salt 
addition can induce a change from rigid rods to very flexible micelles. 4 

2.4.1 Factors that influence micellar growth 

There are many factors that influence micellar growth. Among the most important are: 

1. The tendency to growth increases strongly with the alkyl chain length and there is no 
growth for shorter chains. 

2. Micellar growth is strongly dependent on temperature and is strongly promoted by a 
decrease in temperature. It has been shown from rheological measurement that the viscosity 

and the relaxation time of these systems follow an Arrhenius behaviour with temperature. 
This tendency has been interpreted as a consequence of the decrease in the average 

micellar length of the wormlike micelles. 13,24 

3. Micelle size is very sensitive to cosolutes. Addition of salt promotes micellar growth, 

while solubilized molecules can have very different effects depending on the surfactant 

system involved. However, in general non-polar solubilizates, like alkanes, which are located 

in the micellar core, tend to inhibit micellar growth, while alcohols or aromatic compounds, 

which are located in the outer part of the micelle, tend to induce growth. For example, 
hexanol Induces a sphere to rod transition in aqueous solutions of alkyl polyglucoside as 

shown by Stradner et a125 While, a transition from oil-swollen wormlike micelles to 

microemulsions droplets is observed with a decrease In temperature for aqueous solution of 
C12E5 in the presence of decane as studied by Menge et al. 19 

4. While the CMC is only slightly dependent on the counterion within a given class, micellar 

growth displays a strong variation. The dependence on growth on counterion, however, is 

very different for different surfactant head-groups. The counterions modify the end-cap 

energy of the system promoting micellar growth. This is particularly true for counterions that 

penetrate into the hydrophobic interior of the micelles, like hydroxy naphthalene carboxylate, 
or salicylate. 28 For example, Hassan et al., 12 studied the effect of the hydrophobicity of 
organic counterions on the structure of the aggregates formed by changing the ratio of 3- 

hydroxy naphthalene 2-carboxylate / tosylate (HNCM in a fixed concentration of CTA+. 

Pure CTAT forms cylindrical micelles while CTAHNC forms vesicles or bilayers. It was found 
that an Increase of the hydrophobicity of the counterion promotes micellar growth at small 
mole fraction of HNC. There is an increase in the end-cap energy and at the same time the 
ion-pairing of the surfactant and counterions reduces the charge density of the aggregate. 
Both effects promote micellar growth. On the other hand, Raghavan et al. 27 investigated the 
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difference between binding (Sal-) and non-binding (Cr) counterions on the Theological 

properties of EHAC. It was found that higher concentrations of cr are required to produce 
higher viscosities compared to Sal'. This Is because the salicylate counterlons can penetrate 
between the headgroups screening more efficiently the repulsions between them and 
promoting micellar growth more easily. It has been found that the efficiency of non- 
penetrating counterions to promote micellar elongation increases according to the 

sequence: ° 

F-<cr<Br-< NO; C1037 

Thus, micellar growth will depend on: the effective hydrophobicity of the surfactant, linked to 

both the cationic moiety, the nature of the counterions, and their binding efficiency. 

5. Mixtures of surfactants have an impact on micellar growth. Self-assembly in mixtures of 
cationic and anionic surfactants occurs synergistically because of attractive interactions 
between the oppositely charged headgroups as observed by Raghavan et al. '2 However, 

mixtures of ionic and non-ionic surfactants could lead to an opposite effect In which the 

micellar growth is suppressed by the presence of the non-ionic surfactant. This will be 
demonstrated in this Investigation. 

2.4.2 Theoretical background for treating miceilar growth 

Mackintosh et al. " pointed out that the micellar growth rate is expected to be modified by the 

electrostatic interactions between micelles. The competition between the mixing entropy that 

tends to create small micelles and the scission energy that favours micellar growth gives the 

equilibrium statistics of these systems. 

For neutral or highly screened micelles, the scission energy (E,. ) is equal to the end cap 

energy (Ec) associated with the surfactant packing near to the cylinder end caps. Thus, the 

equilibrium between different chains or micellar lengths is proportional to the aggregation 

number (N) resulting in a broad distribution of micellar sizes. The average aggregation 

number (N) of the micelles grows with increasing surfactant concentration (0). This growth Is 

characterized by a simple power law increase with exponent's and is given by the following 
equation: 13'36 

'E 
N 01 exp 2k, Equation 2.1 

8 
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The number density of chains with aggregation number N is: 

C(L) oc exp Equation 2.2 

Where Ec is the end cap energy of the micelle, and 0 the surfactant volume fraction, which is 

proportional to the surfactant concentration. The value of 0.5 for the exponent is subject to 

controversy. In the semidilute regime above the overlap concentration, the mean-field 

approach gives an exponent of 0.6 rather than 0.5. For dilute solutions, a mass-action 

approach to the growth of large cylindrical micelles, ignoring electrostatics, also gives an 

exponent of 0.5 22 

For charged micelles the energy of scission is composed of a repulsive energy due to the 

surface charges that favour micellar breaking and by the end cap energy that favours 

micellar growth. In addition to these opposite effects, the micellar growth is also modified by 

the increase in entropy of the counterions near the end caps. This leads to a complicated 
behaviour and various regimes of concentration have to be considered. 33 

1. A dilute regime: characterized by a Debye length larger than the mean size of the 

micelles where the competition between these energies (repulsive energy and end cap 

energy) leads to a well defined minimum of the energy per surfactant. The micelles are 

practically monodisperse with a mean degree of aggregation N increasing slowly with 

concentration: 33 

Equation 2.3 T1 
Ec 

+ log 
Ibav2 LkBT N 

Where a is the length of surfactant molecule, v is the effective charge density per unit length, 

determined by the extent of counterion dissociation and by a and Ib is the Bjerrum length (the 
length between two monovalent ions at which their Coulombic interaction energy is equal to 
kn define as 

lb = 
e2 

4; r BT 
Equation 2.4 

Where e is the elementary charge and c is the permittivity of water. The magnitude of !b in 

water at 293 K is 0.71 nm. 37 
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2. A semidilute regime: characterized by a Debye length smaller than the mean size of the 

micelles where the effective scission energy is reduced by the repulsion of the surface 

charges leading to a mean aggregation number (N) that depends on the Debye screening 

length (x'') and scales as: 313', 35 

2 ex 
Er 

- 
V24' 

k,, T 2x 
Equation 2.5 

2 

The first term in the exponential favours growth, while the second term represents the 

electrostatic repulsions. The Debye length depends on the ionic strength and is defined 

through: 

x2 =4irla(ap+2ps) Equation 2.6 

With a the ionisation degree of the charges, p the number density of charged surfactant 

molecules and ps the number density of salt molecules in the solution. Decreasing the mean 

distance between the charges or increasing the Debye length enhances the electrostatic 

repulsions and small micelle formation is favoured and the growth rate of the micelles may 

be characterized by an effective exponent x, which depends on the volume fraction of 

surfactant as followw. 

( gN) 
=2 Equation 2.7 x=ý 

Logy) 
2+ 

4r(#) 

The mean degree of aggregation (N) variation cannot be represented by a simple power of 

law as it is for neutral micelles (Equation 2.1). Moreover, in the case of charged micelles the 

effective scission energy depends on the mobile ions and so, upon the addition of salt, the 

Debye length decreases and the effective exponent x decreases. 

The crossover volume fraction 4 between the weak and rapid growth occurs when x4 is on 

the same order of magnitude as the size of the micelle. Combining equation 2.6 and 2.3 

yields 

0. (PS bo(o) 
1+ 

2ps Equation 2.8 
tap 

In the absence of salt, j(0) is close to 4, the overlap volume fraction. As the concentration 

of salt increases, the crossover volume fraction 4 decreases. In the high salt limit, this 
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crossover disappears and the growth exhibits a simple power law behaviour (with an 
exponent of'/) whatever the surfactant concentration. This growth behaviour is reported in 

Figure 2.7 where the dependence of the average length 1 of charge micelles in the absence 

of salt is illustrated as well as the behaviour corresponding to neutral micelles. 33 
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Figure 2.6. Micellar growth upon increasing surfactant volume fraction. Taken from ref 33,34 

It can be seen from Figure 2.6 a schematic variation of Z in the case of moderate ionic 

strength. It can be noted that in the presence of salt, micellar growth starts at a lower 

concentration than q'. The dashed straight line represents the crossover from the dilute to 

semidilute solution. 

3. A concentrated regime: here the dominant energy contribution is due to the entropy 

associated with the rearrangement of the counterions upon formation of end-caps. This 

effect arises because the counterions are less tightly bound near the end-caps. The growth 

is only weakly dependent on volume fraction and is represented by ýr O2ý'+e), where d is 

related to the net charge of an end-cap and depends only weakly on 0.36 
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Chapter 3: Rheology of complex fluids 

CHAPTER 3: Rheology of complex fluids 

3.1 Introduction to rheology '-3 

Rheology Is the study of the deformation and flow of matter resulting from the application of 

a force. A body Is said to be deformed when the application of a force alters its shape or 

size. A body is said to flow if its degree of deformation changes continually with time. The 

type of deformation depends on the state of matter. For example, solids will deform by a 
fixed amount regaining their shape when the force is removed, whilst liquids and gases will 
flow when a force is applied. Solids store mechanical energy and are elastic, whereas fluids 

dissipate energy and are viscous. On the other hand, complex fluids (e. g. colloids, polymers, 

etc) show very complex flow behaviours and are viscoelastic. There is a simultaneous 

existence of viscous and elastic properties In the material. Their behaviour Is partly fluid-like 

and partly solid-like, in the sense that the work of a shearing deformation Is not completely 

conserved, as in solids, nor Is it completely dissipated as in liquids. Then, the goal of 

rheology is the prediction of the force necessary to cause a given deformation of flow in a 
body, or conversely, the prediction of the deformation or flow resulting from the application of 

a given force to a body. 

In addition to the theoretical Importance of rheology, the science is very Interesting from a 

practical point of view. In many branches of the Industry, the problem of designing an 

apparatus to transport or progress substances which do not follow the classical types of 
behaviour is always present. Examples of these types of fluids and processes are: the mud 

used in drilling oils wells, paper pulp suspensions, the food Industry where pastes, thick 

suspension and or emulsions are used, etc. Rheology Includes everything dealing with flow 

behaviour and represents an Important technique on a daily basis. 

3.2 Rheological measurements', ̀  

Experiments on the rheology of matter involve the measurement and prediction of its flow 

behaviour. The method involves the application of a known strain or strain rate to a sample 

and the subsequent measurement of the stress induced in the sample or vice versa. The 

steady shear rate Imposed on the fluid depends on a driving velocity and the dimensions of 

the geometry that contain the sample. The shear stress (a) Is the force that a flowing liquid 

exerts on a surface, per unit area of that surface, in the direction parallel to the flow. Then, 

the coefficient of viscosity referred as the shear viscosity is defined as the ratio of the applied 

shearing stress to shear rate for ideal viscous fluids (Newtonian liquids) as shown in 
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Equation 3.1. Definitions of the fundamental concepts of rheology such as stress, strain, 

shear rare and deformation can be found in Appendix A. 

Q 
77 =- 

r 
Equation 3.1 

After an extended shearing flow has been imposed on a fluid for a suitable period of time, 

the shear stress often, but not always, comes to a steady state, a(y), which depends on the 

shear rate j. The ratio of a (steady) shear stress to the shear rate is then the (steady) shear 

viscosity ra(y). 

The flow curve may be measured under conditions of controlled stress or strain rate, and 
depending on the time interval between the collection of data points, we can obtain 

metastable or steady state data. 

Another way to explore rates of structural rearrangement within a complex fluid is to impose 

small-amplitude oscillatory shearing and measure the response. In this case, the fluid's 

microstructure is not significantly deformed. This kind of deformation can be achieved in a 

cone and plate geometry by rotating the cone about its axis with an angular velocity that 

oscillates sinusoidally according to: 

S2(t) = c&, cos(wt) Equation 3.2 

Where v is the angular frequency of oscillation. The shear rate is then a sinusoidal function 

of time, 

r_ SZ 
_ 

flo COS(cot) 
Y`tý 

tanýaý tan(a) 
Equation 3.3 

The shear strain, which is the integral of the shear rate, is given by 

S2o sin(cot) y= Equation 3.4 
w tan(a) 

The ratio (i2j)) is the amplitude of the angular deflection of the cone, and yo=(. g2jo)/fan(a) is 

the strain amplitude imposed on the fluid. If the strain has an oscillating value with time the 

stress must also be oscillating. Figure 3.1 represents these two waveforms. 
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Figure 3.1. An oscillating strain and the stress response for a viscoelastic material. Taken from ref 1. 

If the strain amplitude y, is small enough (typically yo« 1) that the fluid structure is not 

significantly disturbed by the deformation, then the stress measured during the oscillatory 

deformation is controlled by the rates of spontaneous rearrangements, or relaxations present 

in the fluid in the quiescent or equilibrium state. The shear stress produced by small 

amplitude deformation is proportional to the amplitude of the applied strain and is itself 

sinusoidally varying in time. The maxima and minima of the sinusoidally varying stress signal 

are not necessarily coincident with the maxima and minima in the strain, however. In 

general, the sinusoidally varying stress can be represented as 

Q(t) = y0[G'(w)sin(wt) +G"(w)cos(wt)] Equation 3.5 

The term proportional to G'(w) is in phase with the strain and is called the storage modulus, 

while the term containing G"(w) is in phase with the rate of strain and is called the loss 

modulus. The storage modulus represents the storage of elastic energy, while the loss 

modulus represents the viscous dissipation of that energy. The ratio G'%G', which is called 

the loss tangent fan(, is high (»1) for materials that are liquid-like, but is low («1) for 

materials that are solid-like. The regime of small amplitude, in which the stress can be 

represented by Equation 3.5, is called linear viscoelastic regime. 
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3.3 The rheological behaviour of aqueous surfactant solutions5'6 

The rheological behaviour of aqueous surfactant solutions is directly related to the 

aggregation and phase behaviour of these systems. Solutions below the CMC (critical 

micelle concentration) contain only monomeric surfactant molecules and to a first 

approximation they do not influence the rheological behaviour. Consequently, their 

rheological properties are the similar of those of the pure solvent. 

On the other hand, depending on the size and shape of the micelles, and on their 

interactions, the viscosity of the micellar solutions, can depend on the shear rate and also on 
the time during which a shear gradient is applied to the solutions. Furthermore, viscoelastic 

solutions can occur as has been observed in solutions of macromolecules. In comparison to 

polymer solutions, the rheology of surfactant solutions can be even more complex. This 

comes from the dynamic behaviour of the micelles; in contrast to macromolecules, their size 

and also their concentration fluctuates due to the exchange of monomers between the 

aggregates and the solution. 

Surfactant solutions with globular micelles always have a low viscosity. The theoretical basis 

for the viscosity (ii) of solutions with non-interacting globular particles follows Einstein's law 

according to which the viscosity linearly increases with the volume fraction (0) of the 

particles. 

rj = 77, (1 + 2.50) Equation 3.6 

Where q and ii, are the viscosities of the solution and the solvent. The volume fraction (ý) is 

an effective volume fraction and takes into account hydration of the molecules. Qualitatively, 

the increase of the viscosity can be understood by regarding the micelles as hard spheres, 

which are one to two orders of magnitude larger than the solvent molecules; these particles 
"feel" different flow velocities in a shear gradient which leads to additional friction in the 

solutions. At higher aggregate concentration, hydrodynamic interactions between the 

spherical micelles must also be taken into account, which leads to an additional term of kq5 2 

in Equation 3.6. 

Equation 3.6 shows that the viscosity of surfactant solutions starts to increase linearly with 

concentration above the CMC. This allows in principle a determination of the CIVIC by 

viscosity measurements, provided that a sufficiently precise determination can be carried 

out. 
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On the other hand, there are numerous surfactant solutions that form rod-like micelles. The 

viscosity of these systems starts to Increase rapidly at low concentration. This can be 

explained by the presence of entangled rod-like micelles, which arrange themselves In a 

supermolecular network. In the following section the theoretical approach of the rheological 
behaviour of wormlike micelles will be presented. 

3.4 Rheological behaviour of wormlike micellar solutions 

Disordered solutions of spherical micelles are not particularly viscoelastic, or even viscous, 

as explained in the previous section. However, if the volume fraction of the micelles 
becomes high (i 30%) their viscosity increases. As these micelles grow Into cylinders their 

contour length or total length exceed their persistence length and become semiflexible 
'wormy' micelles. At low enough surfactant concentrations these wormy micelles are 

presumably In a'dilute' state in which entanglements are rare. Hu et al. ' have demonstrated 

the existence of a dilute wormy micellar regime from Theological experiments and flow 

birefringence. They found that the low shear viscosity of the surfactant solutions moderately 

exceeds that of the solvent but the birefringence and normal stresses were high Implying the 

presence of large objects. Dilute solutions of wormlike micelles have also shown shear- 
thickening behaviour. It has been suggested that this slow viscosity build-up Is caused by 

flow-induced micellar growth. " Much more study is required to understand the behaviour of 
these micellar solutions. 

On the other hand, at high enough concentration these micelles can entangle with each 

other just like the entanglements in concentrated polymer solutions. Unlike polymers, the 

length distribution of these wormlike micelles is not fixed by chemical synthesis, but can vary 

reversibly in response to changes in the solution composition, salinity, temperature and even 
flow. As a consequence these giant wormlike micelles are also called equilibrium polymers 

' or living polymers. 

Like ordinary polymer solutions, entangled solutions of wormlike micelles show pronounced 

viscoelastic effects. Their Theological behaviour is similar to that found in transient polymer 

network and in other cases, Maxwell type behaviour with a single relaxation time is observed 

at high salinity or counterion concentration. Such similarities in Theological properties, along 

with the analogy between entangled wormlike micelles and entangled polymers, suggest that 

theories for relaxation of entangled polymers, such as reptation, could be applicable to 

wormlike micellar solutions. However, reversible assembly and disassembly of these 

micelles in solution most be taken into account. ̀ 
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The kinetic and structural details of the micelles breakage and reconnection depend on 

surfactant type and salinity. Figure 3.2 shows some of the possibilities. In Figure 3.2(a), the 

micelles are non intersecting; they break along their contour length causing the formation of 

end-caps resulting in two shorter wormlike micelles. The reverse process can also occur, in 

which two wormlike micelles reconnect joining end-to-end by the elimination of two end- 

caps. This regime predominates at low electrolyte concentrations, presumably because the 

electrostatic repulsions between the micelles keep them away from intersecting. In Figure 

3.2(c) the micelles interconnect to form a network, where the network junctions break and 

reform. Figure 3.2(b) shows the intermediate behaviour. High salt concentration is needed to 

form branched wormlike micelles. ' 

rJ(C 
(a) (b) (C) 

Figure 3.2. Entangled solution of wormlike micelles (a) linear micelles, (b) branched micelles and (c) 

network of branched wormlike micelles. Taken from ref 4. 

For classical polymers, the dynamical theory of polymer melts was first suggested by de 

Gennes 9 in which the chief relaxation mechanism, for long linear polymer in the melt, is that 

of reptation. This process consists in the gradual disengagement of any given chain, by a 

curvilinear diffusion along its own contour, in a tube-like environment. The tube is made up of 

neighbouring chains; these present a set of topological obstacles to diffusion normal to the 

chain contour length. Additionally, the reptation process has a characteristic time (z�, p) which 

corresponds to the time required for a chain to completely leave its original tube by diffusing 

a distance of the order of its average contour length (L). 

In the case of polymer-like or wormlike micelles two relaxation processes are found, one 

associated with the reptation of long polymer-like chains and the other related to the 
breaking and fusing of the constitutive units. A model derived by Cates 10'13 is commonly 
used to describe the dynamics of such living polymer. The model is based on the reptation 
model of polymer dynamics but includes the effect of reversible scission kinetics on the 

viscoelastic behaviour. This involves two relevant time scales that are the reptation time 
describe in the previous paragraph and the breaking time which correspond to the meantime 
required for a chain of length L to break into two pieces. It is assumed that the chemical 
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relaxation process is the reversible unimolecular scission characterlsed by a temperature- 
dependent rate constant K, per unit of arc length per unit of time, which is the same for all 
elongated micelles and is Independent of time and volume fraction. This assumption results 
in the following relationship 

rb = (K1L)-1 Equation 3.7 

For tb>>tmp the dominant stress relaxation mechanism is reptation. Then the stress 

relaxation function obeys the equation 

N(t) a exp( t/r,,, r Equation 3.8 

Thus, in this regime the terminal relaxation time is rR r,, and the viscosity varies according 
to 

J7o = L3c's14 Equation 3.9 

Where c is the surfactant concentration and L the mean length of the micelle. 

When r, «r�p an interesting new regime occurs. In this regime, chain breakage and 
recombination will both occur often, for a typical chain, before it has disengaged from its tube 
by ordinary reptation. The stress relaxation is then characterised by a new intermediate time 

scale given by 

( 
tR = lzer-7 

ý Equation 3.10 

This time scale is associated with a process whereby the chain breaks at a point close 

enough to a given segment of tube for reptation relaxation of that segment to occur before a 

new chain end is lost by recombination. The stress relaxation function thus become more 
like a single exponential because before a given tube segment relaxes, the chain occupying 
it typically undergoes many scission and recombination reactions, so that there is no 

memory of either the initial length of the chain or the position of the chain initially 

corresponding to the tube segment. 

In the fast breaking limit, the reptation time of a micelle of mean length (L) Is given by 

rirp = L3C312 Equation 3.11 

25 



Chapter 3: Rheology of complex fluids 

The low-shear viscosity (rho) is related to the terminal time (TR) and to the plateau modulus 
(Go) through 

1% = GorR Equation 3.12 

The plateau modulus is independent of the chain length and its dependence on 

concentration is given by 

G. 
-- kBTC9'4 Equation 3.13 

Therefore, the viscosity varies with L and c according to 

qo oc Lc3 a c3.5 Equation 3.14 

Additionally, this regime is characterised by Maxwell behaviour at low frequencies and is 

described by the equations 

G'(w) = 
G0 (tor)2 

1+ (wt)2 , 

GO(m) = 
G°(wr) 

1+ (WT)' 

%complex =1 
(1+ý2rR2)2 

Equations 3.15,3.16 and 3.17 

Where Ga is the plateau modulus and r--VG0 is the relaxation time. In Figure 3.3 the 

frequency response of a Maxwell model is presented. 
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Figure 3.3. Frequency response of a Maxwell model. 

In the Cole-Cole representation (Figure 3.4) the imaginary part G" of the frequency 

dependent shear modulus is plotted against the real part G' and can be used to get an 

estimate of the relaxation time. A semicircular shape in the Cole-Cole plot ascertains the 

Maxwellian behaviour, but deviations from the half circle occur at a angular frequency (w) of 

the order of the inverse of the breaking time of the micelles. If this is true the deviations are 

cause by reptation and the semicircular shape of the curve will deviate with an asymptotic 

slope of -1. Other possible deviations occurring at high frequencies are due to a crossover 

to small-scale motions of the chains, where the dominant motion is no longer breaking or 

reptation but breathing (which arises from the tube length fluctuations) or Rouse modes 

(arising from stretches of chains shorter than the entanglement length, 1. ). 

This regime is characterised by an apparent upturn of both G" and G' at high frequencies 

which can be used to estimate the number density of entanglements in the network. The 

characteristic time in this region (r. ) is shorter than rb, with the dynamic moduli given by. 

2 G'= G"= G� 2wr, for wt. >1 Equation 3.16 
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Figure 3.4. Cole-Cole representation. The dash line represents deviations due to pure reptation and 

the dotted line represents deviations due to breathing or Rouse modes. 

This picture applies when the entanglement length (le) is much larger than the persistence 

length (1p), and the breaking time is much larger than the Rouse time. The occurrence of the 

Rouse regime creates a dip in the Cole-Cole plot, and provided Tb»Tei the value of G" at the 

dip (G"m1n) obeys 

Equation 3.17 
Go, L 

Where Go is the plateau modulus and A is a constant of the order of 1. From the values of 
G', 7,,,,, Ga and /, one can thus obtain an estimate of the micellar length, L. For flexible 

micelles the entanglement length can be estimated from the relation. 

kRT kBT G� _3= 
19/5 

Equation 3.18 
e 

Where E is the correlation length. These theoretical predictions correspond to a rather limited 

range of surfactant and salt concentrations. Outside this range, deviations are expected and 
for the shape of the Cole-Cole plots and its interpretation become much more ambiguous. 
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CHAPTER 4: Small-angle neutron scattering (SANS) 

4.1 Introduction I 

Small-angle neutron scattering or SANS Is a simple diffraction technique that exploits the 

wave-particle duality of the neutron and its unique nuclear properties to provide information 

about the size and shape of molecules and their assemblies. SANS has proved to be a 

particularly informative means of investigating macromolecular systems because, so far as 

the neutron is concerned, hydrogen and deuterium differ markedly in the values of their 

neutron scattering lengths. This observation is of fundamental Importance. Almost without 

exception, the use of neutron techniques for studying polymer and colloidal systems has 

relied on this difference in order to highlight molecules or sections of molecules. 

4.2 Neutrons 2 

A neutron is an uncharged (electrically neutral) subatomic particle with mass 1,839 times 

that of the electron. Neutrons are stable when bound in an atomic nucleus and have a spin 

of -1/2 and therefore have a magnetic moment that can couple directly to spatial and 
temporal variations of the magnetisation of materials on an atomic scale. 

Neutrons scatter from materials by interacting with the nucleus of an atom rather than the 

electron cloud. This means that the scattering power (cross-section) of an atom is not 

strongly related to its atomic number, unlike X-rays where the scattering power increases in 

proportion to the number of electrons in the atom. This has three advantages: it is easier to 

sense light atoms, such as hydrogen, in the presence of heavier ones; neighbouring 

elements in the periodic table generally have substantially different scattering cross sections 

and can be distinguished; and the nuclear dependence of scattering allows isotopes of the 

same element to have substantially different scattering lengths for neutrons. Isotopic 

substitution can be used to label different parts of the molecules making up a material. 

The interaction of a neutron with the nucleus of an atom is weak, (but not negligible) making 
them a highly penetrating probe. This allows the investigation of the interior of materials, 

rather than the surface layers probed by techniques such as X-ray scattering, electron 

microscopy or optical methods. Because of their weak interaction, neutrons are a non- 
destructive probe, even to complex and delicate biological or polymeric samples. 
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4.3 Neutron sources 1,3 

Neutrons are either produced continuously by nuclear fission in a reactor, or in pulses by 

spallation from a metal target bombarded by protons from a particle accelerator and moving 

at close to the speed of light. When the neutrons emerge from the nuclei that produce them 

they have very large energies and must be moderated in a material such as liquid hydrogen. 

SANS utilises slow (long-wavelength) neutrons. 

There are two methods of using the moderated neutrons. The first one is to employ a 
bandpass filter to select a very narrow range of incident wavelengths. This method results in 

what is called fixed-wavelength instrument and it is usually found at a reactor source. The 

other one is to use a very broad range of incident wavelengths in combination with the time 

of flight. This gives rise to the fixed-geometry instrument normally found at spallation 

sources. In Figure 4.1 a schematic diagram of a fixed-wavelength instrument is shown. A 

detailed description of both instruments can be found in the Appendix B. 

In this investigation both spallation and reactor sources were used. Small-angle neutron 

scattering experiments were performed at Rutherford Appleton Laboratory (ISIS) in the UK 

which is a fixed-geometry instrument, at the Paul Scherrer Institute (SINQ) in Switzerland 

and Forschungszentrum Jülich in Germany which are fixed-wavelength instruments. The 

neutron flux and the Q-range vary with the instruments, for example, LOQ at ISIS has a time- 

average neutron flux at the sample of 2.0x105 n/cm2s and an accessible Q-range of 0.006- 

0.24 A'. At SINQ the SANS-II instrument has a neutron flux at the sample of 3.0x104 n/cm2s 

and an accessible Q-range of 0.002-0.35 A-'. In Germany, the KWS-2 instrument has a 

neutron flux at the sample between 105 to 6x106 n/cm2s and an accessible Q-range of 0.001- 
1245 0.30 A-. 

Neutron guide sections Evacuated flight tube 

OOQQQ 

Moderator Rotating velocity selector 
SAMPLE 

Movable area detector 

Figure 4.1. Fixed-wavelength SANS diffractometer. 1 
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4.4 Relative advantages of different sources' 

There are relative advantages in the different neutrons sources. Pulsed sources are better If 

higher energies are required. They also have lower backgrounds between pulses and often 
have fewer moving parts and fixed geometry than reactor sources. It seems likely that the 

targets on pulsed sources have not reached their cooling limits (much lower Integrated 

neutron flux and therefore much lower energy released). Pulsed sources may offer therefore 

more potential for increased Intensity than reactors sources, which are quite close to their 

cooling limits already. Instead, reactor sources allow more flexibility In spectrometer design 

and location and have fewer very fast neutrons, which can cause shielding problems on 

pulse sources. 

4.5 Applications of neutron scattering °-' 

Small-angle neutron scattering and neutron reflection are Immensely useful and non- 
destructive techniques, which use coherent elastic scattering. In which the phase and the 

energy of the scattered neutrons is conserved so that the structural information can be 

revealed. However, atoms scatter neutrons incoherently to some extent where the phase 

and the energy of the neutron are altered upon the Interaction with the nuclei leading to a 
high background level that must be subtracted from the total scattering. Hydrogen Is 

unusual in this regard as it has the highest incoherent contribution to the scattering of all the 

elements. It is therefore preferable to keep the hydrogen content within a sample as low as 

possible when performing a SANS experiment. 

Depending on how the neutron are scattered from a nuclei different types of information can 
be obtained: 

1. Incoherent elastic scattering: generally is not used because contains no information 

about the structure or molecular dynamics of the system. 

2. Incoherent inelastic scattering: the incident neutrons change energy and loose phase 

coherence when scattered and behave as particles interacting with the nuclei. Provide 

information in the vibrational modes of a molecule. 

3. Coherent inelastic neutron scattering: when the neutrons are scattered with no phase 
change, they gain or loose energy according to the molecular motion of the system. This 

gives information about the structure and collective motions of the atoms. 
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4.6 The basis of small-angle neutron scattering 1.3.78 

4.6.1 Neutron scattering 

The neutron scattering length (b) is the strength of the short-repulsive neutron-nuclei 
interaction. The values of the scattering length vary erratically throughout the periodic table 

and even between isotopes of the same element, for examples hydrogen (H) and deuterium 

(2D). The coherent scattering lengths and cross-sections for selected nuclei are shown in 

Table 4.1. The incoherent cross-section (Qc) reduces sample transmission and contributes 
to the background signal and the absorption cross-section reduces sample transmission 

(Q. w). 

The change in the sign of the neutron scattering length indicates that the neutron will 

undergo a 180° phase shift upon scattering. The dimensions of b mean that b2 is the 

probability that each incident neutron will be scattered per nucleus, per solid angle. Thus, the 

scattering cross-section (a) gives the probability of a neutron being scattered somewhere in 

space and it is related to the scattering length by: 

42 Equation 4.1 

The scattering cross-section is always positive and of the order of 10"24 cm2. As the neutron 

wavelengths are much larger than the scattering nuclei, they can be considered point 

scatterers. Thus, neutrons are scattered spherically in a symmetrical manner (Figure 4.2). 

Table 4.1. Coherent scattering lengths, b, and cross-sections for selected nuclei. The term cri,, is the 

incoherent cross-section, crabs is the absorption cross-section and vom, is the coherent cross-section 1,3 

Nucleus b 1(10'15 m) vcoh I (10'28 m) a, nc l (10'28 m2) Crabs / (10'28 m2) 

Hydrogen, 'H -3.741 1.8 80.3 0.3 

Deuterium, 2D +6.671 5.6 2.1 0.0 

Carbon, C +6.671 5.6 0.0 0.0 

Nitrogen, N +9.362 11.0 0.5 1.9 

Oxygen, 0 +5.803 4.2 0.0 0.0 

Chloride, Cl +9.577 11.5 5.3 33.5 
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4.6.2 Transmission 

The percentage of neutrons that pass through the sample reaching the detector Is called the 

transmission of the sample. It depends on the incoherent, coherent and absorption cross- 

sections (Table 4.1). It can be calculated using the Beer-Lambert law: 

cxp(- ncTt) Equation 4.2 

Where I is the transmitted Intensity, 1. is the incident neutron flux, or is the total cross section 
(coherent and incoherent), n is the number of scattering units per unit of volume and t is the 

thickness of the sample. 

For a maximised scattering a transmission should be at least 50 %. For samples that contain 

some hydrogen a thickness between 1.0 to 2.0 mm usually achieves this condition. A larger 

thickness will lead to multiple scattering (when a single neutron is scattered by more than 

one nucleus) which complicates the scattering pattern, and should be kept to a minimum 

4.6.3 Scattering vector 

The wavelength of a neutron beam is given by the de Broglie relationship: 

h 

my 
Equation 4.3 

Where h is Plank's constant, m the mass of the neutron and v Is the velocity of the neutron. 
Since h and m are fixed, control of the wavelength can be exercised by moderating the 

velocity of the neutrons, and hence the higher the velocity the shorter the wavelength. 

Scattering from a single atom can be represented schematically as shown in Figure 4.2. 
Essentially, a planar wave is incident upon the particle which is scattered symmetrically by 

the particle in all directions as a spherical wave. A fraction of the neutrons scattered through 

an angle 0 are recorded on a two-dimensional detector at a distance L, d from the sample at a 

radial distance rte. The incident and scattered wavevectors of neutrons (k, and k,, 

respectively) are equal in magnitude because there is no exchange in energy: 

2z Equation 4.4 
A 
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Where k is the equivalent scalar of the vector kx 
. 

The scattering vector (Q) and it is often also called the momentum transfer is the change in 

direction between the incident and the scattered radiation wave vectors. Its magnitude is 

given by: 

4ý (B) 
Q=I QI = ks - k; l= sin( 

2J 
Equation 4.5 

Where B is the scattered angle and n is the neutron refractive index, which may be taken as 

unity. The significance of the scattering vector Q is that its modulus, which quantifies a 

length scale in reciprocal space, is the independent variable in a SANS experiment. Q has 

units of (length)-'. By substituting Equation 4.5 into Bragg law of diffraction: 

A= 2d sin(OJ Equation 4.6 

Then, a very useful expression is obtained which relates the values of Q to a distance d in 

real space: 

2g 
d=Q Equation 4.7 

Here d is a molecular-level length scale. Equation 4.7 not only gives a rapid indicative of the 

size of a scattering centre in a sample from the position of any diffraction peak, it also allows 

one to configure an instrument and ensure that the Q-range will cover the length scales of 

interest. 
Area 

detector 

0 

Figure 4.2. The geometry of a SANS experiment. 13 
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4.6.4 Scattering length density and contrast 

One of the factors that determine the feasibility of a light-scattering experiment is the 

refractive index difference between the solute and the solvent. If the refractive indices are 

the same, then there can be no scattering from the solute and it effectively becomes 

invisible. In SANS the equivalent factor is the difference in neutron scattering length density, 

ps. The scattering length density of a molecule with i atoms may be readily calculated from 

the simple expression: 

p, =Pnb Equation 4.8 

Where p is the mass density of the molecule, M is its molecular weight, and b, is the coherent 

neutron scattering length of nucleus i and n, is the number of atoms of type i per molecule. 
The scattering length density has dimensions of (length)-2 and is normally expressed in units 
of 1010 cm'2 or 10-6A72. 

The contrast, (dp)2 is simply the square of the difference in neutron scattering length density 

between the solute (pa�) and the surrounding medium or matrix, pr,,. i. e.; (ip)2 = (p,,. -p,,, )2 

When the contrast is zero the scattering centres are said to be at "contrast match". This 

condition is normally achieved by mixing fully hydrogenated and perdeuterated forms of the 

medium/matrix in the appropriate ratio so that their average scattering length density is equal 
to that of the scattering centres The usefulness of contrast-matching in SANS is that it 

provides a means of dramatically simplifying scattering patterns. ' The most common 

example of contrast matching in a SANS experiment is in the study of core-shell systems. If 

the solvent is matched to the core the scattering is coming from the shell only, however, if 

the solvent is matched to the shell the observed scattering is coming from the core only. This 

effect is shown below in Figure 4.3. 

(a) (b) (C) 

Figure 4.3. Schematic diagram of contrast-matching in core-shell systems. (a) All components are 

visible. There is no contrast-matching. (b) Scattering from the shell only. The solvent is matched to the 

core. (c) Scattering from the core only. The solvent is matched to the shell. 8 
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4.6.5 Differential scattering cross-section 

The differential scattering cross-section (d£Jdc (Q)), is the dependent variable measured in a 
SANS experiment. It has dimensions of (length)", normally expressed in units of cm's. The 

significance of dEJdfl(Q) is that it contains all the information on the size, shape, and 
interactions between the scattering centres in the sample. The differential scattering cross- 
section Is often referred as the intensity and is represented by the symbol /(Q). A general 
expression for the scattering cross-section in a SANS experiment is given by: 

R, j (Q) = NV 2 (0p) 2 P(Q)S(Q) +B Equation 4.9 

Here N is the number concentration of scattering centres, V is the volume of one scattering 

centre, (dp)2 is the difference in neutron scattering length density between the solute and the 

surrounding medium or matrix. P(Q) is the form factor, this accounts for the interference 

caused by different parts of a particle scattering the same radiation. S(Q) is the structure 
factor, this accounts for the interference caused by any long range order of a system due to 
interparticle forces and B is the background signal. 

4.7 Analysis of the scattering curves 

4.7.1 Qualitative interpretation of the different Q-domains 3,10'" 

Assuming a dilute solution or a system in which the scattering diagram is completely 
described by the form factor one can distinguish five different Q-domains as shown in Figure 

4.4. At low-Q each molecule is practically a point and a measurement of the molecular 

weight can be obtained (Figure 4.4, I). If Q is increased (Q'' W RR) the dimensions of the 

scattering centres can be measured. This is the Guinier domain where RR is obtained. At 

intermediate-Q, only a part of the molecule is seen (dilute solution, III). Information about the 

statistics of the chain and its persistence length are obtained. However, in the semidilute 
regime (Figure 4.4 IV) only parts belonging to different chains are seen and information 

about the length of the chain between two contact points with other chains is obtained 
(correlation length). Increasing Q will leave only one part of the chain in the field (Figure 4.4, 
V). If the chain has small lateral dimensions compared to the longitudinal ones it will look like 

a Gaussian chain if the persistence length is smaller than a'. However, if the persistence 
length is large compared with q1 and the diameter of the cylinder containing the side groups 
is small enough a behaviour typical of a rod will be observed. At large-Q, the local structure 
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or local architecture of the chain is observed (Figure 4.4, VI). However, this domain falls 

outside the scope of SANS and other techniques need to be used 

  

i ýi iu IV v 

Figure 4.4. Schematic representation of the different Q-domains. 

4.7.2 Q-dependencies of a scattering curve 1.3.11 

Plotting the logarithmic of the differential scattering cross-section (log (d: /dlXQ)J) versus the 

logarithmic of the scattering vector (log (Q)) provides information about the different Q- 

dependencies of a scattering curve, which enables a linear region to be fitted with its slope 

giving the exponent. These, together with previous knowledge about the length scales that 

are present, can help to identify the constituent scattering regime. Table 4.2 shows the 

scaling arguments at high Q-values. 

Table 4.2. Q-dependencies of the form factor various scattering bodies. ' 

Structures Scattering 

Sphere p' 

Gaussian chain Q-2 

Chain with excluded volume Q-1 05 

Rodlike chains Q-1 

4.7.3 Form factor 

The term P(Q) in equation 4.9 is known as the form factor or shape factor. It is a 

dimensionless function that describes how (d Jdß)(Q) is modulated by interference effects 

between neutrons scattered by different parts of the same scattering entity. Consequently it 

is dependent on, and sensitive to, both the size and the shape of the scattering centre. An 

analytical expressions for P(Q) is shown below. 

P(Q) =1 Jexp(iQr )dr Equation 4.10 
VP 
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Where r is the particle radius and Vp is the volume of the particle. Therefore, as the shape 

and size of the scattering centre changes so does P(Q) and consequently the scattering 
intensity 1(Q) obtained. " 

4.7.4 Scattering from spherical colloidal particles 1.3 

For homogenous spheres of mean radius ro, the particle form factor is given by: 

P(Q) - 
3(sin(Qro) - Qr3 cos(Qro)) 

2 
Equation 4.11 

(Qro Y 

Therefore, the scattering intensity from non-interacting monodisperse hard-spheres as a 
function of Q is describe by equation 4.12. 

i 
2 sin (Qro )- Qro cos (Qro ) 

I (Q) = 9(Op) v, 
(Q )3 

Equation 4.12 
ro 

The scattering intensity is described by a series of maxima and minima as shown in Figure 

4.5. The number of oscillations increases as the radius of the spherical particles is increased 

indicating that the scattering intensity is dependent on the size of the particles. 

In addition the first minimum moves closer to the ordinate and for larger particles it is so 

close to the axis that observations become experimentally inaccessible. 

Equation 4.13 gives the form factor for a rod of length L. 

P( Q) =1 
Ir j2 sin 

QL cos 82 
sin OdO Equation 4.13 

2 Bo QL cos B2 

The results shown in Figure 4.5 are for a monodisperse system and resolution of such a high 

quality is very difficult to achieve in practice owing to particle size polydispersity and other 

effects such as polychromaticity of the incident neutron beam, the finite size of the detector 

elements and the angular divergence of the incident beam. 
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Figure 4.5. Calculated scattering intensity, 1(Q), for non-interacting monodisperse spherical particles 

using Equation 4.12. 

4.7.5 Guinier approximation' 

The Guinier approximation is a traditional method of analysing scattering data. It relies on 
the fact that when QR is small, the form factor of a sphere (Equation 4.11) can be 

approximated to a series expansion in cos(QR) to give 

RZ 2 
P(Q) -- 1- 

(Q 

10 
+ ... Equation 4.14 

Equation 4.14 can be further approximated by a binomial expansion which, when combined 

with Equation 4.11 yields the Guinier approximation 

R' 
NV2 (Ap)2 ex 3 Equation 4.15 

Where Rg is the effective radius of gyration of the sphere and has no shape information. 

1 /\ 
1' 

' 

ý: ' 

ýý ' 

41 



Chapter 4: Small-angle neutron scattering (SANS) 

4.7.6 Effect of polydispersity'-8 

The effect of polydispersity on the scattering intensity is shown in Figure 4.6. It can be seen 
that as the polydispersity increases the oscillation become smoother. 

10 

1 

0.1 
Ü 

0.01 

0.001 

0.0001 4-- 
0.10 0.15 0.20 0.25 0.30 0.35 0.40 

Q/(A-') 

Figure 4.6. Effect of polydispersity on the scattering intensity of spherical colloidal particles with a 

radius of 30 A. 

A Zeroth order logarithmic distribution has showed to be a good approximation to fit the 

particle size distributions exhibit by many colloidal and polymeric systems. The functional 

form is giving by the following expression 

(ln(r) 
- ln(rM ))Z 

exp ---26 z 
p(r) _2 Equation 4.16 

(2, r) 2 6. r m exp - 2 

Where p(r) is the probability of the occurrence of a particle with radius r, QS is a measure of 
the width and skewness of the distribution, r, is the modal radius and ra is the mean radius. 
The terms rm and ro are interrelated by the following relationship 

. --"a 

Monodisperse 

-- 2% Polydisperse 

--- 5% Polydisperse 

1.11 \\ 
ýi 
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3Q' 
rý ex 

2' 
Equation 4.17 

By calculating the scattering from each particle size present and weighting it by the 

normalised distribution function is possible to calculate the smearing due to polydispersity. 

1ýQ) _ Per)1ýQ"r) Equation 4.18 

The polychromaticity of the neutron beam and the finite size of the detector elements are 

dependent on the particular instrument used. The resolution smearing in terms of Q at the 

detector can be represented by a Gaussian function with a standard deviation dependent on 

the sample-detector distance and the wavelength distributions! 

4.7.7 The core-shell model 1,8 

This approach assumes that the system can be modelled as two homogeneous concentric 

spheres as shown in Figure 4.7. This model makes the assumptions that the particle has a 

spherical form factor and the corona is a spherical shell whose form factor is calculated by 

subtracting the form factor of a sphere of radius R�r. from that of radius R. The shell also 

has a uniform scattering length density. 

Figure 4.7. Schematic representation of the core-shell model. ' 

In other words, the scattering from such a model is simply the scattering from a sphere of 

radius R,,,,,,, and scattering density p.,,,.,, minus the scattering from a sphere of radius R. ', ' 
and the scattering length density po�w plus the scattering from a sphere of radius R,,, and 

scattering length density A,,,,. r. Equation 4.9 may thus be written as: 
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a Y, 
(Q) _ 

169i NP(Q)S(Q) +B 

Where: 

P(Q)= ýPouraº-Pmed/wnrý`buter (Q" ýwrcºýý+ 
11 [*. 

stler-PmedlunXPinneº_Pouter)1nnerRuler 
x P(Ql 

tnner) 
2 P`Qq 

"outer) 
2 

nneº 
PowteºY`7nnePa «nner)] 

Equation 4.19 

Equation 4.20 

P(Q, Ro�n�) and P(Q, Ri,, �) are the form factors for spheres of radii ROt� and Rj,,, O� 
respectively. 

4.7.8 High Q-regime: the Kratky-Porod wormlike chain model' 

In the high Q-regime of a scattering curve the characteristic length scales of a polymer chain 

are determined by its local rigidity (along the backbone) and its cross-section and a form 

factor for an infinitely needle of length (L) gives a better representation of this region. 

azZ cos(QL) (Q) = 2rV2(Lp) 
[12 

L 
S, (QL) - QL Equation 4.21 

cm 

)l 

Where V is the volume of one scattering centre, zip is the difference in neutron scattering 
length density between the solute and the surrounding medium or matrix and the sine 
integral function is : 

1sin(x) 
S (QL) = -dx Equation 4.22 

0x 

In the limits of high-Q and infinitely long chains, Equation 4.21 simplifies to: 

aF 
(Q) N ; lV Z (AP), x1= ß(4P)2 

x 
ML 

Equation 4.23 
cm QL NAÖ2 Q 

Where ML. is the mass per unit length, equal to (M/n), where n is the number of segments. 
This expression has been extended to allow for the finite diameter of the chains by 
incorporating a Guinier-like factor. 
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(Q) %s 
=(ep) 2X MLX 

N,, 82 Q 
CX Equation 4.24 

öS2 2 

Where R9, xs is the cross-sectional radius of gyration. Hence a plot of In(Q x (dr/dQ)(Q)J 

versus Q2 should be linear at large values of Q=. 

4.7.9 Wormlike chain with excluded volume effect form factor 12 

A wormlike chain form factor for semiflexibie chains with and without intrachain excluded 
volume effects was derived by Pedersen and Schurtenberger on the basis of Monte Carlo 

simulations. The model is a discrete representation of the wormlike chain model of Kratky 

and Porod. The parameters obtained from this model are characteristics length scales of a 

wormlike chain: the contour length (L), the cross-section radius (r 3), and the Kuhn length (b). 

From it, the persistence length of the wormlike chain can be obtained which is a measure of 
the flexibility of the chain. 

in this model the scattering function is approximated by that of a Gaussian chain at low 0- 

values which crossover to that of a rod at higher Q. The crossover region is corrected by a 
linear combination of functions which depend on the relative contour length Ub. Thus, the 

following expression for the scattering function is obtained: 

P(Q) = [(1 
-, 

(Q, L, b))3,1.. (Q, L, b) + Z(Q, L, b)S�. d1 Q, L, b) Equation 4.25 

Where Sd�x, (QLb) is the scattering function of a flexible chain with excluded volumes effects 

and S�d(Q, L) is the scattering function of a rod. Furthermore, x(Q, L, b) is a crossover function 

and JTQ, L, b) corrects the cross over region. A detailed description of this expression can be 

found in ref 12. 

4.7.10 Structure factor' 

The term S(Q) in Equation 4.9 is called the structure factor. It is another dimensionless 
function but this time describes how (dZ/dl? )(Q) is modulated by interference effects between 

neutrons scattered by different scattering centres in the sample. Consequently it is 

dependent on the degree of local order in the sample and on the interaction potential 
between scattering centres. The structure factor is given by 
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00 
S(Q) =1 +- 

f[g(r) 
-1]rsin(Qr)dr Equation 4.26 

s0 

Where g(r) is a density distribution function related to the radial distribution function in 

statistical mechanics. It is typically a damped oscillatory function whose maxima correspond 
to the distance, r, of each nearest-neighbour coordination shell. Notice that S(Q) tends to 

unity at high-Q as the concentration of scattering centres becomes more dilute. Two different 

approaches can be used to find S(Q). Either by making P(Q) independent of concentration 
by measuring the scattering at different concentrations or by using a model-fitting approach. 

4.7.11 The Hayter-Penfold potential 13 

The repulsive potential between two identical spherical macroions of diameter als 

Zts eo2V exp[- x(r - a] U(r) _r>Q Equation 4.27 
r 

Where r is the interionic centre-to-centre distance, V/, is the surface potential, c is the 

dielectric constant of the solvent medium, and so is the permittivity of free space. Here, x is 

the usual Debye-Huckel inverse screening length, determined by the ionic strength of the 

solution and o is the diameter of the particles. The surface potential y/, is related to the 

electronic charge z,,, on the macroion to a good approximation by 

Zm 
wo 

7rc0EQ(2 + KU) 
Equation 4.28 

Where the final term reflects the mutual exclusion by the macroions of counterions from each 

others volume. This potential is represented in Figure 4.8. 

Table 4.3. Values for the dielectric constant of the solvent medium (water, z) and the permittivity of free 

space or vacuum (c0). 

Parameter Values 

E 

Co / (C2 N-1m 2) 

78.5 

8.85x10"12 
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Chapter b: Investigations on EHAC aqueous solutions 

CHAPTER 5: Investigations on erucyl bis(hydroxyethyl) 

methyl ammonium chloride (EHAC) aqueous 

CHAPTER 6: solutions 

6.1 Introduction 

Rheological studies are vital in many industrial applications, Including food emulsions, 

cosmetics, paints, agrochemicais, pharmaceutical, bitumen emulsions, inks and paper, 

coatings, adhesives, drilling muds, and many household products. The rheological properties 

are a function of both the structural arrangement of particles and the various interactions 

forces that operate in the systems. ' 

Surfactants in solution are known to adopt an impressive polymorphism of structures or 

aggregates? Cationic surfactants can self-assemble into long, flexible wormlike micelles 

under certain conditions of salinity, temperature, presence of counterions, etc., and the 

entanglement of these micelles into a transient network imparts useful viscoelastic properties 
to the surfactants solutions which are analogous to that observed in solutions of flexible 

polymers. However, unlike ordinary polymers, wormlike micelles are in equilibrium with their 

monomers and micellar chains can reversibly break and recombine on a time scale that is 

dependent on the system and the prevailing physicochemical thermodynamical conditions'" 

It is well known that the low-shear rate viscosity (q0) of many surfactant solutions strongly 

depends on salt concentration. Usually, the viscosity first increases with increasing salt 

concentration, going through a maximum, and then decreases. '. a' Aqueous solutions of ionic 

surfactants can undergo uniaxial growth upon the addition of salt. As a result, an increase of 

micellar length is promoted, the viscosity of the solution increases and the micelles form an 

entangled network. ''" The decrease in viscosity with further addition of salt, however, Is 

more difficult to explain. Several authors 2,4910 have proposed that this decrease at high salt 

concentrations may be due to the formation of a multi-connected network In which stress 

relaxation can occur by the sliding of cross-links along the wormlike micelles. Thus, the 

maximum in viscosity with increasing salt concentration may Indicate a shift from linear to 

branched micelles. Branching is expected to occur when the free energy cost associated 

with the branch formation becomes comparable to that needed for the formation of end-caps. 

A multi-connected branched micellar network and an entangled micellar network cannot be 

distinguished from one another directly by scattering techniques, such as neutron and light 

scattering. 9 A micro-structural model must be assumed and its validity tested by comparison 
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of the predicted and measured scattering patterns. It is, therefore, desirable to visualize the 

microstructure directly and to use this information as a guide to quantitative analysis with the 

scattering data. This is particularly useful when one can distinguish elongated micelles that 

may be more wormlike than rodlike. 1° 

Cryo-transmission electron microscopy (Cryo-TEM) is a technique suitable for direct 

visualization of surfactant aggregates formed in solutions and is the only available technique 

to unambiguously distinguish between branched and unbranched wormlike micelles. 9"1-15 

Cryo-TEM has been used successfully to explore the spherical to wormlike transition of 

surfactant solutions as in the work of Lin et al. 9.13"14 With this method thin films of a liquid 

sample are prepared in a controlled environment chamber, in which the sample is rapidly 
frozen and the water is vitrified so that the structural details of the micelles embedded in it 

will not be obscured, and one can observe the microstructure in an electron microscope with 

a cold stage that keeps the sample near the temperature of liquid nitrogen. By this method, 

one can accurately control the temperature and the humidity of the system prior to rapid 
freezing. " 

Raghavan et al. 3 studied the rheological response of a cationic surfactant with a long 

unsaturated tail, erucyl bis(hydroxyethyl methyl ammonium chloride (EHAC), in the presence 

of sodium salicylate (NaSal) or sodium chloride (NaCl) at 25 °C. The surfactant solutions 

exhibit very high relative viscosities (tt10") or gel-like behaviour at room temperature, and 

they retain appreciable relative viscosities (>104) for temperatures up to 90 °C. However, 

much higher concentrations of NaCl are required to produce high viscosities compared to 

those obtained by addition of NaSal. This is because while salicylate counterions can 

penetrate between the head groups into the hydrophobic core of the micelles, the Cf 

counterions cannot do so. Additionally, it was found that the molecular structure of the 

surfactant leads to a high-energy cost for micellar scission (160 kJ/mol). As a consequence, 

the thermodynamic balance favours micellar growth, resulting in extremely long wormlike 

micelles. Thus, an entangled network of such micelles can account for the strong 

viscoelasticity of the system. Additionally, EHAC solutions show a viscosity maximum as a 

function of salt concentration, which may in part be due to a transition from linear to 

branched micelles or a maximum in micellar contour length. 

The aim of this chapter is to understand the strong rheological response of aqueous 

solutions of EHAC in the presence of KCI. The effects of added salt, temperature and 

surfactant concentration were investigated using steady-state rheology, small-angle neutron 

scattering (SANS) and cryo-transmission electron microscopy (Cryo-TEM). The combination 
of these techniques provided a good understating of the rheological response of the system. 
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6.2 Experimental 

6.2.1 Materials 

The chemical structure of the viscoelastic surfactant erucyl bis(hydroxyethyl) methyl 

ammonium chloride (EHAC) is shown below. ' It was obtained from Schlumberger Cambridge 

Research Limited. The bulk density of the surfactant is 950 kg. ma (Quoted by manufacturer). 

CH=C112011 Cl- 

CiH1rCH=CH-C12H24-N-CH3 

CH2CH2OH 

The critical micelle concentration (CMC) of EHAC was obtained by interfacial tensiometry 

using the du Nouy Ring Method at room temperature. It was found to be 3.90 x10-5 molL 

approximately. This value seems reasonable compared with the range of values reported in 

the literature for quaternary ammonium surfactants. 1b 

Potassium chloride (KCI) was purchased from Aldrich with a purity of 99+wt%. Samples were 

prepared by weighing the appropriate amounts of a 9.0 wt% surfactant stock solution, 
deionised water and salt (as a solid). After mixing, the samples were heated to 60 °C in order 
to remove any entrained air bubbles. 

The phase behaviour of mixtures of EHACIKCVH2O was recorded by visual observation at 

room temperature. The solution became cloudy before separating into two isotropic phases. 
It was found that isotropic, one phase solutions formed until the salt concentration reached 
18 wt%. Beyond this concentration the solutions demixed into two phases (Figure 5.1). 

Evidently, most of the surfactant is confined to the upper phase, which is bluish in colour. 
The lower phase is clear and non-viscous. 

The solutions made for the SANS experiments were prepared in deuterium oxide (D20) 
instead of water. (GOSS Scientific Instruments Ltd. 99.9 atom weight. 
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Figure 5.1 Phase diagram of EHAC/KCI/Water in the water-rich corner at room temperature. Image: 

Aqueous solutions of EHAC with 20wt% KCI. (a) 1.5wt% EHAC and (b) 4.5wt% EHAC. 

6.2.2 Rheological measurements 

6.2.2.1 Steady-state rheology 

Steady-state rheological measurements were carried out on a controlled stress Bohlin 

Instrument (CVO). The shear stress was varied between 0.06 and 80 Pa to obtain shear 

rates between 0.0003 and 600 s-'. The shear stress dependence was monitored as a 

function of increasing and decreasing shear stress (up/down ramp), and no effects of 

hysteresis were seen A Couette geometry (C25) with cup (27.5 mm diameter), bob (25 mm 

diameter) and a height of 37.5 mm was used for the high viscosity samples. For the low 

viscosity samples, the double gap geometry (DG40/50) was used with an external gap of 

4.54 mm, an internal gap of 3.98 mm and height of 46 mm. Steady-state measurements 

were performed at different temperatures ranging from 40 to 80 °C. A delay time of 30 s and 

an integration time of 200 s were used for each shear stress. A solvent trap was used to 

minimize changes in composition due to water evaporation. The surfactant concentration 

was varied between 0.25 wt% and 4.5 wt% and the salt concentration from 2 wt% to 12 wt%. 

The low-shear viscosity (%) was obtained by fitting the steady-state rheology data to the 

Carreau model 17 
, as given by the following equation: 

77(Y) = 
IL 

Equation 5.1 
1Yc 

Where n is an exponent describing the shear thinning behaviour and (y) is the critical shear 

rate. 
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6.2.2.2 Dynamic rheology 

Oscillatory measurements were performed on a Bohlin Instrument (CVO) In the controlled 

stress mode. Amplitude sweep measurements at a frequency of 1.0 Hz were done 

previously to find the linear viscoelastic region of the fluids. These experiments were 

performed between 40 and 80 °C. The cone and plate geometry (CP 4140) with a plate 

diameter of 60 mm, a cone diameter of 40 mm and a cone angle of 4° was used for these 

experiments. Frequency sweep measurements or oscillatory measurements were performed 

using the auto-stress mode with an initial stress of 1.0 Pa and a target strain of 0.1 Pa. The 

frequency was varied from 0.001 to 10 Hz. Three temperatures were used for the oscillatory 

measurements 25,40 and 60 °C. Samples with 4.5wt% of EHAC at six salt concentrations, 

ranging from 2.0 to 12wt% were measured. 

6.2.3 Small-angle neutron scattering 

Neutron scattering experiments were performed at the ISIS facility, Rutherford Appleton 

Laboratory, UK and Forschungszentrum Jülich, Germany. The LOQ instrument at ISIS uses 
incident wavelengths between 2.2 A and 10 A sorted by time of flight with a sample detector 

distance of 4.1 m. This gives a Q-range between 0.006 A' and 0.24 A'. On the KWS-2 

instrument at Jülich, the Q-range is given by the sample detector-distance using a fixed 

wavelength. In this experiment, the sample detector-distances used were 2.0 m and 8.0 m 

with a wavelength of 7.0 A. This gives a Q-range between 0.006 A' and 0.140 A'. The 

solutions were placed in quartz cells with a 2.0 mm path length. The surfactant concentration 

was varied from 0.25 wt% and 4.5 wt% and the salt concentration was varied from 0.1 wt% 

and 12 wt%. The scattering length densities of the surfactant with and without the 

counterions (Cr) are 6.07x10-9 A: 2 and -i. 22xi07 A2 respectively and the one for the D20 is 

6.38x10-9 A4 The raw scattering spectra were corrected for background radiation, detector 

efficiency, empty cell scattering, transmission and electronic noise by conventional 

procedures. The experiment was done at 25 and 40 °C. 

6.2.4 Cryo-transmission electron microscopy 

Cryogenic-transmission electron microscopy (Cryo-TEM) investigations were performed with 

a Zeiss EM 902A instrument, operating at 80 kV and in the filtered bright-field mode at AE=O 

eV (only the electrons without energy loss are used to produce the images). Digital images 

were recorded under low dose conditions with a BioVision Pro-SM Slow Scan CCD camera 

system. In order to enhance the image contrast, an underfocus of 1-2 pm was used. The 

preparation procedure has been described in detail in a recent review. t° Specimens for 
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examination were prepared in a climate chamber in which the temperature and humidity can 
be controlled. The temperature in the chamber was set to 25 °C and the relative humidity to 

approximately 99 %. Thin films of sample solution were formed by placing a small drop of the 

liquid on a perforated polymer support film, which had been mounted on a standard copper 

grid and thereafter coated with carbon on both sides. After the drop was blotted with filter 

paper thin sample films (10-500 nm) spanned the holes in the support film. Immediately after 
blotting, the sample was vitrified by plunging it into liquid ethane. Samples were kept below - 
165 °C and protected against atmospheric conditions during both transfer and examination. 

6.3 Results and discussions 

6.3.1 Rheological measurements 

6.3.1.1 Steady-state rheology 

Cationic surfactants can self-assemble into long, flexible wormlike micelles in the presence 

of salt, and the entanglement of these micelles into a transient network imparts 

viscoelasticity to the surfactant solutions. At room temperature the surfactant solutions are 

gel-like with high low-shear viscosities and the Newtonian plateau is shifted to very low shear 

rates making it difficult to detect experimentally. This is likely to be one indication that this 

system forms very long wormlike micelles (See Cryo-TEM section below). The entangled 

network of such micelles may have long relaxation times, and the equilibrium conditions of 

steady-state are very difficult to achieve. However, as the temperature is increased, the 

rheology becomes characteristic of a Maxwellian fluid with a critical shear rate and relaxation 

time. '` The discussion in this chapter will focus on this region (above 40 °C). 3 

The viscosity as a function of shear rate and temperature is presented in Figure 5.2 for the 

system containing 4.5 wt% of EHAC and 6 wt% of KCI. The fluid rheogram is characterised 
by a high viscosity region at low shear rates, in which the surfactant solutions display a 
Newtonian behaviour and a shear-thinning region where a drop in viscosity is observed. The 

high viscosity observed in the Newtonian plateau can be interpreted as the result of the 

presence of an entangled network of wormlike micelles. The shear-thinning region is more 

complicated to explain. It is believed that the entangled network of wormlike micelles is 

aligned under the orienting forces of the applied shear rate as it is increased 3.19 and the 

surfactant solutions start to shear-thin. However, above a critical shear rate the solutions 

cannot reach steady state and a dramatic drop in viscosity is observed leading to a stress 

plateau (insert Figure 5.2). The usual explanation for this stress plateau is shear-banding as 
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described by several authors in the literature 19-23 Such bands are believed to be associated 

with the co-existence of regions of different shear rate within the sample (visual observation 
during the rheological measurements). The presence of shear-banding will depend on 

surfactant concentration, salt concentration and temperature. From the insert in Figure 5.2 it 

can be seen that as the temperature is increased the stress plateau is no longer present in 

the system. More studies are required to understand this type of flow instability in EHAC 

surfactant solutions. 

In addition, from Figure 5.2 it can be observed that the system is able to retain relative high 

viscosities at high temperatures. For example, the sample at 40 °C has a low-shear rate 

viscosity of 230 Pa. s and at 80 °C the viscosity falls to 0.928 Pa. s. The equivalent relative 

viscosities (r7, =, %1r7, ß,,,,, ) are 2.03x105 Pa. s and 928 Pa. s respectively which means that even 

at 80 °C the viscosity of the solutions is 900 times larger than the viscosity of water at room 

temperature, representing a significant viscosity enhancement. This enhancement in 

viscosity has also been observed by Raghavan et al. ' for the same surfactant using sodium 

salicylate (NaSal) and sodium chloride (NaCI). 
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Figure 5.2. Rheograms for the system containing 4.5 wt% EHAC and 6 wt% KCI at different 

temperatures. Insert: Shear-banding phenomena in this system. The solid lines represent the Carreau 

model. 
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Figure 5.3 shows the rheograms for viscoelastic solutions of EHAC with 6 wt% KCI at 40 °C. 

The same viscoelastic behaviour is observed for different concentrations of EHAC, first a 

high viscosity region and then a shear-thinning region. It can be observed that as the 

concentration of surfactant decreases the Newtonian region moves slightly to higher shear 

rates and its viscosity decreases. Again, at high concentration (4.5 wt% - 1.5 wt% EHAC) 

there is a drop in viscosity with shear rate and the sample cannot reach the steady-state 

condition (shear-banding). However, at low concentrations (0.5 wt% - 0.25 wt% EHAC) the 

there is no apparent drop in the viscosity. 

The Carreau model 17 (Equation 5.1) was used to obtain the zero-shear viscosity, (rh) and it 

can be seen from Figures 5.2 and 5.3 that there is a good correlation between the 

experimental data and the model. 
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Figure 5.3. Rheograms for the system containing 6 wt% KCI at 40 °C varying the surfactant 

concentration. The solid lines represent the Carreau model. 

The distinguishing features of EHAC are the long, unsaturated chain and the complex 
headgroup. Raghavan et al. 3 have compared the rheological response between EHAC and 
ETAC (erucyl trimethylammonium chloride). The main difference is the headgroup of the 

surfactants. It was found that the headgroup does not alter the essential features in the 
rheological response, which suggests that the hydrophobic tail is of primary importance in 
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this instance. Because of the characteristics of the tail, a cis-double bond, the surfactant is 
difficult to crystallize and its Krafft point is very low (< 011C). The hydrophilic headgroup of 
EHAC also aids dissolution In water. EHAC thus dissolves easily in water whereas a 

saturated-chain surfactant such as octadecyl trimethylammonium bromide (C1eTAB) Is 

essentially insoluble in water under ambient conditions. The long hydrophobic tail (Cu) also 
leads to a low critical micelle concentrations and by extension, the cylindrical micelles 
formed in the presence of salt should have a low overlap concentration (c). Additionally, the 

large hydrophobes may also contribute to a high end-cap energy (Ei, the energy required to 

create two end-caps by breaking the micelle), thus favouring the growth of longer wormlike 

micelles. 

An interesting behaviour of the low-shear viscosity is shown in Figure 5.4. For many 

surfactant systems, 3,4,6.7.24-2? it has been observed that the low-shear viscosity increases with 

salt concentration, reaching a broad maximum and then decreasing at high ionic strength. 
This behaviour is also observed in solutions of EHAC at various concentrations as shown in 

Figure 5.4. This increase has been explained in terms of micellar growth. Increasing the 

amount of salt leads to an increase in the curvature energy of the surfactant molecules in the 

end-caps, relative to that of the molecules in the cylindrical body of the micelles. As a 

consequence, an increase in micellar length is promoted, the viscosity is raised and the 

micelles start to overlap, forming an entangled network of wormlike micelles. 

Several authors 2,10.2'" have suggested that the decrease in viscosity at high salt content 

may be due to the formation of branched wormlike micelles. The branching points in the 

resulting multi-connected micellar network can slide along the micelles and hence serve as 

stress release junctions. Such a branched micellar network will therefore show a reduced 

viscosity compared to that of the entangled linear micelles. Thus, the maximum in viscosity 

with increasing salt concentration is expected to correspond to a shift from linear to branched 

micelles (see Cryo-TEM section). 

Additionally, it can be seen from Figure 5.4 that the low-shear viscosity decreases by 

lowering the surfactant concentration in the samples. At low surfactant concentrations, short 

rodlike micelles are formed which have a weak rheological response (low viscosity) 

compared to those formed at higher surfactant concentration. For the latter, 6-8 wt% of salt 
is required to reach the maximum in viscosity and a shift in the low-shear viscosity is 

observed at 40 °C for 0.25 wt% surfactant concentrations. Therefore, whilst 2 wt°lo KCI 

concentration is sufficient to promote a significant increase In the viscosity (growth of the 

micelles) for surfactant concentrations between 0.5 to 4.5 wt%, the same salt concentration 
does not have a similar effect at low surfactant concentrations. In that case, short wormlike 

micelles are formed and a weak rheological response is observed° Higher viscosities can 
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be obtained for this system using a binding salt such as sodium salicylate (NaSal) as 

reported by Raghavan et al. 3 
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Figure 5.4. Dependence of the low-shear viscosity ()7O) on salt concentration (KCI) using different 

surfactants concentrations at a temperature of 40 °C. 

In Figure 5.5, the low-shear viscosity as a function of salt content and temperature is 

presented at a fixed surfactant concentration of 4.5 wt%. As the temperature is increased the 

viscosity is seen to decrease. From the literature 2A, 24,29 it is known that the micellar contour 
length (L) decreases with increasing temperature according to the following equation: 

L �e 0z ex 
Ga 

kßT 
Equation 5.2 

Here Ee is the activation energy and 0 is the surfactant concentration. The dependence of 

the low-shear viscosity on temperature is a consequence of the decrease in the micellar 

contour length. Thus, an increase in temperature promotes micellar breaking. In addition, the 

maximum of the low shear viscosity occurs at the same salt concentration, between 4-6 wt% 

KCI, for all temperatures, in contrast with the data in Figure 5.4. 
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Figure 5.5. Low-shear viscosity (i) as a function of salt content and temperature at a fixed surfactant 

concentration of 4.5 wt% EHAC. 

The transition between the Newtonian plateau and the shear thinning region occurs at a 

critical shear rate (N which can be interpreted as a steady shear relaxation time (rR = 

1/y . ). The dependence of rR on salt content and temperature is shown in Figure 5.6 for the 

system containing 4.5wt% of EHAC. The relaxation time shows the same behaviour as the 

low-shear viscosity. It increases with KCI concentration reaching a maximum (between 4 and 
6wt% KCI) and then decreases as a function of added salt. In addition, the relaxation time 

decreases as the temperature is increased. The increase in rR is also due to the growth of 

the chains. Physically, the longer the micelles the easier their alignment in the direction of 

the shear flow, and as a consequence, the critical shear rate is a decreasing function of the 

salt concentration. The lower the critical shear rate the higher the relaxation time. The 

decrease in relaxation time after a certain amount of KCI added may be a consequence of 

the formation of branched wormlike micelles as explained before. Additionally, as the 

temperature is increased the relaxation time becomes smaller indicating that the critical 

shear rate is increasing and the more difficult it is to align the micelles. This suggests that the 

micellar length becomes smaller with temperature as expected from Equation 5.2. ' 
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Figure 5.6. Relaxation time (ra) as a function of salt content and temperature at a fixed surfactant 

concentration of 4.5 wt% EHAC. 

From the previous discussion, both the low-shear viscosity and the relaxation time decrease 

with an increase in temperature. Semilogarithmic plots of rho and aR versus 1/T reveal an 
Arrhenius type behaviour (Figure 5.7) of the form: 

Ep 

Rr) Equation 5.3 G,, Ae 

F, R 

z= Ae RT 
j 

Equation 5.4 
R 

Where E8 and ER are the activation energies, R is the gas constant and A is a pre- 
exponential factor. It is important to mention that Equation 5.3 assumes that the system 
behaves as Maxwell fluid. This dependence and the similarity between the slopes at a fixed 

salt concentration suggest that rho and zR are related by the plateau modulus (Go) which is 
independent of temperature. In Figure 5.7 only three salt concentrations are reported, 
however, this dependence was observed for all concentrations. 
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Figure 5.7. Arrhenius behaviour for the low shear viscosity and the relaxation time in a system 

containing 4.5 wt°/a EHAC and varying the salt concentration. 

From the slope of the curves presented in Figure 5.7 the values of the activation energy 

were estimated. In Table 5.1 the dependence of the activation energy on salt concentration 

at a fixed surfactant concentration of 4.5 wt% EHAC is presented. The values are in 

agreement with the values reported in the literature 31024 29-33. An interesting observation is 

that the activation energy decreases as a function of KCI concentration. According to Fischer 

et al. 30 the activation energy describes the energy that it is necessary to move individual 

micelles in an environment of surrounding micelles. Following this idea it seems that there is 

a first region (t: 2 wt% KCI) where the charge properties of the micellar surface are such that 

the wormlike micelles resist interaction and fusion with the surrounding micelles. Additionally, 

their movements are constrained by entanglements with other wormlike micelles, giving rise 

to a high E,. In contrast, at intermediate salt concentration (4 wt% KCI), the wormlike 

micelles have a lower surface charge such that the worms can fuse, break and reform more 

easily. Therefore, the activation energy decreases. At high salt concentration (z 6 wt%), a 

micellar branched network is formed. As a consequence, the branching points in the network 

can slide along the micellar chains giving them enhanced mobility resulting in a further 

decrease in E. and viscosity. Another possible explanation of this trend could be related to a 

maximum in the contour length of the micelles. According to Equation 5.2 the logarithm of 
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the length of the micelles is proportional to the activation energy. Therefore, at 2 wt% KCI, 

the highest value in activation energy might correspond to a maximum in contour length of 
the wormlike micelles. Thus, the energy to form new end-caps becomes too high and the 

micelles start to form branching points. 

Table 5.1. Activation energy (kJ/mol) for 4.5 wt% EHAC wormlike micelles calculated between 40 and 
80 °C as a function of salt concentration. E. obtained from the viscosity dependence and ER obtained 
from the relaxation time dependence on temperature. 

KCI (wt%) E. (kJ/mol) ER (kJ/mol) 

2 195 208 

4 147 156 

6 127 147 

8 103 121 

10 91 108 

12 92 106 

6.3.1.2 Dynamic rheology 

Another experimental technique for rheological measurements on viscoelastic bodies is the 

dynamic or sinusoidal rheology where a stress that varies sinusoidally with time is imposed, 

and the resulting strain, which also varies sinusoidally but is, in general, out of phase with 
the stress (Figure 3.1 in Chapter 3), is measured as a function of frequency. Dynamic 

methods provide more information because at each frequency two independent 

measurements can and should be made. These are usually expressed by the ratio of the 

stress component in phase with the strain and the corresponding out-of-phase-ratio. For the 

deformation in shear, the component in phase divided by the strain is the real part of a 

complex modulus of rigidity (G'); the out-of-phase stress component divided by the strain is 

the imaginary part (G'). For a single cycle of deformation at a given amplitude, the energy 

restored and recovered is proportional to G' also called the elastic modulus, and the energy 
dissipated is proportional to G" also called the viscous modulus. 3" 

Amplitude sweep experiments were performed before doing the oscillatory measurements. 
The main reason for undertaking this type of experiments is to find the linear viscoelastic 
region of the samples. This region is characterised by small strains and a linear dependence 

of stress relaxation on strain is observed and known as linear viscoelasticity. Additionally, in 

the linear viscoelastic region the internal structure of the sample is not altered which is of 
significance importance for the oscillatory measurements. 
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Figure 5.8 shows amplitude sweep curves for a sample containing 4.5 wt% EHAC at 40 °C 

varying the KCI concentration. The frequency was fixed at 1.0 Hz and the shear stress 

varied. It can be seen from the graphs that the elastic and viscous modulus are constant 

over a wide range of shear stresses. This indicates that there is a broad region where the 

samples have a linear viscoelastic response to the stress. 
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Figure 5.8. Linear viscoelastic region for samples containing 4.5 wt% EHAC at 40 °C varying the KCI 

concentrations. The symbols in the legend correspond to both the elastic modulus (G", dark blue) and 
the viscous modulus (G', light blue). 

In addition, a change in KCI concentration does not alter the location of the linear 

viscoelastic region however; the magnitudes for the elastic and viscous modulus do change. 
The elastic modulus, G', decreases slightly as the KCI concentration increases. In contrast, 
the viscous modulus, G", increases with an increase in KCI concentration. At 12 wt% KCI the 

viscous modulus dominates the rheological response of the fluid. It was noticed by visual 

observations that at high salt (2! 10.0 wt% KCI) concentrations the viscoelastic gels flow more 

easily than at lower KCI concentrations (4 and 6 wt% KCI, peak in viscosity). At these salt 

concentrations the samples are strong viscoelastic gels and the rheological response is 

dominated by the elasticity of the fluids. These observations correlate very well with the 

amplitude sweep experiments shown in Figure 5.8. 
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In Figure 5.9 the effect of temperature on the linear viscoelastic region is shown for the 

sample containing 4.5 wt% EHAC and 6 wt% KCI. It can be seen that the viscous modulus 
increases as the temperature increases and the elastic modulus decreases slightly. This 

suggests that as the temperature is increased the fluid has more characteristics of a viscous 

material than of an elastic one. This is in good agreement with the drop in viscosity with an 
increase in temperature (Figure 5.5). In addition, the linear viscoelastic region of the sample 

is not affected by a change in temperature. 
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Figure 5.9. Linear viscoelastic region for samples containing 4.5 wt% EHAC with 6 wt% KCI varying 
the temperature. The symbols in the legend correspond to both the elastic modulus (G', dark blue) and 
the viscous modulus (G", light blue). 

The stress and the strain used for the oscillations measurements were fixed at 1.0 Pa and 
0.1 Pa, respectively. Both values were obtained from the previous graphs. Frequency sweep 
experiments (dynamic' measurements) for a sample containing 4.5 wt% EHAC at 40 °C 

varying KCI concentration are shown in Figure 5.10. The solid lines represent the predictions 
from the Maxwell model. 

It can be seen from Figure 5.10 that G' (circles) and G" (triangles) cross over at a 

characteristic frequency whose reciprocal corresponds to the main relaxation time (or 

disentanglement time) of the system (TR). Below the crossover the complex viscosity reaches 

a plateau value (rho, squares) and the system has a predominantly viscous response (G' 
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<G' ). In contrast, above the crossover frequency, the system has predominantly elastic 

response (G' >G"). At higher frequencies, the elastic modulus reaches a plateau value Go, 

whereas the viscous modulus decreases. The experimental values of Go, rR (=11(vo) and 17, 

were used in the Maxwell model to fit the experimental data. 
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Figure 5.10. Frequency sweep experiments (oscillatory measurements) for a sample containing 4.5 

wt% EHAC at 40 °C varying KCI concentration. (0) Complex viscosity (11) (, L) Viscous modulus (G') 

and (0) Elastic modulus (G). 

It can be seen that the Maxwell model with a single relaxation time predicts moderately well 

the frequency dependence of G' and 7a at low, moderately and high salt concentrations. The 

model also predicts the behaviour of G", however, at low salt concentrations G" deviates 
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from the model. This upturn at high frequencies has been interpreted as a crossover to the 

Rouse regime or breathing regime, this tendency has been observed for other surfactant 

systems . 
5.6,29.30 However, as the salinity of the solution is increased the response of the 

material becomes characteristic of a Maxwell fluid with a single relaxation time and no 

deviations of G" can be observed. 

Cates theory 5.31,35 predicts that the spectrum of relaxation times tends to narrow as the ratio 

of the breaking time and reptation time (4 =rb/z, ep) decreases. If 4«1 the relaxation function 

is almost single exponential whereas for E»1 it approaches at stretched exponential 

behaviour. The breaking time of the micelles can be obtained from the reciprocal of the 

frequency at which deviations from the Maxwell model starts to occur (denote by an arrow in 

Figure 5.10). From Figure 5.10 it can be observed that the frequency at which such 
deviations occur increases upon addition of salt. This results in a decrease of the breaking 

time of the micelles (fast breaking regime). On the other hand, as the contour length of the 

wormlike micelles increases upon addition of salt, there is an increase of rR and a decrease 

of rb (Chapter 3, Equation 3.8). As a consequence, the ratio between them decreases 

narrowing the spectrum of relaxation times. In Table 5.2 approximate values for the 

relaxation time (from the steady-state and dynamic rheology), the breaking time and the 

reptation time (calculated from rR = [rb r,. p]1'2) are shown for different KCI concentrations at a 

fixed temperature of 40 °C. These values are in good agreement with the values reported in 

literature. 
10,29,32.36 

According to Cates theory, 5,36 a single exponential stress relaxation is obtained in the fast 

breaking regime, where a chain occupying a given tube segment undergoes many scission 

and recombination reactions, so that there is no memory of either the initial length of the 

chain, or the position on the chain initially corresponding to that tube segment. Thus, all 

tubes segments relax at the same rate and there is no dispersion of relaxation times. The 

results obtained in Figure 5.10 and Table 5.2 are in agreement with Cates theory and has 

been found in many surfactant systems. 

Table 5.2. Approximated values for the relaxation time (TR), the breaking time (m) and the reptation 

time (T p) for different KCI concentrations at a fixed temperature of 40 °C. 

[KCI] (wt%) TR-Steady Rheology 
(9) TR-Dynamic RMoIogy (S) Tb (s) Trep (s) 

2 3.37 2.56 1.47 4.46 

4 8.33 3.57 0.97 13.13 

6 9.09 4.55 0.72 28.57 

8 2.69 1.45 0.13 15.85 

10 0.56 0.32 0.05 2.27 

12 0.11 0.11 0.02 0.73 
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Additionally, it can be seen that the reptation time follow the same trend as the relaxation 
time and the low-shear viscosity: it goes through a maximum (Table 5.2). The increase in r,, 0 
at low salt concentrations can be explained in terms of micellar growth. It is worth to 

remember at this point that the reptation process is the disengagement of any given chain, 

by a curvilinear diffusion along its own contour, in a tube like environment. As the salt 

concentration is increased the micellar growth occurs. Then, the longer the wormlike chains 

the longer the time they need to reptate along their own contour and higher the reptation 

time. At high ionic strength, the decrease in reptation time is more difficult to explain; 

however, it can be related to micellar branching (The micelles have more mobility because 

the branching points are mobile junctions) and to the fact that the micellar breaking time is 

much smaller than the reptation time (shorter wormlike micelles will reptate faster than long 

ones). 

Figure 5.11 shows the Cole-Cole plots obtained from the graphs showed in Figure 5.10 for a 

sample containing 4.5 wt% EHAC at 40 °C varying KCI concentration. The solid lines 

represent the Maxwell model. It can be seen that at low salinity a strong deviation from the 

semi-circle is observed. However as the salinity is increased the samples become 

Maxwellian as explained in the previous paragraphs. No more information can be obtained 
from these graphs as there is no evident dip in the Cole-Cole plots due to the occurrence of 

the Rouse regime (see Chapter 3). 
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Figure 5.11. Cole-Cole plots for a sample containing 4.5 wt% EHAC at 40 °C varying KCI 

concentration. 
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The effect of temperature on the elastic and viscous modulus is shown in Figure 5.12. It can 

be seen that as the temperature is increased the crossover frequency increases as a 

consequence the relaxation time decreases. This is in good agreement with the steady-state 

rheology (Figures 5.6 and 5.7) in which, an increase in temperature promoted micellar 

breaking and a decrease in relaxation time was obtained. The upturn of G" diminishes as the 

temperature is increased as the sample becomes more Maxwellian. On the other hand, Go 

remains constant and does not change with an increase in temperature. 
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Figure 5.12. Frequency sweep experiments (oscillatory measurements) for a sample containing 4.5 

wt% EHAC with 6wt% KCI varying temperature. 

In polymer systems, the plateau modulus (Go) is a measure of the average chain length 

between entanglements in a network, i. e. the mesh size, (CM) through the following relation 

(from the rubber elasticity theory) 7,48 

Go 
kxBT 

Equation 5.5 
`ýM 

ke is the Boltzmann constant and T is the absolute temperature. Where it is assumed that 

the chain conformation is of excluded-volume type and that the entanglement length is equal 

to the blob length. In addition, from the statistical theory of deformation of a polymer network 
it is obtained that Go is correlated to the degree of entanglement of the network by 37,13 
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G. sw tik8T Equation 6.8 

Where v is the number density of the entanglement points. From Table 5.3 it can be seen 

that the plateau modulus increases with salt concentration. At constant temperature any 

changes in Go may be due to changes in the entangled network. According to Equations 5.5 

and 5.6 as the plateau modulus increases the mesh size of the network decreases and the 

number of density of entanglements points increases. This tendency suggests that the 

wormlike micelles formed by EHAC are becoming more entangled upon addition of salt 

suggesting the formation of a saturated network of wormlike micelles (see Cryo-TEM 

section). 

Taking into account that G. is independent of temperature (see Figures 5.7 and 5.12) and 

assuming a Maxwell fluid (qo=GorR). The plateau modulus (Go) from the steady-state 

rheology can be calculated from a linear regression between the relaxation time (rR) and the 

low-shear viscosity (17o) with a slope of Log(rR)/Log (qo) ow 1 by plott ing L09(r, Vs L09 (170). 

The intercept of the regression is a measure of Go. Its values are reported in Table 5.3 for 

comparison. 

Table 5.3. Comparison between the plateau modulus (Go) for a sample containing 4.5 wt% EHAC at 40 
°C varying KCI concentration. 

IKCI (wt%) CCOsaar4u,, Iwr (Pa) Go. ayn. mie. Rn. oaor (Pa) 

2 11.8 17.5 
4 22.7 34.5 
6 38.4 34.8 

8 40.3 38.5 
10 39.1 40.3 
12 48.6 44.9 

It can be seen from Table 5.3 that there are small differences between the plateau modulus 

obtained from steady-state and dynamic Theology. These differences could be the result of 
deviations during the calculations of G.. t,, as several assumptions had to be made. It was 

assumed that the Arrhenius behaviour shown by relaxation time and the low-shear viscosity 

obtained from the steady-state rheological measurements had similar slopes (Figure 5.7) 

and that the plateau modulus was Independent of temperature. These assumptions could 
lead to the source of error and the differences observed in Table 5.3. 

Table 5.4 shows a comparison between the low-shear viscosities obtained from the two 

rheological measurements. There is a good agreement at high salt (i 8 wt% KCI) 

concentrations. At low and intermediate salt concentration deviations between the two 
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values are observed. This may be the result of the high elasticity of these samples which 

make the rheological measurements some what difficult, especially in the steady state 
measurements where long experimental times were needed to reach the steady state 
condition. It Is important to mention that this condition was not always reached for the high 

viscosity samples (4.0 and 6.0 wt% KCI) unless the temperature was increased. 

Table 5.4. Comparison between the low-shear viscosities (rho) for a sample containing 4.5 wt% EHAC 

at 40 °C varying KCI concentration. 

[KCI] (wt%) Tjo. Stoady Rheology (Pa. s) Tlo-0ynamlc Rh. ology (Pa. s) 

2 35.4 42.1 

4 150.0 123.6 
6 230.0 148.8 

8 55.5 55.1 

10 13.7 13.0 

12 6.3 5.1 
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6.3.2 Small-angle neutron scattering 

6.3.2.1 Aqueous solutions of EHAC without KCI 

Figure 5.13 shows the scattering intensity curves obtained for EHAC micelles in D20 with a 

surfactant concentration varying between 0.25 and 4.50 wt% at 25 °C. A sharp scattering 

peak is observed that moves to higher Q-values as the surfactant concentration increases. 

The distance between the micelles formed in solution is decreasing (shift in the peak) and 

the interactions between the micelles become stronger as the concentration of surfactant is 

increased. A polydisperse core-shell model combined with the Hayter-Penfold micellar 

interaction model 39 was used to fit the experimental data. The model is in good agreement 

with the data, revealing that a spherical micellar structure is formed for all surfactant 

concentrations. 
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Figure 5.13. Scattering curves obtained for EHAC micelles in D20 without added salt at 25 °C. The 

error bars are comparable in size with the experimental points. Insert: Logarithmic scale. The solid 
lines represent the core-shell model with Hayter-Penfold potential and polydispersity. 

In Table 5.5 the values of the fitting parameters obtained from this model are reported. The 

parameters in brackets were fixed during the fitting procedure. The volume fraction of the 

core segments was calculated assuming that the total volume fraction of surfactant in 
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solution is equal to the volume fraction of micelles as the CMC of the surfactant is extremely 
low (0.002wt%). Using the molecular weight of the alkyl chain, its density and Avogadro's 

number it was possible to find the volume of the tail of the surfactant. The total volume. 
fraction of surfactant in the solution was 0.052 and the volume of core segments (volume of 
the alkyl chains) was 0.039. During the fitting procedure this variable was allowed to vary. 
From the table, it can be seen that reasonable (slightly lower) values were obtained from the 

model. Once this value was obtained it was then fixed to do the fitting in subsequent 
iterations. 

The aggregates formed in solution are spheres with an average inner radius of 29.3 ± 0.5 A 

and an average outer radius of 35.5 ± 0.6 A. It is possible to estimate the maximum effective 

chain length of a saturated hydrocarbon chain using the expression established by Tanford 49 

where nc is the number of carbon atoms in the alkyl chain. 

I= 1.5 +1.265n, A Equation 2.9 

For EHAC nc is equal to 21 carbons given an approximate chain length of 28 A. There is a 
small difference between the values that may be account for the polydispersity in the alkyl 

chain of the surfactant. Raghavan et al. 3, reported a polydispersity between 10-15% for the 

hydrocarbon chain of EHAC. 

The Hayter-Penfold potential uses the Debye length and the electronic charge on the ionic 

aggregates as a representation of the interaction between the ionic micelles. Table 5.5 

shows the evolution of these two parameters as the concentration of surfactant in solution is 

increased. While the surface charge increases with an increase in surfactant concentration, 
1/x decreases. By increasing the amount of surfactant in the solution the concentration of 

counterions is increased which has a screening effect and reduces the thickness of 
. 
the 

double layer (1/x). This is in agreement with the theoretical predictions that the thickness of 
the electrical double layer is inversely proportional to the concentration of electrolyte in the 

system. 40 In addition, the polydispersity of the system was fixed during the fitting procedure 

and it was found to have little effect on the fits. The goodness of the fits is given by Z. It can 

be seen from Table 5.5 that there are three sets of data that have high z2 values compared 

with the other ones. These scattering curves were obtained from the KWS-2 instrument at. 
Jülich, reason which have a different background and Q-resolution. The shape of the 

scattering curve varied slightly at high Q-range from the one obtained on the LOQ 

instruments at ISIS for the same sample. This difference causes an increase in '. (See 

insert in Figure 5.15). 
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The scattering intensity curves showed in Figure 5.13 have two contributions. The first one 

comes from the neutrons that are scattered by different parts of the aggregates given 

information about shape and size of the particles. The other one comes from the neutrons 

that are that are scattered by different aggregates within the sample and gives information 

about the interaction potential between the particles. They are known as the form factor, 

P(Q) and the structure factor, S(Q). 41 Both contributions were extracted from the core-shell 

fits and an example is shown in Figure 5.14 for a surfactant concentration of 4.5wt% EHAC. 
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Figure 5.14. Form factor, P(Q) and structure factor, S(Q), plotted independently for a 4.5 wt% EHAC 

concentration at 25 °C. 

Figure 5.15 shows the effect of temperature on the scattering from EHAC at a surfactant 

concentration of 4.5 wt%. The insert in Figure 5.15 shows the difference in the scattering 
intensity curves (arrows) obtained at two different neutrons sources at 25 °C for the same 

sample. From Figure 5.15 It can be seen that the scattering intensity decreases as the 

temperature of the solution is increased and the structure peak is shifted slightly to higher Q- 

values. The shift in of the scattering peak to higher Q-values suggests a decrease in particle 
dimensions. This tendency was also observed by Caponetti et al. 42 in aqueous solutions of 
Cryptand 221 D (a macrocyclic compound having at least two basic bridgehead nitrogen 

atoms in the ring) with sodium chloride (NaCI). 

The decrease in intensity with temperature does not necessary means less scattering as it is 

associated with a shift in the structure peak to higher Q-values. The structure factor, S(Q), is 

S(Q) 
P(Q) 
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shifted to higher Q-values and intersects the lower part of the decaying form factor, P(Q). 

This may results in lower scattering intensities. 
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Figure 5.15. Effect of temperature on EHAC spherical micelles for a surfactant concentration of 4.5 

wt%. Insert: Comparison between two neutron facilities for 4.5 wt% EHAC at 25 °C. The solid lines are 
fits to the core-shell model with a Hayter-Penfold potential. 

In Table 5.6 the values of the fitting parameters obtained from the core shell model with a 
Hayter-Penfold potential and polydispersity are reported. The parameters in brackets were 
fixed during the fitting procedure. It can be observed from the table that the size of the 

micelles change slightly with an increase in temperature. The inner radius and the outer 

radius decrease with an increase in temperature (shift in the scattering curve). It was 

noticed, during the sample preparation, that an increase in temperature helped the surfactant 
to solubilize more efficiently in water. This solubilization may account for the change in size 

of the micelles leading to a decrease in the aggregation number. This is in agreement with 

the shift in the scattering peak to higher Q-values in Figure 5.15. 
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Table 5.6. Fitting parameters values obtained for 4.5 wt% EHAC spherical micelles usin g the core-shell 

model with Hayter-Penfold potential and polydispersity and varying temperature. 

Parameter / EHAC 25 °C' 40 °C ° 60 °C ° 

Instrumental factor (1) (1) (1) 

Volume Fraction of core segments (0.026) (0.026) (0.026) 

Scattering length density of solvent (6.38x10$) (6.38x10) (6.38x10$) 

Inner radius (A) 30.31 ± 0.16 28.30 ± 0.08 27.02 ± 0.06 

Outer radius (A) 36.76 ± 0.15 36.53 ± 0.10 35.86 ± 0.08 

Scattering length density of core segments (A "Z) (-2.23x10"') (-2.23x10") (-2.23x10"7) 

Scattering length density of shell segments (A'2) (2.82x10'7) (2.82x10"7) (2.82x10"7) 

Polydispersity (0.14) (0.14) (0.14) 

Background (0.001) (0.001) (0.001) 

Scaler (1) (1) (1) 

Surface charge (zm) 34.02 ± 0.95 33.86 ± 0.43 32.68 ± 0.34 

1 /x (A) 33.19 ± 0.74 33.05 ± 0.34 30.60 ± 0.25 

Q resolution (1.0x10) (6.0104) (6.010) 

Volume fraction of shell 0.471 ± 0.012 0.431 ± 0.006 0.382 ± 0.004 

N, gg (calculated) 177 144 125 

x2 191.76 19.89 5.39 

(a) Scattering curves obtained in the KWS-2 instrument at Jülich. 

6.3.2.2 Aqueous solutions of EHAC with KCI 

Figure 5.16 shows the scattering curves for 4.5 wt% EHAC solutions upon the addition of 

small quantities of KCI at 40 °C. It is clear that the structure peak gradually disappears with 

increasing the amount of salt in the system until the shape of the scattering curve decays 

approaching a a' behaviour (rods). The presence of the electrolyte screens the interactions 

between micelles and promotes micellar growth. 4 The structures formed are wormlike 

micelles with a characteristic persistence length and cross-sectional radius of gyration. 
Therefore, the scattering peak is no longer present at 2 wt% KCI and a change from 

spherical micelles to wormlike micelles takes place (see Cryo-TEM section). 
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Figure 5.16. Scattering intensity, 1(Q), versus the scattering vector, Q, for wormlike micelles formed by 

EHAC in D20 as a function of KCI content (s2.0 wt%) at 40 °C. 

At intermediate and high salt concentrations, it can be seen from Figure 5.17 (40 °C) that at 

low Q-values (insert) the scattering intensity continues to increase with salt concentration. 

This is an indication of the continued growth of the wormlike micelles upon the addition of 

salt, resulting in an increase in their contour length. In contrast, in the high Q-range all the 

scattering curves superimpose, suggesting that the local micellar structure does not change 

upon further addition of KCI. This is due to the fact that micellar growth occurs in a one- 

dimensional fashion along the micellar contour and leaves the cylindrical cross-section 

unaltered . 
28.43`5. This allowed using the Kratky-Porod wormlike chain model to fit the high 0- 

regime to obtain the cross-sectional radius of gyration and the mass per unit length of the 

wormlike micelles. Details will be given later on in this section. 
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Figure 5.17. Scattering intensity, 1(Q), versus the scattering vector, Q, for wormlike micelles formed by 

4.5wt% EHAC in D20 as a function of KCI (>_ 2.0 wt% ) content at 40 °C. The solid line represents the 

fit into the Kratky-Porod wormlike chain model approximation. 

Figure 5.18 shows the influence of surfactant concentration on the scattering intensity. The 

scattering intensity was normalised by the surfactant volume fraction to be able to see if 

there was a change in 1(Q) with surfactant concentration. It can be observed that at high Q- 

values the local structure is not influence by a change in surfactant concentration and as a 

result the scattering curves superimposed each other. However, at low Q-values the 

scattering intensity decreases with a decrease in surfactant concentration. These results are 
in good agreement with the rheological response of the system. Both results indicate that the 

wormlike micelles are getting shorter in length; as a consequence, they have a weaker 

rheological response (lower viscosities) and a decrease in the scattering intensity is 

observed. 
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Figure 5.18. Normalised scattering intensity as a function of surfactant concentration for samples with 

6.0 wt% KCI at 25 °C. 

The dependence of the scattering intensity on temperature for a sample containing 4.5 wt% 

EHAC with 6 wt% KCI is shown in Figure 5.19. Again, the local structure or the local 

arrangement of the wormlike micelles remains unaltered as the temperature is increased 

(high Q-regime). Jerke et al, 45 also reported this behaviour. They said that the absence of 

changes in the local structure upon variation of temperature can be understood when taking 

in to account the additional constraints imposed on the system by the required shielding of 

the hydrophobic tails from contact with the water. A change of the spontaneous curvature 

thus induces a curvature stress that the system cannot match, as it has to shield the 

hydrophobic tails and it eventually leads to a phase transition rather than to a continuous 

change in local structure. 

In contrast in the low Q-range, the scattering intensity decreases as the temperature is 

increased (Figure 5.19). This finding suggests that as the temperature is increased the 

contour length of the wormlike micelles decreases. This is in good agreement with equation 

5.2 and with the rheological response of the system, where the low-shear viscosity 

decreases with temperature following Arrhenius behaviour. 
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Figure 5.19. Scattering intensity as a function of temperature for a sample containing 4.5 wt% EHAC 

with 6.0 wt% KCI. Insert: 1(Q) as a function of temperature for a sample containing 0.25 wt% EHAC 

with 0.25 wt% KCI. The solid line represents the fit into the Kratky-Porod wormlike chain model 

approximation. 

The insert in Figure 5.19 shows the influence of temperature on 1(Q) for a much lower 

surfactant and salt concentrations. It can be seen a dramatic decrease in 1(Q) and the 

appearance of a structure peak (small arrow). At low surfactant and salt concentrations the 

length of the wormlike micelles is much shorter and the influence of temperate is more 

pronounced than at higher salt and surfactant concentrations, resulting in the formation of 

short rodlike micelles with stronger interactions. This corroborated the fact that the micellar 

length of the rodlike micelles becomes smaller with an increased in temperature. 

As the local micellar structure remains constant upon the addition of salt, temperature and 

surfactant concentration, the experimental data obtained for the high Q-range can be 

analysed to find information about the cross-section radius of gyration, R9, X3, of the wormlike 

micelles and the mass per unit of length, ML, by employing the Kratky and Porod wormlike 

chain model approximation that is given by the following expression 4'. 43 
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rep)2 22 
1ti,. In= at 

ex - Equation 5.8 
NAPaQ 2 

where pe is the bulk polymer density (950 kg. m, ), NA Is Avogadro's number, 44N Is the 

difference scattering length density between the solvent and the solute (A2) and c is the 

surfactant concentration (kg-m4). The values obtained for RR,,, and ML at three different 

temperatures and varying salt concentration are tabulated in Tables 5.7 to 5.9 and they are 
in the range of values reported in the literature for wormlike micelles formed by ionic 

surfactants'3-46,4't The scattering length density of the solvent used in this model was 

calculated considering the effect of salt in the system, which is the reason the values change 

with salt concentration. In addition, the scattering length density of the surfactant used in the 

data fitting included the Cf counterion. However, if one uses the scattering length density of 
the surfactant without it there is no significant change in the size of the aggregates. 

It can be seen that the cross-sectional radius of gyration and the mass per unit of length of 
the wormlike micelles is not significantly Influence by salt concentration and temperature as 

predicted by the scattering curves. Similar results were found for different surfactant 

concentrations. The cross-sectional radius of gyration (R9,,, ) is related to the micellar cross- 

sectional radius (cylindrical radii) by 27.48 

r, ý _ NERgý, Equation 5.9 

Using this expression and the values reported in Tables 5.7 to 5.9, rs can be calculated. It 

was found that the cross-sectional radius for the wormlike micelles formed by EHAC in the 

presence of KCI is approximately 28.63 ± 0.18 A on average. Raghavan et als reported a 

similar value for this surfactant system. 

6.3.2.3 Dilute aqueous solutions of EHAC with KCI 

A wormlike chain form factor for semiflexible chains with intrachain excluded-volume effects 

was derived by Pedersen and Schurtenberger 50 on the basis of a series of Monte Carlo 

simulations. The model is a discrete representation of the wormlike chain model of Kratky 

and Porod. Its parameters are the characteristic length scales of a wormlike chain: the 

contour length (L), the cross-section radius (r 3) and the Kuhn length (b) which Is a statistical 

segment length that gives a measure of the flexibility of the chain. A detailed description of 
the parameterized equation for the form factor can be found In ref 50. This model was used 
to fit the scattering curves obtained for dilute aqueous solutions of EHAC with KCI. 
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The fits obtained using the Pedersen and Schurtenberger form factor are shown in Figure 

5.20 for a sample containing 0.25 wt% EHAC at 40 °C with varying KCI concentration It can 

be observed that there is a good correlation between the model and the experimental data. 
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Figure 5.20. Scattering curves for a sample containing 0.25 wt% EHAC at 40 °C with varying KCI 

concentration. The solid lines represent the Pedersen and Schurtenberger form factor from ref 50. 

In Table 5.10 the values for the fitting parameters obtained from this model are reported. The 

parameters in brackets were fixed during the fitting procedure. The difference in scattering 

length density was calculated taking into account the contribution from the salt in the 

scattering length density of the solvent. 
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Chapter 5 Investigations on EHAC aqueous solutions 

In addition, the contour length of the wormlike micelles was fixed to 2500 nm This value is 

similar to the ones found in the literature for other wormlike micellar systems. ''" From the 

table it can be seen that the Kuhn length decreases with increasing salt concentration and 

the cross-section radius remains approximately constant. All values are in the range of 

values reported in the literature for wormlike micelles. 43-4r' The decrease in Kuhn length is 

shown in Figure 5.21, it indicates that the wormlike micelles are becoming more flexible as 

they grow upon addition of salt. 
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Figure 5.21. Kuhn length as a function of satt concentration for a sample containing 0.25 wt% EHAC at 
40 °C. 

Higher surfactant concentrations could not be fitted using only the Pedersen and 

Schurtenberger form factor as this theory can currently be applied to dilute surfactant 

solutions. The wormlike micellar lengths fall outside the accessible length scales covered in 

a SANS experiment and as a result, the model is insensitive to the contour length of the 

worms. In addition, even though the model takes into consideration excluded volume 

interactions it does not account for electrostatic interactions (potential) between the rods. 

Hence, more investigations need to be done in order to overcome these limitations. 
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6.3.3 Cryo-transmission electron microscopy 

An attractive aspect of small-angle neutron scattering (SANS) is that it represents a precise 

quantitative tool for determining the geometric parameters of supramolecular microstructures 

such as micelles, liquid crystals, and ultrafine dispersed solids. A disadvantage, however, is 

that a scattering technique determines microstructure only indirectly, i. e., one must assume a 

microstructural model and test its validity by comparison of predicted and measured 

scattering patterns. It is, therefore, desirable to visualize microstructure directly in order to 

determine its qualitative nature and to use this information as a guide to quantitative analysis 

with scattering techniques. 

Cryo-transmission electron microscopy (Cryo-TEM) is a technique suitable for direct 

visualization of surfactant aggregates formed in solutions and is the only available technique 

to unambiguously distinguish between branched and unbranched micelles. Cryo-TEM has 

been used successfully to explore the spherical to wormlike transition of surfactant solutions 

as in the work of Lin et al. 9, "''5 

Direct images of vitrified samples of EHAC/KCI were obtained by Cryo-TEM. Figure 5.22 

presents a set of Cryo-TEM micrographs of the vitrified 4.5 wt% EHAC solutions containing 

no KCI, 2.0 wt%, 6.0 wt% and 12 wt% of KCI respectively. Figure 5.22A shows spherical 

micelles (black dots) predicted by small-angle neutron scattering. 

When salt is added to the system (Figure 5.22B, 2 wt% KCI), very long wormlike micelles are 
formed. The wormlike micelles overlap and become entangled (bottom right corner). As a 

consequence it is impossible to identify where they begin and end. The wormlike micelles 

shown in this micrograph (Figure 5.22B) are not branched; one indication of this is shown in 

the image. As it is possible to align the wormlike micelles without breaking during the blotting 

procedure in spite of the relatively high shear rates applied. In Figure 5.22C and D, a typical 

network caused by branched micelles is observed. Both micrographs show a number of 

three way connections (black arrows). 

In addition, image 5.22D shows an increasing number of black dots in the background. A 

Cryo-TEM image of a 12 wt% KCI solution was taken to verify if this pattern was a 

consequence of freezing the highly concentrated salt solution (12 wt%). It can be seen from 

Figure 5.23 that the black dots are salt particles and not spherical micelles. The results from 

the Cryo-TEM study are in good agreement with the predictions from steady-shear rheology 
in which the decrease in viscosity at high ionic strength was attributed to be a shift from 

linear wormlike micelles to branched wormlike micelles. 
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Figure 5.22. Cryo-TEM micrographs of wormlike micelles formed by EHAC with (A) No KCI, (B) 2.0 

wt% KCI, (C) 6.0 wt% KCI and (D) 12 wt% KCI. Bar =100 nm. 

Figure 5.23. Cryo-TEM micrograph of a highly concentrated salt solution (12 wt% KCI). Bar =100 nm. 
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The formation of branches depends on a delicate balance of energy scales. It seems clear 
that although true branching points can form in equilibrium, by fusion of the micelles into 
locally branched structures, the existing data suggest that in most systems these are very 
costly in energy, compared to the energy cost of creating a pair of chain ends. Thus, ' 
branching is expected to occur when the free energy cost associated with the cross-link 
formation becomes comparable to that for the end-caps. 51 

Experimentally, there is often some control over the end-cap energies, by varying the salt 
concentration; this is understood in terms of changing the curvature energy of the surfactant 
molecules in the end-caps relative to the cylindrical body of the micelles. Any change of 
conditions, which increases the end-cap energy by this mechanism, should decrease the 

cross-link energy, since in a branching point the curvature change has the opposite sense to 
that of an end-cap (Figure 5.24). 50 Raghavan et al, 3 suggest that the structure of EHAC 

contributes to a high energy cost of micellar scission favouring micellar growth, resulting in 

very long wormlike micelles that can result in the formation of branched micelles, as seen in 
Figure 5.22C and D. 

Figure 5.24. Schematic representation of a branching point. (a) branch curvature and (b) end-cap 

curvature. 

Figure 5.25 shows Cryo-TEM images for EHAC wormlike micelles at low surfactant 

concentration (0.50 wt% EHAC) and different salt concentrations. It can be seen from image 

5.25A that loose wormlike micelles relatively short in length are formed and some loops. This 

accounts and explains the low viscosity observed in this system at low surfactant and salt 

concentrations. Again as the salt concentration increases (Figure 5.25B) longer wormlike 
micelles are formed which entangled with each other and as a result higher viscosities are 
obtained. 
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Figure 5.25. Cryo-TEM micrographs of wormlike micelles formed by 0.50 wt% EHAC with 1.0 wt% KCI 

(A) and 6.0 wt% KCI (B). Bar = 100 nm. 

6.4 Conclusions 

The rheological behaviour of EHAC aqueous solutions strongly depends on salt 

concentration, surfactant concentration and temperature. Depending on these variables 

shear-banding can be observed in this system. However, more studies are required to 

understand this phenomenon. In addition, the low-shear viscosity goes through a maximum 

upon addition of KCI. This is due to the presence of the electrolyte that screens the 

interactions between micelles and promotes micellar growth. Furthermore, the decrease in 

viscosity and relaxation time with temperature follows an Arrhenius type behaviour and is 

related to the decrease in wormlike micellar length. In addition, it was found from dynamic 

rheology that the rheological curves could be fitted to the Maxwell model revealing that the 

solutions have a single relaxation time. Deviations from this model were diminished upon 

addition of KCI. It was also found that the plateau modulus is independent of temperature 

and increases with an increase in salt concentration suggesting the formation of a saturated 

network of wormlike micelles. SANS experiments showed that salt-free solutions of EHAC 

form strong interacting spherical micelles with an inner radius and an outer radius of -29 A 

and -35 A, respectively. These values are in good agreement with geometrical 

considerations. It was found that upon the addition of salt the structurefinteraction peak 

gradually disappears and a transition from spherical micelles to wormlike micelles occurs. 

The wormlike micelles formed have a cross-sectional radius of gyration of -20 A giving a 

cross-section radius of -29 A. Direct visualisation of this evolution was observed by Cryo- 

TEM. Spherical micelles were detected in the salt-free solutions and a multi-connected 

network with 3-way connections was observed upon addition of 6 wt% of KCI to the system. 
Thus, the maxima in the low-shear viscosity can be rationalized in terms of a transition from 

linear to branched wormlike micelles. Finally, the experimental techniques used in this study 
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are complementary with each other, allowing a good understanding of the strong rheological 

response of EHAC aqueous solutions. 
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CHAPTER 7: Mixtures of erucyl bis(hydroxyethyl) methyl 

ammonium chloride (EHAC) and an alcohol ethoxylate non- 
ionic surfactant (C18E18) 

7.1 Introduction 

Mixtures of surfactants are found in numerous applications, ranging from Industrial or 

technological systems to domestic products, often because the materials used are not 

perfectly pure, but more significantly because different surfactants are Intentionally mixed to 

improve the properties of the system. ' Mixed amphiphilic systems, which Include surfactants, 

polymers and copolymers, offer a wide range of fascinating possibilities because of the 

complex ways they can associate into supramolecular or nanoscale structures. The 

properties of these systems can be tuned simply by varying the composition, which Is an 

attractive alternative to the synthesis of new materials? 

Cationic surfactants can self-assemble into long, flexible wormlike micelles under certain 

conditions of salinity, temperature, presence of counterions, etc. The entanglement of these 

micelles into a transient network imparts interesting viscoelastic properties to the surfactants 

solutions that are analogous to that observed in solutions of flexible polymers. However, 

unlike ordinary polymers, wormlike micelles are In equilibrium with their monomers and 

micellar chains can reversibly break and recombine on a time scale that is dependent on the 

system and the prevailing physicochemical conditions" 

It is well established in the literature 3-7 that erucyl bis(hydroxyethyl) methyl ammonium 

chloride (EHAC) forms very long wormlike micelles in the presence of an electrolyte, such as 

potassium or sodium chloride. Depending on the electrolyte concentration these aggregates 

can assemble into linear wormlike micelles or branched wormlike micelles. The change from 

linear to branched wormlike micelles has a significant effect on the Theological properties of 

the system. The low shear viscosity of the systems as a function of salt concentration 

presents a maximum. The increase in low shear viscosity at low salt concentrations (<6.0 

wt%) is due to the growth of spherical micelles into long wormlike micelles. As a 

consequence, the viscosity is raised and the micelles become entangled. In contrast the 

decrease in viscosity results from the formation of branches in the system, leading to a 

network of branched micelles. These branching points can slide along the cylindrical body 

and serve as stress release junctions, weakening the Theological response of the system. 

Branching is expected to occur when the free energy of cost associated with the cross-link 

formation becomes comparable to that needed for the formation of end-caps °"ß'1O 
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Mixtures of surfactant show synergy compared to the parent surfactants in both surface and 
bulk properties. This is particularly true when there are attractive interactions between the 

surfactants as is the case in mixtures of anionic and cationic surfactants. Kaler et al. 11-14 have 

studied a variety of mixtures of anionic/cationic surfactants. They found that by mixing the 

anionic surfactant sodium oleate (NaOA) with cationic surfactants from the family of alkyl 
trimethylammonium bromide (C�TAB) a million-fold increase in the viscosity relative to that of 
the single components was obtained. That study illustrates how strong interactions between 

head groups can facilitate micellar growth and enhance the rheological properties of the 

system, which may have a significant effect on their applications. 
Pc 

Another method of controlling the worm length, which has the opposite effect of the one 

mentioned above, is by mixing ionic and non-ionic surfactants. Penfold et al. 15 have 

investigated the structure of mixed surfactant micelles of sodium docecyl sulfate (SDS) and 
hexaethylene glycol monododecyl ether (C12E6) in the presence and absence of 
hexadecane. It was found that solutions rich in non-ionic surfactant favoured the formation of 

small globular micelles with dramatic changes in micellar size. The solubilization of the 

alkane suppressed the micellar growth. It was suggested that the addition of alkane changes 
the balance of the steric and electrostatic contributions of the headgroups to the free energy 

of micellization, therefore favouring the formation of short rods. Menge et al. " also observed 
the latter effect in dilute solutions of pentaethylene glycol monododecyl ether (C12E5) upon 

addition of small amounts of decane, causing a transition from elongated wormlike micelles 

to microemulsion droplets. 

Arleth et al. " studied the growth behaviour of wormlike micelles formed by mixing egg-yolk 
lecithin and the bile salt glycochenodeoxycholic acid sodium (GCDC). They found that upon 

dilution the shape and size of the aggregates changed dramatically due to differences in 

CMC and in spontaneous curvature. As the samples were diluted toward the CMC of the bile 

salt (on the order of 103 M), the micellar length went through a minimum. The subsequent 
increase is brought about by a decrease in the volume fraction of the lecithin/GCDC in the 

solution, in contrast to simple micellar systems where the micellar growth occurs with 

increasing concentration. Egelhaaf et al. 18 also observed this tendency on a similar system 

composed of egg-yolk lecithin and sodium salt of taurochenodeoxycholic acid (NaTCDC). 

Mixed ionic and non-ionic surfactants have been used as suitable models for "equilibrium 

polyelectrolytes". Pedersen et al. 19'20 have studied solutions of the non-ionic surfactant 
hexaethylene glycol mono-n-hexadecyl ether (C16E6) with 1-hexadecane sulfonic acid 
(C16SO3Na). By doping the non-ionic surfactant with small amounts of the ionic surfactant 
they could study the effects of charge density on the micelle formation, growth and flexibility, 

as the charge of the micelles can be easily tuned without changing their local cylindrical 

structure. They found that the addition of ionic surfactant had no measurable influence on 
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the local structure of the wormlike micelles. In contrast it did have a significant effect on the 

micellar flexibility and overall size. 

In this chapter, the effect of adding a non-ionic surfactant to aqueous solution of EHAC Is 

investigated in the presence and absence of KCI. Three different techniques were used 

small-angle neutron scattering (SANS), steady-state rheology and Cryo-transmission 

electron microscopy (Cryo-TEM). As will be demonstrated In this work, the addition of the 

non-ionic surfactant is a novel way of controlling miceliar structure. This system could be 

used to model polyelectrolytes as mentioned in the previous paragraph as the formation of 

short wormlike micelles and changes in their charge density are Induced. 

7.2 Experimental 

7.2.1 Materials 

The chemical structure erucyl bis(hydroxyethyl) methyl ammonium chloride (EHAC) Is shown 
beiow. 3 It was obtained from Schlumberger Cambridge Research Limited. The density of the 

surfactant is 950 kg. m3. (Quoted by the manufacturer). 

I c(1f2CH2OEi CI- 

CaH, 7-CH'CH-C12H2+ N-CH, 

CH2CH2O1 i 

The alcohol ethoxylate surfactant, C, 8E, s, is a registered trademark of Imperial Chemical Inc. 
known as Lubrol® and its structure is shown below. The surfactant was used as received. It 
has a broad distribution of both ethoxylate and alkyl chain lengths, with an average 
ethoxylate chain length of eighteen ethylene oxide units and an average alkyl chain of 
eighteen carbon units. The density of the surfactant is 1060 kg. ma. 

CH3-(CH2), 7-O(CH2-CHZ-O)18-H 

Potassium chloride (KCI) was purchased from Aldrich with a purity of 99+wt°%. Samples were 

prepared by weighing the appropriated amounts of surfactant, salt and deionised water from 

different stock solutions. The concentrations for the stock solutions are the following: 9wt% 

EHAC, 20wt% C1BE18 and 25wt% KCI. After mixing, the samples were left to rest in order to 

remove any entrained air bubbles. 
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The solutions made for the SANS experiments were prepared in deuterium oxide (020) 

instead of water. (GOSS Scientific Instruments Ltd. 99.9 atom weight %D). 

7.2.2 Small-angle neutron scattering 

Neutron scattering experiments were performed on the SANS-II instrument at the Paul 

Scherrer Institute, Switzerland (mixtures) and in the Forschungszentrum Jülich, Germany 

(Pure EHAC). The sample-detector distances used in the SANS-II instrument were 1.4'and 
6.0 m with a wavelength of 6.3 A, giving a Q-range between 0.007, k' and 0.20 A'. On the 
KWS-2 instrument at Jülich, the sample to detector-distances used were 2.0 and 8.0 m at a 
fixed wavelength of 7.0 A; this gave a Q-range between 0.006 A' and 0.14 A'. The solutions 
were placed in quartz cells with 2.0 mm path lengths. The cationic surfactant concentration 
was fixed at 4.5 wt% and 1.5wt%. The non-ionic surfactant concentration was varied from 

0.5 wt% and 6.0 wt%, and the salt concentration was varied from 0.5 wt% and 6.0 wt%. The 

scattering length densities of EHAC and C18E18 are 6.07x10"9 AZ (including counterions), 

3.47x10"' A'2 respectively. The raw scattering spectra were corrected for background 

scattering, detector efficiency, empty cell scattering, transmission and electronic noise and 

converted to differential scattering cross-sections (in absolute units of cm') using the 

standard procedures. The experiments were performed at 25 °C. 

All neutron data was fitted using a non-linear fitting program INSANITY. 2I The indication of 

the goodness of the fit is given by the value of 2, which is minimized by the Marquardt 

Levenberg method. 

7.2.3 Rheological measurements 

Rheological measurements were performed on a controlled stress Bohlin Instrument (CVO). ', 

The instrument was used in the controlled stress mode. The shear stress was varied 
between 0.02 to 60 Pa depending on sample viscosity. Samples with low viscosity required 
low shear stresses to produce high shear rates. This was taken into account to avoid 
foaming of the samples. A Couette geometry (C25) with cup 27.5 mm diameter, bob 25 mm . 
diameter and height 37.5 mm was used for the high viscosity samples. For the low viscosity 

samples, the double gap geometry (DG40/50) was used with an external gap 4.54 mm, an 
internal gap 3.98 mm and height 46 mm. Steady state measurements were performed at two 

different temperatures 25 and 40 °C. A delay time of 30 seconds and an integration time of 

300 seconds were given for each shear stress. A solvent trap was used during the 

measurements to avoid changes in composition due to water evaporation. The cationic 

surfactant concentration (EHAC) was kept constant at 4.5 wt%. The salt concentration was 
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varied from 2.0 to 12.0 wt% and the non-ionic surfactant concentration was varied from 0.5 
to 6.0 Wt/o. 

The low-shear viscosity (q, ) was obtained by fitting the steady-state rheology data Into the 

Carreau model '2, as given by the following equation: 

i7(Y) = n° 
Equation 6.1 

rC 

Where n is an exponent describing the shear thinning behaviour and j. Is the critical shear 

rate at which the shear thinning region begins. 

7.2.4 Cryo-transmission electron microscopy 

Cryogenic-transmission electron microscopy (Cryo-TEM) investigations were performed with 

a Zeiss EM 902A instrument, operating at 80 kV and in the filtered mode at DE=O eV (only 

electrons without energy loss are used to produced the images). Digital images were 

recorded under low dose conditions with a BioVision Pro-SM Slow Scan CCD camera 

system. The preparation procedure has been described in detail in a recent review. 23 A 

climate chamber with controlled temperature (set to 25 °C) and humidity (relative humidity to 

approximately 99 %) was used. Thin films of sample solution were formed by placing a small 
drop of the liquid on a perforated polymer support film and blotting it with filter paper. Thin 

sample films (10-500 nm) spanned the holes in the support film. Immediately after, the 

samples were vitrified by plunging them into liquid ethane. Samples were kept below -165 
°C and protected against atmospheric conditions during both transfer and examination. 
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7.3 Results and discussions 

7.3.1 Small-angle neutron scattering 

7.3.1.1 Absence of KCI 

The scattering intensities of C18E18 micelles with varying concentrations (between 0.50 to 6.0 

wt%) at 25 °C are presented in Figure 6.1. It can be seen that as the concentration of non- 
ionic surfactant is increased the appearance of a structure peak is evident, revealing strong 
inter-micelle interactions. The CMC of this ethoxylate surfactant was measured elsewhere 24 

and it was found to be 0.00125 wt%; hence the scattering intensity is entirely due to micellar 

aggregates. In addition, as the surfactant concentration is increased the peak shifts to higher 

Q-values indicating that the micellar aggregates become closer to each other. 

Taking into account that inter-micellar interactions are significant in the range of 

concentration studied here, a spherical core-shell model 25,26 with polydispersity and a' 
Hayter-Penfold potential 27 were used. The core contains predominantly hydrocarbon chains 

and the shell poly(oxyethylene) head groups with associated water molecules. The model 
form factor is based on using concentric spheres. Each sphere is made up of a solute and 

solvent with three respective scattering length densities and volume fractions. A log normal 
distribution of sizes is used for the core and the shell and it was assumed that they have the 

same polydispersity. The inter-particle structure factor uses the Hayter-Penfold potential and 

the inner radius was chosen as the effective hard core sphere radius (therefore the charge is 

uniformly distributed on the surface of the core). This interaction potential is of the same 
functional form of as the Yukawa potential 28,29 used to describe non-ionic surfactants of the 

same family (compare equation 6.2 below with equation 4.27 in Chapter 4). 30 1 

dU exp[-K(r-d))] U(r) =°; r>d Equation 6.2 
r 

Where U. is the depth of the potential, x is the inverse range of the potential, d is the particle 
diameter and r is the distance from the surface. 

In the simulation of pure micelles the aggregation number is calculated using the inner 

sphere volume and the molar volume of the surfactant alkyl chain. Although it is possible to 

constrain the total number of head groups in the corona using the molecular formula this has 

not been done in this work. Instead, the volume occupied by the headgroups in the shell is 

floated to allow solvent penetration. However, when constraining the total number of 
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headgroups in the corona, similar fits to those shown here were obtained. The model is in 

good agreement with the experimental data as shown in Figure 6.1. The insert in Figure 6.1 

shows the log-log plot of the experimental data. 
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Figure 6.1. Scattering curves for C, eE18 micelles at 25 °C. The error bars are of the same size of the 

data points. The solid lines represent the core-shell model with polydispersity and Hayter-Penfold 

potential. Insert: Logarithmic representation. 

In Table 6.1 the values of the fitting parameters used in this model are reported. The 

parameters in brackets were fixed during the fitting procedure. In order to calculate the 

volume fraction of core segments is was assumed the total volume fraction of the surfactant 
in solution is equal to the volume fraction of the micelles since the CMC of the surfactant is 

extremely low. The volume of the alkyl chain was calculated by using its molecular weight, 

the Avogadro's number and the density of the alkyl chain. It was found that for a total volume 

fraction of surfactant in the solution of 0.01 (1.0 wt%) the volume fraction of core segments 

(volume of alkyl chains) is 0.003. This parameter was not fixed during the fitting procedure. 

However, the values are in good agreement with the calculated ones. 

It was found that the aggregates formed are spherical micelles with an average inner and 

outer radii of approximately 26.1 ± 1.2 A and 39.6 ± 0.7 A, respectively. These radii are in 

the range of values reported in the literature for alcohol ethoxylate micelles. 27 " 

99 

0.01 Q/(A-1) 0.1 



Chapter 6: Mixtures of EHAC and C, 1E, a 

In addition, from Table 6.1 it can be seen that the model uses the Debye length and the 

electronic charge on the ionic particle as a representation of the interaction between 

particles. For the C18E, 8 non-ionic surfactant these two parameters represents a 

measurement of the range and the depth of the inter-micelle interaction, respectively. This is 

considered valid since the Hayter-Penfold potential and the Yukawa potential have the same 
functional form as mentioned previously. Then, from Table 6.1 it can be seen that the Debye 

length (range of the interactions) decreases as the concentration increases and the surface 

charge tends to increase with non-ionic surfactant concentration. On the other hand, the 

polydispersity of the system is independent of surfactant concentration. 

In order to estimate the validity of the geometric parameters obtained from the model it is 

useful to make a comparison with theoretical values. Thus, it is possible to estimate the 

maximum effective tail length of a saturated hydrocarbon chain of n« embedded carbon 

atoms (n, = 17 for C18E18). The length (Q is given in angstroms by the following expression 

established by Tanford. 34 

I 1.5 + 1.265n Equation 6.3 

From Equation 6.3, the chain length of the alcohol ethoxylate is found to be -23 A. The fact 

that the non-ionic surfactant has a broad distribution of chain lengths may account for the 

larger value obtained from neutron scattering fitting. 
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In addition, to give an order of magnitude of the shell thickness, we can also compare the 

value with the radius of gyration of a polymer chain by using Equation 6.4.35 

Rg = av M x10-4 nm Equation 6.4 

Where a is equal to 343 and M is the molar mass of the ethylene oxide chain relative to 

atomic hydrogen (dimensionless). This relationship gives a radius of gyration of 
approximately 10 A. If R9 is calculated from the expression used by Borbely et al. 32 the same 
value is obtained. The thickness of the shell is expected to be comprised between one and 
two radii of gyration. From the core-shell model with the Hayter-Penfold potential and 
polydispersity it was found that the thickness of the shell was 13.6 A, which is an 
intermediate value between R. and 2R9. 

Figure 6.2 shows the scattering curves obtained at 25 °C for the ionic/non-ionic surfactant 
mixtures in the absence of salt. The scattering from pure EHAC spherical micelles is also 

plotted for comparison. The insert in Figure 6.2 is a logarithmic representation. The 

concentration of C18E, 8 was varied from 0.50 wt% to 6.0 wt% and the concentration of EHAC 

was fixed at 4.5 wt%. Very similar trends to the previous system can be observed. A 

structure peak is clearly seen for all surfactant concentrations, which moves to higher Q- 

values as the non-ionic surfactant concentration is increased. Between 0.50 wt% and 2.0 

wt% C18E18 the addition of C18E18 does not alter the scattering intensity significantly. These 

mixed spherical micelles are well described by the core-shell model with a Hayter-Penfold 

potential and polydispersity. As shown in Figure 6.2, there is a good agreement between the 

experimental data and the core-shell model. 
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Figure 6.2. Scattering curves at 25 °C for the cationic/non-ionic surfactant mixtures in the absence of 

salt. EHAC concentration is fixed at 4.5 wt%. The error bars are of the same size of the data points. 
The solid lines represent the core-shell model with polydispersity and Hayter-Penfold potential. Insert: 

Logarithmic representation. 

In Table 6.2, the inner and outer radii obtained for the mixed 4.5 wt% EHAC/C, 8E1e spherical 

micelles using the core-shell model were reported as well as all the other parameters used in 

the calculation. The values in brackets were fixed during the fitting procedure. At the 

extremes of the table the values for EHAC and C, 8E1e spherical micelles are shown for 

comparison. The calculation of the volume fraction of the core segment was done as 
describe previously for each surfactant. It was found that for a total volume fraction of EHAC 

in the solution of 0.052, the volume fraction of core segments for this surfactant was 
determined to be 0.039. The previous values apply for the non-ionic surfactant. The total 

volume fraction of the core segments is simply the addition of these two values. However, 

this parameter was not fixed during the fitting procedure as its calculation is based on 

several assumptions. It was found that slightly lower volume fractions of the core segments 

gave better fits. 

The scattering length density of the core and the shell were calculated taking into account 

the contribution of both surfactants. Knowing the scattering length density of the tail and the 

head of the pure surfactants (Table 6.1 and Table 5.5) and the volume fractions in the core 
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and shell for both of them, one can determine an average scattering length density (SLD) for 

the core and the shell of the mixed micelles by using the following relationship 

,ý 
Equation 6.5 

Y'EHAC. 
SLDEHACSLDM 

ea = 
,ý 

Jý(cge'sSLDc 
OT. 

I., 
OTwa! 

Where Oot is the total volume fraction of surfactant in solution. 

From Table 6.2, it is clear that as the concentration of the non-ionic surfactant is increased 

the inner radius decreases and the outer radius increases. Both parameters tend to the 
C18E18 spherical micelles values for the inner and outer radii. This implies that mixed 

spherical micelles of EHAC / C18E18 are formed in solution. In addition, the radii for the mixed 

micelles up to 2.0 wt% C18E18 does not show a significant change, suggesting that it is above 
4.0 wt% where the non-ionic surfactant has an influence on the micellar size, this 

corresponds to 1: 2.5 C18E18/EHAC molar ratio. In Figure 6.2, it can be seen that there is a 
jump in the scattering intensity. It may be that more non-ionic surfactant is incorporated into 

the spherical micelles. This is supported by other SANS experiments where two surfactants 

were alternatively contrast-matched to the solvent (Following chapter). 

In addition, it can be seen from Table 6.2 that as the concentration of non-ionic surfactant 
increases in the solution the surface charge on the spherical micelles increases. In contrast, 
the Debye length decreases indicating that the potential between micelles is falling more 

rapidly. Thus, the micelles are closer to each other and as a consequence the inter-micellar 

interactions increase as well as the surface charge. 
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7.3.1.2 Addition of KCI 

Figure 6.3 shows the scattering curves at 25 °C for wormlike micelles with 4.5wt% EHAC, 

4.0 wt% C18E18 and varying KCI concentrations. It can be seen that upon addition of KCI the 

structure peak is gradually smoothed out and the scattering intensity at low Q-values 

increases. This is characteristic of a change from spherical micelles to short rodlike micelles. 

The addition of the electrolyte promotes uniaxial growth by screening the electrostatic 

interactions between the ionic headgroups (EHAC). However, the structure peak is always 

visible in this system indicating that short wormlike micelles with weak interactions are 

formed. 
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Figure 6.3. Scattering curves at 25 °C for mixed wormlike micelles with 4.5 wt% EHAC and 4.0 wt% 

C18E, 8 varying KCI concentrations. Insert: Scattering curves for 4.5 wt% EHAC at 25 °C varying salt 

concentration. The error bars are of the same size of the data points. 

The insert in Figure 6.3 shows the scattering curve for 4.5 wt% EHAC with 2.0 wt% and 6.0 

wt% KCI at 25 °C. In contrast, for the same salt concentration, no structure peak is observed 

in this system, as the interactions between EHAC headgroups are screened and long 

wormlike micelles are formed. ' Therefore, the presence of the non-ionic surfactant in the 

system has a major effect on the formation and growth of the wormlike micelles, as seen 
from the scattering curves. For a concentration of 4.0 wt% C18E18, the system requires higher 
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concentrations of KCI (> 6.0 wt%) to screen the interactions between the scattering centres. 

The non-ionic surfactant clearly suppresses the formation of long wormlike micelles, which is 

a novel way of controlling the micellar contour length. 

The scattering curve from the lowest salt concentration was fitted to a polydisperse core- 

shell model with a Hayter-Penfold potential (Figure 6.4) as it is in the limit before the 

formation of short rodlike micelles and there is no upturn in the scattering curve at low Q- 

values. The results obtained are reported in Table 6.3. The values for the same surfactant 

compositions without added salt are reported for comparison. 
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Figure 6.4. Scattering curves at 25 °C for mixed spherical micelles with 4.5 wt% EHAC and 4.0 wt% 

C, SE18 varying KCI concentration. The error bars are of the same size of the data points. The solid lines 

represent the core-shell model and Hayter-Penfold potential. 

The results confirm that the structures formed are spherical micelles with an inner and outer 

radii of 28.8 ± 0.4 A and 39.2 ± 0.2 A, which are in the range of values obtained in the 

absence of KCI for the mixtures of the two surfactants (Table 6.2). However, it can be 

noticed that the inner radius approaches the length of EHAC hydrocarbon chain x 29 A and 

the outer radius tends to the C18E18 micelles outer radius. This suggests that slightly different 

wormlike micelles could be formed at higher salt concentration in the presence of C, 8E18. 
The threadlike micelles will have a core dominated by the hydrocarbon tail of the ionic 

surfactant (EHAC), which is longer than the C, 8E16 alkyl chain (23 A) and the outer radius will 
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be established by the poly(oxyethylene) headgroups, which are much larger than EHAC 

headgroups. 

From Table 6.3 it can be observed that the scattering length density of the solvent changed 
due to the presence of KCI (0.50 wt%) which was taken into account. Furthermore, the 

addition of a small amount of salt into the system caused an increase in polydispersity and a' 
decrease in the surface charge of the micelle, while the Debye length remains unaltered.: 
The electrolyte screens the interaction between micelles reducing the surface charge. The 

higher polydispersity may account to the fact that some of these micelles may be more 
oblate than spherical. 

Table 6.3. Fitting parameters obtained for mixed spherical micelles with 4.5 wt% EHAC and 4 wt% 
C18E1a using a core-shell model with Hayter-Penfold potential and polydispersity in the absence and 

presence of KCI. 

Parameter/ KCI No KCI 0.50 wt% KCI 

Instrumental Factor 11 

Volume Fraction of Core Segments 

Scattering length density of Solvent 

Inner Radius (A) 

Outer Radius (A) 

Scattering length density of the Core Segments (A' ) 

Scattering length density of the Shell Segments (K2) 

Polydispersity 

Background 

Scaler 

Surface Charge (zm) 

I /x (A) 

Q Resolution 

Volume Fraction in Shell 

x2 

(0.044) 

(6.38x10$) 

27.77 ± 0.42 

35.66 ± 0.50 

(-2.35x10'7) 

(5.59x10") 

(0.17) 

0.15 

(1) 

38.59 ± 0.32 

20.04 i 0.11 

(4.0x10') 

0.560 ± 0.004 

63.01 

0.0529 

(5.76x10$) 

28.75* 0.35 

39.25 ± 0.20 

(-2.35x10-7) 

(5.60x10'7) 

0.280 ± 0.001 

0.19 

(1) 

17.44 ± 0.07 

20.20 ± 0.07 

(3.0x10') 

0.600 ± 0.001 

19.56 

The scattering curves for 4.5 wt% EHAC with 6.0 wt% KCI with varying concentration of 
C1BE1g at 25 °C are shown in Figure 6.5. As the concentration of the alcohol ethoxylate is 

increased, the scattering intensity is seen to decrease and the formation of a structure peak 

occurs. This tendency is the reverse of the one shown in Figure 6.3, where upon addition of 
KCI, the structure peak became less pronounced. This indicates a change from long 
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wormlike micelles to shorter ones with stronger interactions. Results from Cryo-TEM 

experiments, showed that EHAC forms very long wormlike micelles at 2.0 wt% KCI and 

branched micelles at 6.0 wt% KCI. ' Instead, the addition of C, 8E1e promotes micellar 

breaking. The process in which this occurs is not well understood. There could be two 

qualitative interpretations; the first one is that mixed end-caps of non-ionic/ionic surfactants 

are formed thus lowering the end-cap energy and favouring the formation of short rods. 

Kwon et al. '6 studied mixtures of C12E5 and DMPC (DL-a-phosphatidylcholine dimynstoyl) 

and they detected the formation of mixed end-caps. The end-cap energy of the mixed 

micelles increased as more DMPC molecules were added into the C12E5 micellar solution, 

making the growth of the cylindrical middle part favourable and longer micelles were formed. 
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Figure 6.5. Scattering curves for 4.5 wt% EHAC with 6.0 wt% KCI at 25 °C varying the concentration of 
C, 8E, 8. The error bars are of the same size of the data points. 

The second interpretation is related to the screening of the interactions between EHAC 

headgroups. The incorporation of the non-ionic surfactant into the cylindrical body reduces 

the interactions between ionic headgroups, as they are further apart from each other 

assuming random mixing. Thus, higher salt concentrations are required to promote micellar 

growth. Following the arguments presented by Shiloach and Blankschtein et al. 1537 this 

suggests that the evolution of the micelle size with composition is caused by changes in the 

balance between the steric and electrostatic contributions to the free energy of micellization. 

The headgroup contribution to the free energy of micellization is dominated by the steric 

constraints of the ethylene oxide groups. These electrostatic contributions depend only on 
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the electrostatic characteristics of the surfactant head, such as the valence of the charge and 

its location in the surfactant head. Zheng et al. 2 observed a similar phenomenon in mixtures 

of a non-ionic amphiphilic copolymer and a non-ionic surfactant (C12E5). Cylindrical micelles 

of E021-EO35-EO21 switched to spherical micelles upon addition of C12E5. They explained 

that the block copolymer can be viewed as a polymeric colloidal particle (the core) grafted 

with polymer chain (the corona). These chains are in a stretched state that is not favourable 

for a polymer chain. The addition of short-chain C12E5 molecules acts as a spacer between 

polymer chains, allowing more room to relax to the coil state that occupies more area at the 

micelle surface. This favours the formation of structures with higher curvatures (spherical 

micelles). 

In Figure 6.6 the influence of ionic surfactant on the scattering intensity for the mixed 

micelles at two C1BE18 concentrations is shown. Here, the KCI concentration is kept constant 

at 6.0 wt%. The scattering intensity decreases with decreasing surfactant concentrations. 

This suggests that shorter wormlike micelles are formed in solution at lower EHAC 

concentration. The same effect can be seen as the non-ionic surfactant concentration is 

increased with the appearance of a structure peak. 
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Figure 6.6. Influence of the ionic surfactant EHAC in the scattering intensity for the mixed micelles at 

25 °C. The KCI concentration is fixed at 6.0 wt%. The error bars are of the same size of the data points. 
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7.3.2 Rheological measurements 

Steady-state rheological measurements were done on the mixed wormlike micelles and they 

are in good agreement with the small-angle neutron scattering experimental data presented 

in the previous section. Figure 6.7 shows typical rheograms for these viscoelastic gels 

containing 4.5 wt% EHAC and 1.0 wt% C1aE1e varying KCI concentration at 25°C. With the 

addition of Ct8E18 to aqueous solutions of EHAC the viscosity of the samples dropped and 

the rheological measurements at 25 °C were easier to perform within an experimental time 

scale. The rheological response becomes characteristic of a Maxwell fluid with a single 

relaxation time and a critical shear rate. 

It can be seen from Figure 6.7 that the rheological response displays a high viscosity region 

at low shear rates, in which the surfactant solutions have a Newtonian behaviour and a 

shear-thinning region at higher shear rates, in which the viscosity drops with an increase in 

shear rate. This behaviour has been found for other surfactant systems that form wormlike 

micelles. "' 1.12,3840 The Newtonian region has been interpreted as a result of the entangled 

wormlike micelles formed in solution. The small shear-thinning region, where the samples 

achieved the steady-state condition, is a consequence of the alignment of the wormlike 

micelles in the direction of the applied force. The dramatic drop In viscosity and the fact that 

the samples cannot reach the steady-state condition above a second critical shear rate 

suggest that shear-banding is taking place; where the formation of a stress plateau occurs. 
This phenomenon has been observed for many surfactant systems and pure EHAC. '. " 

More studies are required to understand this type of flow instability In this system. 

The Carreau model 22 (Equation 6.1) was used to obtain the low-shear viscosity (viscosity at 

the plateau, rho). It can be seen from Figure 6.7 that there Is a good correlation between the 

experimental data and the model. 
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Figure 6.7. Rheograms for samples containing 4.5 wt% EHAC and 1.0 wt% C18E18 varying KCI 

concentration at 25°C. 

In Figure 6.8 the behaviour of the low-shear viscosity as a function of KCI is observed for a 

sample containing 4.5 wt% EHAC with and without C18E18 at 40 °C. It can be seen that as 

the salt concentration is increased the low-shear viscosity increases, reaching a broad 

maximum and then decreasing at high ionic strength. The increase in low-shear viscosity 

has been explained in terms of micellar growth and the decrease is due to the occurrence of 

micellar branching, since the branching points can slide freely along the cylindrical body of 

the wormlike micelles and serve as stress release points. Thus, the resulting structure flows 

more easily (Chapter 5). 5,6,38,39,46 
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Figure S. S. Low shear viscosity as a function of KCI is observed for a sample containing 4.5 wt% 
EHAC with and without C, 8E, e at 40 °C. 

Additionally, it can be observed from Figure 6.8 that adding 1.0 wt% of non-ionic surfactant 

produces a significant drop in viscosity and shifts the maximum to higher salt concentrations. 

In contrast to pure EHAC wormlike micelles, the viscosity drops above 10.0 wt% KCI 

concentration is less pronounced. This may suggest that the convergence of these two 

curves at high salt concentration is caused by different factors. It was shown in the Chapter 5 

that at high ionic strength EHAC forms a saturated network of wormlike micelles with a 

number of three ways connections, resulting in a significant decrease in viscosity. On the 

other hand, SANS experiments on the EHAC/C18Et8/KCI system presented in the previous 

section have shown that the presence of the alcohol ethoxylate surfactant suppresses 

micellar growth and higher KCI concentrations are needed to form long wormlike micelles. 

Hence, this system at high ionic strength probably forms long wormlike micelles with fewer 

branches than pure EHAC with KCI. The latter may account for the slight drop in viscosity at 

high ionic strength on the mixtures. 

Figure 6.9 shows the low-shear viscosity as a function of satt concentration and temperature 

for a sample containing 4.5 wt% EHAC and 1.0 wt% C, 6E1e. It can be noticed that an 

increase in temperature causes a decrease in the low-shear viscosity. This is a consequence 

of a decrease in the contour length of the wormlike micelles with an increase in temperature 

according to the following expression. 5647-49 
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Here E, is the activation energy and 0 is the surfactant concentration. 

1000 

100 

N 10 
cD 
0 

O 

1 

0.1 

0.01 

Equation 6.6 

--0- 25 °C 
ýý 40 °C 

02468 10 12 14 

[KCI] / (wt%) 

Figure 6.9. Low-shear viscosity as a function of salt concentration and temperature for a sample 

containing 4.5 wt% EHAC and 1.0 wt% C1eE18. 

Figure 6.10 shows the influence of increasing the non-ionic surfactant concentration on the 

low-shear viscosity of a sample containing 4.5 wt% EHAC and 2. Owt% KCI at two 

temperatures. The insert shows the same system for a higher salt concentration (6.0 wt%) at 

a temperature of 40 °C. It can be observed that there is a gradual drop in the low-shear 

viscosity upon addition of C, 8E18. This tendency is in good agreement with the results 

obtained from the SANS experiments, where the appearance of a structure peak upon 

addition of C18E, 8 was observed (Figure 6.5). Both results suggest micellar breaking. Thus, 

by adding non-ionic surfactant to aqueous solutions of EHAC short wormlike micelles are 

formed and a weak rheological response is obtained which results in lower viscosities. 

9-. Aa1 a., _s... ,.... - r.. 
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Figure 6.10. Low-shear viscosity as a function of C18E18 concentration for a sample containing 4.5 wt% 

EHAC and 2.0 wt% KCI at two temperatures. Insert: Low-shear viscosity as a function of C, eE, e 

concentration for a sample containing 4.5 wt% EHAC and 6.0 wt% KCI at 40 °C. 

7.3.3 Cryo-transmission electron microscopy 

Cryo-transmission electron microscopy (Cryo-TEM) has been widely used to visualise 

surfactant aggregates formed in solution. In this way thin films of a liquid sample are 

prepared in a controlled environmental chamber, in which the sample is rapidly frozen and 

the water is vitrified. The structural details of the micelles embedded in it are not obscured, 

and one can observe the microstructure in an electron microscope with a cold stage that 

keeps the sample near the temperature of liquid nitrogen. By this method, the humidity and 

temperature of the system can be controlled accurately prior to rapid freezing. ' 78 salz 

Figure 6.11A and B shows direct images of vitrified samples of EHAC/C, 8E18 without KCI. 

Spherical micelles are observed represented by the black dots on the micrographs. The 

aggregates are very close to each other and accounts for the strong inter-particle 

interactions shown by small-angle neutron scattering data. Figure 6.11C shows a vitrified 

sample of EHAC/C16E18 with 0.50 wt% KCI. The black dots are still visible indicating that no 

wormlike micelles are formed. However, it is not possible to access the exact shape of the 
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aggregates from these images. Small-angle neutron scattering results (Figure 6.3) showed 

that there is a change in their size. 

Figure 6.11. Direct images of vitrified samples of 4.5 wt% EHAC and different C, 8E18. (A: 1. Owt% 

C, 8E18, B: 4.0 wt% C18E, e and C: 4.0 wt% C18E18 with 0.50 wt% KCI). Bar = 100 nm. 

Figure 6.12 shows Cryo-TEM images with samples containing 4.5 wt% EHAC, 6.0 wt% KCI 

and varying concentration of C18E, 8. When no C18E18 is present in the system, a typical 

network caused by branched wormlike micelles is observed. Several three-way connections 

can be detected in the micrograph (Figure 6.12A). At 1 
-0 wt% C18EI8 there is a change from 

branched wormlike micelles to linear wormlike micelles, similar to those found at 2.0 wt% 
7 KCI in the absence of alcohol ethoxylate (Figure 6.12B). At high C18E18 concentration (4.0 

wt%, Figure 6.12C) short rodlike micelles are form. It is clearly seen that the contour length 

of the threadlike micelles decreases upon addition of the non-ionic surfactant. This is in well 

agreement with the small-angle neutron scattering experimental data. From Figure 6.12C, a 
broad distribution of chain lengths is observed, suggesting a high polydispersity in the 

system. Experimental observation revealed that C18E18 solutions with added KCI had very 
low viscosities (water-like) and the salt precipitated with time. This suggests that the non- 
ionic surfactant does not tend to from rodlike micelles and it is mainly EHAC that drives the 

formation of the worms. 

It is important to remember that Cryo-TEM is a technique that gives a qualitative description 

of the structure of the aggregates formed in solution and does not give information about 
their sizes or concentration in the system. 
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Figure 6.12. Cryo-TEM images with samples containing 4.5 Wt% EHAC with 6.0 wt% KCI varying 

concentration of C18E18. (A: No C, 8E, e, B: 1. Owt% C, eE, 8 and C: 4.0 wt% C, eE, e). Bar = 100 nm. 

7.4 Conclusions 

Small-angle neutron experiments showed that the alcohol ethoxylate non-ionic surfactant 
formed spherical micelles up to a concentrations of 6.0 wt%, with an average inner and outer 

radii of 26.1 ± 1.2 A and 39.6 ± 0.7 A, respectively. Mixed spherical micelles were formed 

when adding the non-ionic surfactant to salt-free aqueous solutions of EHAC. The inner 

radius and outer radii of such mixed aggregates varied with the ionic and non-ionic 

surfactant concentrations. As the C18E18 concentration was increased the spherical micelles 

size tended to the size of pure C18E18 spherical micelles. In the presence of salt, it was 
demonstrated by three different and complementary techniques that micellar breaking is 

promoted by increasing the concentration of the alcohol ethoxylate non-ionic surfactant in 

aqueous solution of EHAC. In the SANS experiments, the appearance of a structure peak 

was obtained, from rheological measurements a significant drop in viscosity was observed. 
Cryo-TEM showed the formation of short rodlike micelles in good agreement with the SANS 

data and the rheological properties of the system. Due to this micellar breaking, higher salt 

concentrations were needed to promoted micellar growth. In conclusion, the combination of 
these techniques is a very useful tool to understand the changes in structure in mixtures of 
EHAC/C18E18 with and without KCI. 
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CHAPTER 8: Mixtures of erucyl bis(hydroxyethyl) methyl 

ammonium chloride (EHAC) and a deuterated alcohol 
ethoxylate non-ionic surfactant (d-C12E20) 

8.1 Introduction 

Mixed surfactant systems are encountered in many practical applications, from laundry 

detergent formulations to industrial and technological systems. By mixing different 

surfactants synergistic interactions can be exploited. ' Mixtures of Ionic and non-ionic 

surfactants are also interesting from a fundamental point of view as they often exhibit non- 

ideal behaviour. This non-ideal behaviour is influenced by differences In the sizes of the 

surfactant heads or the length of the surfactant tailS. 1,2 

The formation of wormlike micelles in mixed surfactant systems has been studied 

extensively and these systems include anionic/cationic surfactants, 34 anionicinon-ionic 

surfactants .2 *6 among others.? -" For the anionic/cationic surfactants mixtures, a significant 

enhancement in rheological properties has been observed, due to the attractive interactions 

between the surfactants headgroups that lead to synergistic micellar growth. An 

enhancement in rheological properties was observed by Oelschaeger et al. 8 in mixtures of 
two cationic surfactants, cetyltrimethylammonium chloride (CTAB) and the gemini surfactant 
12-2-12, at high ionic strength, and by Acharya et al.? in mixtures of short-EO-chains 

polyoxyethylene docecyl ether (CIA) and polyoxyethylene cholesterol ether (ChEO, ) 

surfactants. 

Mixtures of anionic/non-ionic surfactants can also show a completely different behaviour 

from the one just mentioned. Mixtures of sodium docecyl sulphate (SDS) and CIA have 

been studied by Shiloach et al. 2 and by Penfold et al. 6 This system showed a maximum in 

aggregation number upon addition of SIDS. Both studies have explained this behaviour in 

terms of a balance between the electrostatic and steric contribution from the surfactant 

headgroups. Firstly, there is a micellar growth due to the reduction of the steric Interaction 

between C12E8 headgroups upon addition of SIDS. However, at high SIDS concentration the 

repulsion between the SIDS head groups becomes important and leads to the formation of 

aggregates with higher curvatures. 

Mixtures of ionic and non-ionic surfactants can be used as a model for Oequilibrium 

polyelectrolytes" as proposed by Pedersen et al. 9 In their studies, the non-Ionic surfactant 

hexaethylene glycol mono-n-hexadecyl ether (CIBE6) was doped with 1-hexadecane sulfonic 
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acid. The effect of charge density on the micelle formation, growth and flexibility were 
Investigated. They found that in dilute solutions, there is an influence of the electrostatic 
Interactions on the micellar flexibility. For semidilute solutions, strong long range interactions 

occur at low ionic strength and induce liquidlike ordering, and the resulting structure factor 

peak exhibits the same concentration dependence as previously observed for 

polyelectrolytes. 

The aim of this chapter is to demonstrated the formation of mixed spherical and wormlike 
micelles by adding a non-ionic alcohol ethoxylate surfactant (d-Cl2E20) to aqueous solutions 
of erucyl bis(hydroxyethyl) methyl ammonium chloride (EHAC), with and without the addition 
of salt (KCI). Small-angle neutron scattering experiments (SANS) were performed and 
detailed contrast-matching methods were employed to highlight alternately each of the 

surfactants by varying the scaftering length density of the solvent. 

8.2 Experimental 

8.2.1 Materials 

The chemical structure of erucyl bis(hydroxyethyl) methyl ammonium chloride (EHAC) is 

shown below. 10 It was obtained from Schlumberger Cambridge Research Limited. The 

density of the surfactant is 950 kg. m3. (Quoted by manufacturer). 

CH2CH2OH Cl' 

CBH, 7 CHýH-C12H24 N-CH3 

CH2CH2OH 
N- j 

The deuterated alcohol ethoxylate surfactant, d-C12E20 used for the SANS experiments was 

synthesised by Dr RX Thomas at the University of Oxford. This non-ionic surfactant has an 

average ethoxylate chain length of twenty ethylene oxide units and an average alkyl chain of 
twelve carbon units. Its density was calculated from its hydrogenated form and was found to 
be 1045.7 kg. m3. 

CD 3-(C Dz )» -O (C D 2-C D 2-O) 2o- D 

Potassium chloride (KCI) was purchased from Aldrich with a purity of 99+wt%. Samples were 
prepared by weighing the appropriated amounts of surfactant, salt and deionised water from 
different stock solutions. The concentrations of the stock solutions were the following: 9 wt% 
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EHAC, 10 wtO/o cl-CUE2o, and 25 wt% KCL After mixing, the samples were left to rest 
overnight in order to remove any entrained air bubbles. 

The solutions made for the SANS experiments were prepared In deuterium oxide (D20) 
(GOSS Scientific Instruments Ltd. 99.9 atom weight %D) and In deionised water (1-120). 
Samples containing d-C12E20 only were prepared In delonised water. 

To confirm the formation of mixed micelles, the scattering length density of the solvent was 
matched to that of the two surfactants, alternately. To match the cationic surfactant (EHAC), 
92 wV/o H20 and 8.0 wt% D20 were required, whilst a 100 wt% D20 solution was used to 

match the scattering length density of d-C12E20. In addition, off-contrast solutions were made 
with a 50/50 wVY6 H20/D20 ratio, where both surfactants contribute to the scattered Intensity. 

All neutron data were fitted using a non-linear least-square fitting program INSANITY. " The 

indication of the goodness of the fit is given by the merit value, J, which Is minimized by the 
Marquardt Levenberg method. 

8.2.2 Small angle neutron scattering 

Neutron scattering experiments were performed on the SANS-11 instrument at the Paul 
Scherrer Institute, Switzerland and at the ISIS facility, Rutherford Appleton Laboratory, UK 
The sample-detector distances used on the SANS-11 instrument were 1.4 and 6.0 rn with a 
wavelength of 6.3 A, giving a 0-range between 0.007 A71 and 0.20 A71. The LOQ Instrument 

at ISIS uses incident wavelengths between 2.2 A and 10 A sorted by time of flight with a 

sample detector distance of 4.1 m. This gives a Q-range between 0.006 k' and 0.24 A71. 

The solutions were placed in quartz cells with a 1.0 mm path length. The cationic surfactant 

concentration was fixed at 4.5 wt%. The non-ionic surfactant concentration was varied from 

0.50 wt% to 2.0 wVlo, and the salt concentration was fixed at 2.0 wtO/o. The scattering length 

densities of EHAC and d-C12E20 are 6.07xl 0-9 Aý (including the counterions) and 6.30xl 0 

A72 respectively. The scattering length density of D20 and H20 is are 6.38xlO, 6 A72 and - 
5.60xl 0,7 Aý, respectively. The raw scattering spectra were corrected for background 

scattering, detector efficiency, empty cell scattering, transmission and electronic noise, and 

converted to differential scattering cross-sections (in absolute units of crn"') using the 

standard procedures. The experiments were performed at 2511C. 
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8.3 Results and discussions 

8.3.1 Aqueous solution of d-C12E20 

Figure 7.1 shows the scattering curves for the d-C12E20 non-ionic surfactant in H20 at 25 OC. 

The scattering intensity is seen to increase as the concentration of surfactant increases. 
There is a change in the shape of the curves indicating the generation of a structure peak; 
however, intermicellar interactions are still weak at the concentrations studied here. The 

experimental data were fitted using a polydisperse core-shell model with a Hayter-Penfold 

potential. The interaction potential of this model is of the same functional form as the 
Yukawa potential used to describe interactions between non-ionic surfactants. 12,13 The shell 

contains the poly(oxyethylene) headgroups with associated water molecules and the core 

contains predominantly the hydrocarbon chains. Therefore, the model contains a parameter 

which takes into account some penetration of the solvent in the corona layer, whereas the 

core contains predominantly the hydrocarbon chains. From Figure 7.1 it can be observed 
that there is a good agreement between the model and the experimental data, confirming 
that solution of d-C12E20 form spherical micelles. 
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Figure 7.1. Scattering curves for d-C12E20 micelles in H20 at 25 OC in the absence of KCL The solid 
lines are fits to the core-shell model with a Hayter-Penfold potential. 
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The values of the parameters obtained for d-C12E20 micelles are reported in Table 7.1. The 

parameters in brackets were fixed during the fitting procedure. A few assumptions had to be 

made to calculate the volume fraction of the core segments and the scattering length 
densities (SLD) of the core and the shell for this surfactant. The densities of the head and tail 

were obtained from their hydrogenated forms and used to calculate the SLID of the shell and 
the core, respectively. In addition, it was assumed that the volume fraction of the micelles in 

solution is equal to the volume fraction of the surfactant in solution. The parameters obtained 
from the fits gave an inner and outer radii of 16.8 ± 0.1 A and 36.5 ± 0.6 A, respectively. The 

values are in agreement with the ones reported In the literature for alcohol ethoxylate 
micelles. "' 

Table 7.1. Fitting parameters obtained for cl-C, 2122o spherical micelles in H20 using the core-shell 

model with Hayter-Penfold potential and polyclispersity at 25 "C. 

Parameters I d-C, 2E20 0.50 Wt% 1.0 Wt% 2.0 wt% 

Instrumental factor (1) (1) (1) 
Volume fraction of core segments (0-0005) (0.001) (0.002) 

Scattering length density of solvent (-5.60xlO'7) (-5.60xl 0-") (-5.60A 0-7) 
Inner radius (A) 16-98 ± 0.15 16.73 ± 0. i o 16.78 ± 0.03 
Outer radius (A) 37.31 ± 0.17 36.18 ±0.10 36-07 ±0.03 

Scattering length density of core segments (A -2) (6.69A 04) (6.69xl 04) (6.69x104) 

Scattering length density of shell segments (A-2) (6.85xl U) (6.85A 0') (6.85xlO') 
Polydispersity (0.17) (0.17) (0.17) 
Background (1) 

Scaler (1) 

Surface charge (zj 6.50±2.73 10.76 ± 1.27 13.10 ± 0.67 

1& (A) 24.48 ±8.2 21.38 ± 1.60 20.00 ± 0.62 

Q resolution (1.5x1 0'4) (1.5x104) (1.5xi 04) 

Volume fraction of shell 0.399 ± 0.001 0.434 ±0.001 0.418 ± 0.001 

X2 1.07 2.62 5.20 

Penfold et al. 14 studied C12En surfactants and used the core-shell model to fit the 

experimental data. They fixed the inner radius at 16.7 A, based on the length of an extended 
C12alkyl chain. In addition, it was expected to obtain a smaller Inner radius for the d-Cj2E20 

in comparison with the inner radius of the C, aE, a non-ionic surfactant micelles used In the 

previous chapter since its alkyl chain has 12 carbons. The shell thickness is bigger than for 

the CIBE18 micelles as expected and has a value of 19.7 ± 0.5 A, which Is between one and 
two radii of gyration for an ethylene oxide chain of 20 units (R. is 10.7 A). The radius of 

gyration (Rg) was calculated by using the following expression" 
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Rg = aV-M x 10-4 nm Equation 7.1 

Where a is equal to 343 for polyethylene oxide and M is the relative (dimensionless) molar 

mass of the ethylene oxide chain with respect to the atomic hydrogen. A similar value was 

obtained from the expression used by Borb6ly et al. '5 

8.3.2 Aqueous solution of EHAC/d-C12E20 without KCI 

Figures 7.2 and 7.3 show the scattering curves for samples containing 4.5 wt% EHAC and 

2.0 w% d-C12E20 at different contrasts. In Figure 7.2, the solutions are made in 100 wt% D20 

to match the scattering length density of the deuterated alcohol ethoxylate. Thus, only the 

scattering from EHAC is observed. Instead, in Figure 7.3 the scattering originates only from 

d-C12E20, as the scattering length density of solvent is matched to that of EHAC, rendering it 

invisible to neutrons (92/8 wt% H20/D20)- 
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Figure 7.2. Scattering curve from mixed spherical micelles, containing 4.5 wt% EHAC and 2.0 wt% d- 

C12E2o at 25 OC in D20. The scattering length density of the solvent is matched to the scattering length 

density of d-CUE2o. Thus, only the scattering from EHAC is observed. The solid line represents the fit 

obtained with the core-shell model with a Hayter-Penfold potential. 
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Again, the polydisperse core-shell model combined with a Hayter-Penfold potential was used 
to fit the experimental data. It can be seen from both figures that the model fits the data well 

at both contrasts. A sharp peak is seen in the data from both figures indicating the existence 

of strong interactions between the micelles. The long rage interactions from EHAC are 

mainly responsible for this structure peak. 

1.6 

1.4 

E 
U 

1.2 

1.0 

O In 92/8 wt% H20/D20 
(EHAC invisible) 

0.00 0.05 0.10 0.15 0.20 
Q/ (A-') 

Figure 7.3. Scattering curve from mixed spherical micelles containing 4.5 wt% EHAC and 2.0 wt% d- 

C12E2o at 25 OC in 92/8 wt% H20/D20. The scattering length density of the solvent is matched to the 

scattering length density of EHAC. Hence, only the scattering from d-C12E20 is observed. The solid line 

represents the fit obtained with the core-shell model with a Hayter-Penfold potential. 

In Table 7.2 the parameters obtained from the model for the mixed spherical micelles of 
EHAC/d-C12E20 are reported. The parameters in brackets were fixed during the fitting 

procedure. The scattering length density of the shell segments was set to the scattering 

length density of the visible surfactant headgroups. In addition, some solvent penetration, as 

well as the presence if the invisible chains, needs to be taken into account. This is done 

through the parameter "volume fraction in shell", which account for the volume occupied by 

the visible surfactant heads in the shell. The scattering length density of the shell used in this 

calculation is a weighted average of the scattering length density of the visible chains and 

the scattering length density of the solvent. The "volume of core segments" used in the 

model corresponds to the total volume fraction of surfactant tails in the dispersion, which is 

fixed. As before, the model considers a core fully occupied by the surfactants tails. The 
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scattering length density of the core is an average scattering length density between the tails 

of the two surfactants, which was calculated from the experimental volume fractions of each 
surfactant. This parameter was floated in the data fitting for this calculation. As can be seen 
from Table 7.2, the values obtained from the fits are the same at both contrasts. In addition, 
it Is possible to calculate the volume fraction of each surfactant in the core using this average 

scattering length density and the total volume fraction in corona known from the 

experimental data. The corresponding volume fractions of EHAC and d-C12E20 are 0.038 and 
0.002, which compare very well to the experimental values: 0.039 and 0.004, respectively. 
The latter were calculated assuming that the total volume fraction of surfactant in solution is 

equal to the volume fraction of micelles. Using the molecular weight of the alkyl chain, its 

density and the Avogadro's number it was possible to calculate the volume of the surfactant 
heads. 

The values obtained for the micellar size in the case where EHAC is visible (Figure 7.2) are 
in the same range of values reported for EHAC spherical micelles in Chapter 5, namely, a 
inner and outer radii of 28.0 ± 0.5 A and 33.6 ± 0.1 A, respectively. The surface charge and 
the Debye length are also in the same range of values for EHAC spherical micelles. 
However, the volume fraction in the shell (0.27) is lower than that of pure EHAC micelles 
(0.52) as a significant fraction is now occupied by the heads of the non-ionic surfactant and 

solvent. The volume fraction of the shell occupied by EHAC heads can be estimated from 

the number of surfactants molecules present in each micelle and the shell thickness. The 

resultant value obtained was 0.37, which is in relative agreement with the value obtained 
from the fit 0.27. 

The values obtained from fitting the scattering curve of 4.5 wt% EHAC/2. OwV/0 d-Cl2E2() with 
EHAC in contrast matched solvent are also reported in Table 7.2. The structural model is 

only approximate as in this case EHAC unsaturated tails are longer than the d-C12E20 alkyl 
tails. As EHAC is contrast-matched to the solvent, this creates Ohole" in the core structure 
(Figure 7.4). However, the model was found to be a reasonable approximation as the results 
were In good agreement with a core consisting mainly of EHAC tails and a shell dominated 
by the d-C12E20 headgroups. 

From Table 7.2, it can be seen that the inner radius is the same as when EFIAC is visible: 
29.1 ± 0.1 A. However, the resulting outer radius is much larger, 46.6 ± 0.1 A. These results 
clearly demonstrate the formation of mixed spherical micelles, in which, the micellar core and 
the shell are formed by a mixture of EHAC and d-C12E20 tails and heads, respectively. The 

core is dominated by EHAC unsaturated tails which are much longer than the d-C12E20 tails, 

while the shell size is determined by the larger ethoxylate headgroups of the non-ionic 
surfactant. The shell thickness is of the same order of magnitude as that of pure d-C12E20 

spherical micelles. Again, the volume fraction in the shell is lower than in the case of pure d- 
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C12E2o spherical micelles as not only solvent penetration has to be taken Into account but 

also the presence of EHAC heads, which occupy a significant volume In the shell. The 

volume fraction occupied by the d-C12E20 heads can be estimated from the number of 

surfactants molecules present in each micelle and the shell thickness. The value obtained Is 

o. 06, which is in prefect agreement with the one obtained from the fit. 

Figure 7.4 is a schematic representation of the volume fraction profiles and the resulting 
structures obtained from the data analysis taking into consideration the two conditions of 

contrast. For convenience, only half of the circle is represented, but the volume fractions 

apply to the whole micelle. 

Table 7.2. Fitting parameters obtained for 4.5 wVYc EHAC and 2.0 WVY6 d-C12E20 mixed spheriCal 

mioelles using the Core-shell Model with Hayter-Penfold potential and polyclispersity at 25 *C. 

Parameter 
Scattering from Scattering from 

d'C12E2o EHAC 

Instrumental factor 11 
Volume fraction of core segments (0.04) (0.04) 

Scattering length density of solvent (-5.97xl 04)b (6.38x10') 

Inner radius (A) 29.0± 0.1 28.0± 0.5 

Outer radius (A) 46.6 ± 0.1 33.6 ± 0.1 

Scattering length density of core segments (A-2) (6.42A e)8 (6.42xlO'7)0 

Scattering length density of shell segments (A2) (6.85xl 04) (2.82xie) 

Polydispersity (0.16) (0.16) 

Background (0.9) (0.1) 

Scaler (1) (1) 

Surface charge (z, ) 33.1 ± 0.8 32.3 ± 0.4 

1 hc (A) 24.9± 0.5 24.8 ± 0.2 

0 resolution (2.5xl O'ý (5.5xl O'ý 

Volume fraction of shell 0.061 ± 0.0004 0.27 ± 0.004 

X20.84 92 

(a) it was allowed to vary and then fixed (b) Within experimental error this matches the scattering length density of 

EHAC. 
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Figure 7.4. Schematic representation of the volume fraction profiles and the resulting structures 
obtained from the data fitting in the two conditions of contrast. Top: EHAC visible, Bottom: d-C12E2o 
Visible. Only the visible surfactant is represented in each case. The numbers shown are the volume 
fractions of EHAC (black boxes, underlined numbers) and those for d-C12E20 (white boxes). For 

convenience only half of the micelles are represented, but the volume fraction apply to the whole 
micelle. 

Figure 7.5 shows the scattering curve for a sample containing 4.5 wt% EHAC and 2.0 WO/o d- 

C12E20 at 25 "C in the off contrast condition. The sample was prepared in a 50/50 wt% ratio 
between D20 and H20. Thus, the scattering intensity is a contribution of the two surfactants. 
The core-shell model with a Hayter-Penfold potential was again used to fit the experimental 
data. As can be seen from Figure 7.5 there is a good agreement between the model and the 
SANS data. It reveals that the aggregates formed are spherical micelles with inner and outer 

radii of 30.9 10.5 A and 47.9 ± 0.3 A, respectively. These values are within the experimental 

error and compared very well with the values reported in Table 7.2. 
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Figure 7.5. Scattering curve for mixed spherical micelles containing 4.5 wt% EHAC and 2.0 Wt% d- 

C12E2o at 25 OC in the off contrast condition (50/50 wt% H20/D20). The solid line represents the fit to 

the core shell-model vOth a Hayter-Penfold potential. 

The values for the fitting parameters are reported in Table 7.3. In this case, the scattering 

length densities of the core and the corona were allowed to float. However, the values 

obtained are very close to the average scattering length densities calculated from the 

experimental volume fractions of the surfactant molecules in the core and shell, 4.49xi 0-7 A -2 

and 3.98 X10-6 X2, respectively. These results are consistent with the results from the other 

two conditions of contrast and agree with the formation of mixed spherical micelles. Again, 

the volume fraction of the heads occupy by EHAC and d-C12E20 can be estimated from the 

number of surfactant molecules present in each micelle and the shell thickness, the value 

obtained is 0.26 in relative agreement with the one obtained from the fit, 0.20. 
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Table 7.3. Fining parameters obtained for 4.5 wt% EHAC and 2.0 wt% d-C12E20 mixed spherical 

micelles using the Core-shell Model with Hayter-Penfold potential and polydispersity at 25 "C for the off 

contrast condition (50/50 wt% H20/1)20)- 

Parameter Off Contrast condition 
Instrumental factor I 

Volume fraction of core segments (0.04) 
Scattering length density of solvent (3.09A 0') 

Inner radius (A) 30.9± 0.1 

Outer radius (A) 47.9± 0.3 

Scattering length density of core segments (A -2) (4.14A 0-7)0 

Scattering length density of shell segments (A2) (3.83A 0')8 

Polydispersity (0.16) 

Background (0.49) 

Scaler (1) 

Surface charge (zm) 30.8 ± 0.3 

1 /K (A) 30.9± 0.3 

Q resolution (2.5x1 Oý) 

Volume fraction of shell 0.20 ± 0.004 

x21.83 
(a) tt was allowed to vary and then fixed 

8.3.3 Aqueous solutions of EHACId-CI2E20 with KCI 

Figure 7.6 shows the scattering curves for EHAC/d-C12E20 mixed micelles with 2.0 wt% of 
KCI at 25 OC. The solutions are made in D20 to match the scattering length density of the 
deuterated alcohol ethoxylate, as before, only the scattering from EHAC is observed. It can 
be seen that In the presence of 2.0 wt% KCI there is a change in the shape of the scattering 

curve: the structure peak observed in Figure 7.2 has disappeared and the scattering is now 

charactedstic of wormlike micelles. The electrolyte has screened the electrostatic 
Interactions between the ionic headgroups and promoted micellar growth. "' However, as the 

concentration of d-C12E12 increases, the scattering intensity decreases and a structure peak 
starts to form again at 2.0 wt% of d-C12E12. This is the same trend as the one observed for 

mixture of EHAC/CjeEja wormlike micelles (Figure 6.5 in Chapter 6): the addition of the non- 
Ionic surfactant promotes micellar breaking. The headgroups from the alcohol ethoxylate 
appear to separate the ionic headgroups from EHAC, effectively isolating the charges. In 

addition, the large headgroups of the alcohol ethoxylate create steric constraints, favouring 

the formation of micellar aggregates with higher curvatures. 2,19 
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Figure 7.6. Scattering curves for mixed wormlike mi0elles with 4.5 wt% EHAC with fixed KCI 

concentration of 2.0 wt% and varying concentration of d-C12E2o at 25 OC. The scattering length of the 

solvent is matched to that of d-C12E2o. Thus, only the scattering from EHAC is observed. 

Figure 7.7 shows the scattering curves for mixed wormlike micelles with 4.5 Wt% EHAC/2.0 

wt% d-C12E20 and 2.0 wt% of KCI at 25 OC. In this case, the solutions are made in a 92/8 Wt% 
H20/D20 ratio, matching the scattering length density of the cationic surfactant (EHAC). it 

can be seen from Figure 7.7 that as the concentration of d-C12E20 increases the scattering 

intensity also increases. This is the opposite effect to the one shown in Figure 7.6 where the 

scattering intensity decreased as the non-ionic surfactant concentration increased. As only 

the scattering from d-C12E20 is observed in Figure 7.7 the increase in intensity with the non- 

ionic surfactant concentration suggests that more molecules of d-C12E20 are incorporated 

into the wormlike structure. It is important to recognize that the non-ionic surfactant on its 

own does not appear to form cylindrical micelles at 2.0 wt% (Figure 7.1) even when KCI 

added to the system, and thus the sample with added salt had a very low viscosity (from 

visual observation). From these results, it can be concluded that mixed wormlike micelles are 

formed. These long surfactant aggregates would have a contour length smaller than pure 

EHAC wormlike micelles as the incorporation of the non-ionic surfactant promotes micellar 

breaking (Figure 7.6). 
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Figure 7.7. Scattering curves for mixed wormlike micelles 4.5 wt% EHAC, a fixed concentration of KCI 

of 2.0 wt% and varying concentration of d-C12E2o at 25 'C. The scattering length of the solvent is 

matched to that of EHAC. Hence, only the scattering from the d-C12E20 is observed. 

8.4 Conclusions 

Small-angle neutron scattering experiments demonstrated the formation of mixed spherical 

and wormlike micelles in solutions of a non-ionic surfactant and a cationic surfactant. In the 

absence of salt, the non-ionic surfactant d-C12E20 on its own and the mixture of EHAC/d- 

C12E20 formed spherical micelles in solution. The experimental data could be fitted using the 

core-shell model in combination with a Hayter-Penfold potential. It was found that mixed 

spherical micelles were formed, with an inner radius dominated by EHAC unsaturated tails 

and an outer radius dominated by the non-ionic ethoxylate headgroups. In addition, upon 

addition of salt the structure peak observed in the salt-free solutions disappeared indicating 

the formation of wormlike micelles. The non-ionic surfactant was incorporated into the 

wormlike micelles formed by EHAC, but led to the break-up of the worms into shorter ones. 
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Chapter 8: FloýNS on EHAC aqueous solufions 

CHAPTER 9: Flow-SANS investigations on erucyl 
bis(hydroxyethyl) methyl ammonium chloride (EHAC) 

aqueous solutions with added salt 

9.1 Introduction 

Wormlike micelles are self-assembly structures formed by surfactant molecules under 

certain thermodynamic conditions controlled by surfactant concentration, salinity, 

temperature, type of counterion, etc. In the semidilute regime, these wormlike chains form 

entangled viscoelastic networks and their properties are analogous to those observed In 

solutions of flexible polymers. However, unlike ordinary polymers, these wormlike micelles 

can break and recombine within a characteristic time (breaking time) and their micellar 
length obeys an exponential distribution. " As a result of the scission-recombination process 

and the polydispersity, the flow properties of these living polymers show characteristic flow 

behaviour. For example, if the scission-recombination process is rapid enough the 

rheological response of the system is well-approximated by a Maxwell model, with a single 

relaxation time. 4 

Several authors have reported a variety of shear-induced phenomena in wormlike micellar 

systems. For instance, the shear-thickening behaviour observed in dilute wormlike micellar 

solutions has been interpreted in terms of the growth of shear-induced structures (SIS). " 

Some authors have attributed the stress plateau found in the rheology of wormlike micellar 

systems as evidence of a shear-banded flow, which has been explained in terms of the co- 

existence of regions of different shear rate within the sample. 9 Others have Interpreted this 

stress plateau in terms of a transition between an isotropic state and a shear-induced 

nematic state-'() 

An important technique used to characterise different types of flow behaviour in wormlike 

micellar systems is small-angle neutron scattering under shear or flow-SANS. The 

penetration of neutrons through both the sample and flow cell allows the Investigation of 

changes in particle structure and orientation under shear. If the applied shear gradient 

exceeds the rotational diffusion coefficient of the micelles then they will align along the flow 

direction (usually horizontal). The whole sample then acts like a *molecular diffraction 

grating'. In other words, the scattering intensity is enhanced in one direction, perpendicular 
to the flow, and depressed in the other direction, parallel to the flow, giving rise to an 

anisotropic ubutterfly' scattering pattern. Along the vorticity direction, information across the 

diameter of the micelles is obtained and along the flow direction information on the length of 
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the wormlike micelles can be obtained. Penfold et al. 1 1-13 pioneered the application of the 
flow-SANS technique to study the shear-induced alignment of rodlike micelles. They also 
proposed a model to fit the scattering curves for aligned monodisperse and non-interacting 
micelles. In particular, they presented the effect of polydispersity, turbulence, flexibility and 
hindered rotation on the scattering patterns. One of the systems they studied was rodlike 
micelles of poly(oxyethylene) non-ionic surfactants. 14 They found that with an increase in 
temperature the micellar rod length increased and then decreased. This evolution was 
accompanied by subtle changes in rod flexibility, and was attributed to a modification in the 
Intra-micelle ethylene oxide (EO)-ethylene oxide interactions. 

Few flow-SANS studies have been conducted on cationic surfactants Hoffman et al. '5 

showed evidence of a shear-induced transformation of the micellar aggregates formed by N- 

hexadecylocty1dimethyl ammonium bromide (C16-C8DAB) in aqueous solutions. They found 

two types of micelles in equilibrium with each other. Micelles with a small axial ratio were 

responsible for the ring-like scattering pattern and the larger micelles gave rise to a sharp 

peaked structure in the scattering pattern. With increasing shear rate, this equilibrium is 

shifted to the larger micelles; a shear-induced state takes place where the small micelles 

grow into larger ones. 

Berret et al., 5 studied the shear-thickening transition in dilute surfactant solutions of 
cetyltrimethyl ammonium tosylate by means of rheology and flow-SANS. They found that the 

superposition of two coexistence states took place in the shear-thickening region, formed by 

a viscoelastic entangled network and a purely viscous state made of short aggregates. In 

addition, at higher shear rates an increase in orientation of these states resulted in a shear- 
thinning behaviour. 

Shear-induced phase separation or turbidity has been studied by Schubert et al. 16 in 

solutions of wormlike micelles formed by erucyl bis(hydroxyethyl) methyl ammonium chloride 
(EHAC) with two different types of salt. They found that this phenomenon occurs for 

solutions in which long-range concentration fluctuations are present and may contain 

predominantly branched micelles. The shear-induced turbidity of this system corresponds to 

the appearance of flow-dichroism in rheo-optics experiments and to an increase in low Q- 

range scattering in small-angle light scattering under flow (flow-SALS). The effect of shear is 

to orient these fluctuations along the vorticity direction, leading to a butterfly pattern. 
Unfortunately, these domains were too large to be detected by flow-SANS experiments. 
However, the scattering patterns obtained from the flow-SANS experiments showed trends 

that were consistent with shear-induced alignment of wormlike micelles. 

In this chapter, the results of flow-SANS experiments on viscoelastic solutions of erucyl 
bis(hydroxyethyl) methyl ammonium chloride (EHAC) with KCI are presented. The effect of 
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shear rate, temperature, added salt and surfactant concentration are Investigated. The 

scattering patterns are analysed by comparing the Intensity scattered in the two orthogonal 
directions (perpendicular and parallel to the flow). From these, an anisotropy factor was 
derived, which is an indication of the degree of alignment of the wormlike micelles. 

9.2 Experimental 

9.2.1 Materials 

The chemical structure of the viscoelastic surfactant erucyl bis(hydroxyethyl) methyl 
ammonium chloride (EHAC) is shown below. 2 It was obtained from Schlumberger Cambridge 
Research Limited. 

CH2CH20H Cl' 
1+ 

CsHj7-CH=CH-Cj2H24-N-CH3 
I 

I-H2t-H2UH 

potassium chloride (KCI) was purchased from Aldrich with a purity of 99+wt%. Deuterium 

oxide (D20,99.9 atom weight %D) was purchased from GOSS Scientific instruments Ltd. 
Samples were prepared by weighing the appropriated amounts of a 9.0 wt% surfactant stock 
solution, deuterium oxide and salt (as a solid) in this order of addition. After mixing, the 

samples were heated to 60 IIC in order to remove any entrained air bubbles. 

9.2.2 Steady-state rheology 

Steady-state rheological measurements were carried out on a controlled stress Bohlin 
instrument (CVO). The shear stress was varied between 0.06 and 80 Pa to obtain shear 
rates between 0.0003 and 1000 s7l. The shear stress dependence was monitored as a 
function of increasing and decreasing shear stress (up/down ramp). No effects of hysteresis 

were observed. A Couette geometry (C25) with cup 27.5 mm diameter, bob 25 mm diameter 

and height 37.5 mm was used for the high viscosity samples. Steady-state measurements 

were performed at 40 11C and given a delay time of 30 s and an Integration time of 200 s for 

each shear stress. A solvent trap was used to minimize changes in composition due to water 
evaporation. Two surfactant concentrations were used: 1.5 wtO/6 and 4.5 wt% and the salt 
concentration was varied from 2.0 wtO/6 to 12 wt%. 
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9.2.3 Small-angle neutron scattering under shear (Flow-SANS) 

Neutron scattering experiments under shear were performed at the ISIS facility, Rutherford 
Appleton Laboratory, UK. The LOQ instrument at ISIS uses incident wavelengths between 
2.2 A and 10 A sorted by time of flight with a sample detector distance of 4.1 m. This gives a 
Q-range between 0.006 A-' and 0.24 A-'. The samples were placed in a quartz Couette 

shear cell consisting of an outer rotating cylinder and a fixed inner spigot, with a cylindrical 
gap of 0.50 mm, which gives a total optical path length of 1.0 mm. A constant shear gradient 

along the gap is achieved since d << r (where d is the gap width and r is the Couette 

diameter). The shear rate applied was varied between zero and 100 s-1. An important feature 
is the rotating seal which prevents solvent loss due to evaporation, sample rejection and 
foaming. More details about the shear cell used at ISIS can be found elsewhere. 17,18 

The neutron beam was incident perpendicular to the flow direction and the two-dimensional 

scattering pattern was collected in the flow-vorticity plane (Figure 8.1). It was verified that the 

viscoelastic gels maintained a constant viscosity at a single shear rate by means of steady- 
state rheological measurements. Two surfactant concentrations were used: 4.5 wt% and 1.5 

wt% EHAC. The salt concentration was varied from 2.0 wt% to 12 wt%. The experiments 

were performed at three different temperatures 25,40 and 60 OC and controlled within ± 0.1 
OC. The scattering length densities of the surfactant and D20 are 6.07 x 10-9 A -2 (including 

the counterions) and 6.38 x 10-6A72 respectively. The raw scattering spectra were corrected 
for background radiation, detector efficiency, empty cell scattering, transmission and 

electronic noise by the standard procedures. 

shear cell 

neutons 

ý"j 
4% omomm 

ob «mume , am 

ýý ýý ýý 

Figure 8.1. Schematic representation of a flow-SANS experiment. Taken from ref. 19 

140 

ý, k-attering pattern 



Chapter 8: Flow-SANS on EHAC aqueous solutions 

9.3 Results and discussions 

9.3.1 Steady-state rheology 

Figure 8.2 shows the rheological response of aqueous solutions of EHAC for two surfactant 

concentrations (4.5 and 1.5 wt%) at a fixed salt concentration of 6.0 Wt% KCI and a 

temperature of 40 OC. The main features in Figure 8.2 are the high viscosity plateau region 

where the samples display a Newtonian behaviour, followed by a shear-thinning region 

which occurs beyond a critical shear rate. The shear-thinning region has been explained in 

terms of the alignment of the micellar aggregates in the direction of the flow. However, it was 

noticed that within a specific range of shear rates, these viscoelastic gels could not reach the 

steady-state condition and a drop in viscosity was recorded in the rheograms, leading to a 

stress plateau as explained in Chapter 5. In addition, the decrease of the low-shear viscosity 

observed at lower surfactant concentrations is due to the formation of wormlike micelles with 

shorter contour lengths. The solid lines are fits to the Carreau model, described in Equation 

5.1 in Chapter 5. 
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Figure 8.2. Rheograms obtained at 40 0C for two concentrations of EHAC at a fixed salt concentration 

of 6.0 wt% KCI. 
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Figure 8.3 shows the low-shear viscosity as a function of salt concentration at a fixed 

temperature of 40 OC and for the two surfactant concentrations studied in the flow-SANS 

experiments. The low-shear viscosity increases with salt concentration, reaching a broad 

maximum and then decreases at high ionic strength. This behaviour has been observed for 

other surfactant systeMS. 2,20-22 The increase in viscosity at low salt concentration is a 

consequence of micellar growth. The addition of electrolyte screens the interactions between 

the headgroups and promotes an increase in micellar length, which further gives rise to an 

entangled network of wormlike micelles at intermediate salt concentrations. The decrease in 

the low-shear viscosity at high salt concentration is the result of the formation of branched 

wormlike micelles as explained in Chapter 5. The branching points can slide along the 

23 cylindrical body and serve as stress release junctions, resulting in lower viscosities. Hence, 

the maximum in viscosity observed upon addition of salt corresponds to a shift from linear 

wormlike micelles to branched wormlike micelles. In addition, there is a decrease in the low- 

shear viscosity as the surfactant concentration is lowered, as seen in Figure 8.2. 
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Figure 8.3. Low-shear viscosity (, 7o) as a function of salt content (KCI) at a fixed temperature of 40 OC 

for two surfactant concentrations. 
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9.3.2 Flow-SANS 

9.3.2.1 Effect of shear rate 

Flow-SANS is a powerful technique that helped to understand the rheological response of 

aqueous solutions of EHAC with added salt, as it is possible to measure structural changes 

while shearing the samples. Contour plots of a sample containing 4.5 wt% EHAC with 6.0 

wt% KCI at 40 OC and varying shear rates are shown in Figure 8.4. At zero shear rate, the 

scattering pattern is isotropic, indicating that the wormlike micelles are randomly oriented in 

the solution. As the shear rate is increased, this patterns changes to what is known as a 

"butterfly pattern". This corresponds to an enhancement of the scattering intensity along the 

vorticity axis (perpendicular to the flow). The appearance of this anisotropy reveals the 

alignment of the anisometric micelles in the flow direction with increasing shear rate. These 

patterns are characteristic of solutions of wormlike micelles and have been observed by 

other authors. ", 6 Hence, the shear-thinning behaviour experienced by these viscoelastic 

gels is a consequence of their alignment in the flow direction. 
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Figure 8.4. Contour plots of a sample containing 4.5 wt% EHAC Vvith 6.0 wt% KCI at 40 'C with varying 

shear rate. 
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The scattering patterns, such as those in Figure 8.4, contain information about the degree of 
alignment of the wormlike micelles. However, in practice it is difficult to extract accurate 
quantitative information from such plots. In order to perform a simple quantitative analysis of 
these experimental data, it is convenient to consider the intensity in the two orthogonal 
directions, Q-parallel (Q11) and Q-perpendicular (QL). Q-parallel corresponds to the flow 

direction and 0-perpendicular to the vorticity direction. The scattering intensities in the two 

orthogonal directions were averaged over 60 degree vectors: from -30 to 30 degrees for the 

parallel direction and from 60 to 120 for the perpendicular direction, as shown in the contour 
plots presented in Figure 8.5. These angles were chosen in order to cover the scattering 
pattern in the region of interest. 
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Figure 8.5. Contour plots for the two orthogonal directions: Q-perpendicular (Q,, A) and Q-parallel (Q11, 

B) a sample containing 4.5 wt% EHAC and 6.0 wt% KCI at 40 'C and a fixed shear rate of 50 s-1. 

The scattering intensity curves for 0/1 and Q, obtained for one of the contour plots showed in 

the previous Figure 8.4 (shear rate of 50 s-) are shown in Figure 8.6. Clearly, the scattering 
intensity in the perpendicular direction is much higher than in the parallel direction. This 

anisotropy observed in the flow-SANS patterns can be quantified, through an anisotropy 
factor (AF) defined by 16 

Af - 

(I(Q)l 
-, (Q)11) Equation 8.1 

I(Q) 
J- 

The anisotropy factor was calculated for each data point at each shear rate as shown in the 

insert of Figure 8.6. In the high Q-region, above Q ý! 0.10 A', the determination of a reliable 

anisotropy factor was difficult, as the magnitudes of the two scattering curves are similar in 

this region. Therefore, the anisotropy factor was averaged over a Q-range between 0.02 - 
0.06 A". At rest, when there is no alignment, Af = 0, and when the micelles are perfectly 
aligned, Af = 1. 
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Figure 8.6. Scattering intensity curves in the two orthogonal directions: Q-perpendicular (Q. ) and Q- 

parallel (Q,, ) of a solution of 4.5 wt% EHAC and 6.0 wt% KCI at 40 OC and a fixed shear rate of 50 s- I. 

Insert: Anisotropy factor (Af) as a function of the scattering vector for three different shear rates. The 

solid lines represent the average value of Af plotted over the Q-range of interest. 

The values obtained for the anisotropy factor from the contour plots shown in Figure 8.3 are 

presented in Table 8.1. As expected, the anisotropy factor increases with an increase in 

shear rate indicating a better alignment. This has also been observed by Schubert et al. ' 6 on 

a similar system. Higher shear rates could not be achieved as the viscoelastic gels tended to 

foam. 

Table 8.1. Anisotropy factor (Af) values obtained from the contour plots showed in Figure 8.4 for a 

solution of 4.5 wt% EHAC and 6.0 wt% KCI at 40 OC. 

Shear rate (s") Af 

0 0.00 

5 0.20 ± 0.01 

10 0.30 ± 0.02 

50 0.72 ± 0.02 
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9.3.2.2 Effect of surfactant concentration at a fixed KCI concentration 

Figure 8.7 shows the anisotropy factor (Af) as a function of shear rate for two concentrations 

of EHAC at a fixed temperature of 40 OC and a salt concentration of 6.0 wt%. It can be seen 

that the anisotropy factor increases with increasing shear rate, indicating that the wormlike 

micelles are being oriented in the direction of the flow as explained above. In addition, the 

anisotropy factor is higher for the 1.5 wt% solution of EHAC than for the 4.5 wt% solution, 

over the entire range of shear rates studied. This behaviour can be explained by the 

difference in structure between the samples. In a solution of 4.5 wt% EHAC, branched 

wormlike micelles are formed with 6.0 wt% KC1. In contrast, at a surfactant concentration of 

1.5 wt% with 6 wt% KCI added, long wormlike micelles are present with fewer cross-links. As 

the wormlike micelles become branched it is more difficult to align them in the direction of the 
flow. The branching points are not chemically fixed and they slide along the wormlike 

micelles, behaving as a stress release junctionS. 23 Branching will result in the formation of a 
three-dimensional structure with no preferential direction and will impart mobility to the 

network making it harder to obtain an orientational state as compared to linear wormlike 

micelles. 
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Figure 8.7. Anisotropy factor (Af) as a function of shear rate for two concentrations of EHAC at 400C 

and for a salt concentration of 6.0 wt% KCL The solid lines are guide to the eye. 
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In contrast, if the salt concentration is lowered to 2 wt% KCI (corresponding to the left hand 

side of the viscosity peak in Figure 8.2), where linear wormlike micelles are formed at both 

surfactant concentrations, the anisotropy factor behaves differently from that shown in Figure 
8.7. At this salt concentration and for a constant shear rate of 10 s7l the opposite trend is 

observed: the alignment factor is higher for the 4.5 wt% EHAC solution than for the 1.5 wt% 
solution, as shown in Table 8.2. In this case, where only linear wormlike micelles are formed, 
their contour length plays an important role In the alignment the longer the wormlike 
micelles, the easier their alignment. At 2.0 wt% KCI added, longer wormlike micelles are 
formed at higher surfactant concentration, therefore the anisotropy factor is higher. 

Table 8.2. Anisotropy factor (Af) at 40 OC for two surfactant concentrations vvith 2.0 wt% KCI and for a 

shear rate of 10 sI. 

JEHAC] (wVlo) At 

4.5 0.88i 0.01 

1.5 0.34: t 0.02 

9.3.2.3 Effect of KCI concentration at a fixed surfactant concentration 

The salt concentration has a visible effect on the alignment of the wormlike micelles, as 

shown in Figure 8.8 for a solution of 4.5 wt% EHAC at 40 "C and at 10 t*'. In Table 8.3 the 

values of the alignment factor are shown for the various KCI concentrations used. An 

interesting behaviour is observed: the anisotropy in the scattering patterns is smoothed out 

as the salt concentration is increased. This is shown quantitatively through the anisotropy 
factor which decreases upon addition of KCI. Differences in structure may account this 

behaviour, as mentioned previously. With the formation of branches (6.0 wt% KCI) the 

Obutterfly pattern" is smoothed out, suggesting that it is more difficult to align branched 

wormlike micelles in comparison with linear wormlike micelles (2.0 wt'Yo KCI). Schubert et 

al. 16 applied shear rates up to 2000 s7l on a similar system and were able to observe a 
"bufterfly paftem" in branched wormlike micelles. In our system, higher shear rates could not 
be applied due to foaming of the samples, therefore this behaviour could not be verified. 
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Table 8.3. Anisotropy factor (Af) at 40 OC for a 
solution of 4.5 wt% EHAC at a fixed shear rate of 10 

S-1 and varying KCI concentration. 

KCI / (wt%) Af 

2 0.88 ± 0.01 

6 0.30 ± 0.02 

12 0.08 ± 0.02 

Figure 8.8. Contour plots and anisotropy factor (Af) at a and fixed shear rate of 10 s" for a sample 

containing 4.5 wt% EHAC and varying KCI concentration at 40 OC. 

9.3.2.4 Effect of temperature 

The influence of temperature on the two dimensional scattering patterns of a solution of 1.5 

wt% EHAC and 6.0 wt% KCI at a fixed shear rate (10 s-1) is shown in Figure 8.9. In addition, 
the values of the alignment factor are shown in Table 8.4 at different temperatures: 25,40 

and 60 OC. It can be seen that with an increase in temperature the "butterfly pattern" 
disappears and at 60 OC the scattering corresponds to an isotropic scattering pattern. This is 

reflected in the values obtained for the anisotropy factor, which decrease as shown in Table 

8.4. This tendency is in good agreement with the rheology data presented in Chapter 5, 

where the low-shear viscosity and relaxation time were seen to decrease with an increase in 

temperature. This is clearly a consequence of the decrease in contour length of the wormlike 

micelles with an increase in temperature. 2122 As the wormlike micelles decrease in length, 

their alignment is more difficult to achieve. In addition, the Brownian motion of the shorter 

worms is stronger, which tends to randomise the orientations. Hence, much higher shear 

rates are needed to cause a strong orientational state at higher temperatures. 
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Table 8.4. Anisotropy factor (Ar) of a solution of 1.5 

wt% EHAC with 6.0 wt% KCI at a fixed shear rate of 
10 s-' and varying temperature. 

Temperature / rC) Af 

25 0.74 ± 0.03 

40 0.50 ± 0.03 

60 0.09 ± 0.03 

Figure 8.9. Contour plots and anisotropy factor (Af) of a solution of 1.5 wt% EHAC with 6.0 wt% KCI at 

a fixed shear rate of 10 s-1 and varying temperature. 

9.3.2.5 High 0-regime: Kratky-Porod wormlike chain model approximation 

Figure 8.10 shows an example of a Kratky-Porod fit in the high Q-regime for a sample 

containing 4.5 wt% EHAC with 6.0 wt% KCI at 40 OC. The shear rate is fixed at 10 s". It can 
be observed that there is a good agreement between the model and the experimental data, 

From this approximation the cross-sectional radius of gyration (Rgxs) and the mass per unit 
length (ML) of the wormlike micelles can be found. Their values are tabulated in Table 8.5 for 

the same sample at different shear rates and fixed temperature of 40 OC. Rg.,, and ML are in 

the range of values reported in literature . 
24'26 The parameters in brackets were fixed during 

the fitting procedure. The scattering length density of the solvent was calculated considering 

the effect of salt concentration in the system. From Table 8.5 it can be noticed that the cross- 

sectional radius of gyration and the mass per unit length are not significantly influence by an 
increase in shear rate. Similar values were found for different temperatures, surfactant and 

salt concentrations. 
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Figure 8.10. Kratky-Porod fit in the high Q-regime for a sample containing 4.5 wt% EHAC with 6.0 wt% 

KCI at 40 OC. The shear rate is fixed at 10 s-1. 

The cross-sectional radius of gyration (R,,,, ) is related to the micellar cross-sectional radius 
. 27,28 (r,, ) by the following expression. 

r,., =V-2Rg, x. v Equation 8.3 

Using this expression and the values reported in Table 8.5 a value of r,, can be calculated. It 

was found that the cross-sectional radius of the wormlike micelles formed by EHAC in the 

presence of KCI is approximately 27.8 ± 0.3 A. This is very similar to the value reported by 
2 Raghavan et al. and the one given in Chapter 5 within the experimental error. 
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Table 8.5. Cross-section radius of gyration (Rgxs) and mass per unit of length (ML) obtained from the 
Kratky-Porod model for a sample containing 4.5wt% EHAC with 6.0 wtIY9 KCI at 40 OC varying the shear 
rate. 

Parametem 0.0 8*1 5.0 8*1 108" 50 8*1 
Scattering length density of Solvent 

(A-2) (5.83 xI O'ý (5.83 x 104) (5.83 x 104) (5.83 x 104) 

Concentration (kg/m) (50.77) (50.77) (50.77) (50.77) 
Rg,, s (A) 19-80i 0.06 19.73 t 0.07 19-72 ± 0.07 19.27 ±0.09 

M, X 10-13 (gr/=) 3.34±0.01 2.91 :t0.03 2.86 ±0.03 2.86 ±0.03 
Background (0.1) (0.1) (0.1) (0.1) 

x2 1.8 1.6 1.2 1.8 

9.4 Conclusions 

The effect of shear rate. surfactant concentration, temperature, and salt on aqueous 
solutions of erucyl bis(hydroxyethyl) methyl ammonium chloride (EHAC) were investigated 

by means of flow-SANS and steady-state rheology. Rheological measurements showed a 

strong dependence of the low-shear viscosity on the salt concentration. A broad maximum In 

the viscosity curve against KCI concentration was observed and explained in terms of a shift 
from linear wormlike micelles to branched wormlike micelles (Chapter 5). The results of flow- 
SANS experiments were analysed by calculating an anisotropy factor (At) from the ratio of 
the scattered intensity in the two orthogonal directions. A, was found to Increase with 
increasing shear rate and a abufterfly pattern* was observed, which is characteristic of 

wormlike micelles aligning in the flow direction. In addition, the anisotropy factor at a fixed 

shear rate decreased with increasing temperature, due to the formation of shorter wormlike 

micelles. The formation of branches was found to play a critical role on the alignment of the 

wormlike micelles. The results suggested that solutions of linear wormlike micelles forming at 
low KCI concentration (< 6.0 wt%), have a higher anisotropy factor than branched wormlike 

micelles, which form at higher salt concentration (Z: 6.0 wt%). The same effect was also 

observed when varying the surfactant concentration to obtain the same structures. In other 

words, long wormlike micelles are more easily aligned than the three-dimensional network 

formed by branched micelles. A cross-sectional radius of - 27.8 A was found using the 

Kratky-Porod approximation and its value was not significantly influence by a change in 

temperature, shear rate, surfactant and salt concentration. In conclusion, steady-state 

rheology and flow-SANS helped to elucidate the effect of key variables on the properties of 
EHAC aqueous solutions. 
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CHAPTERIO: Conclusions and further work 

10.1 Overall conclusions 

This thesis is concerned with the influence of surfactant concentration, added salt, 
temperature and shear on the properties of viscoelastic wormlike micelles aqueous 

solutions. The combination of small-angle neutron scattering (SANS), steady-state and 
dynamic rheology, and cryo-transmission electron microscopy (Cryo-TEM) has proven to be 

a useful tool to understand wormlike micellar systems and to correlate their strong 

viscoelastic response with the nanoscale structures formed in solution. 

The main surfactant used in this investigation was erucyl bis(hydroxyethyl) methyl 
ammonium chloride (EHAC). It was demonstrated, that the rheological response of this 

system is a consequence of the changes in the structure of the aggregates formed in 

solution. In salt-free solutions, spherical micelles were formed while wormlike micelles grew 
upon addition of salt due to the screening of the interactions between EHAC headgroups. 
This was reflected in the low-shear viscosity, which strongly depends on salt concentration, 
surfactant concentration and temperature. Upon salt addition, the low-shear viscosity 

reached a broad maximum, and then decreased at high ionic strength (> 6.0 wto/o KCI). 
Furthermore, the structure peak observed in the SANS scattering curves gradually 
disappeared with increasing salt concentration. Both results demonstrated the formation and 

growth of wormlike micelles. At high ionic strength, a multi-connected network with 3-way 

connections was formed and verified by Cryo-TEM images. The branching points formed are 

mobile junctions that may serve as a stress release points causing a drop in the viscosity of 
the system. In addition, both the relaxation time and the low-shear viscosity followed an 
Arrhenius type behaviour with temperature which is related to decrease in the wormlike 

micellar length. It was demonstrated by dynamic rheology that EHAC viscoelastic gels 
behave as Maxwell fluids having a single relaxation time. The reptation model proposed by 

Cates was used to explain this rheological response and proved to be in good agreement 

with the results. Moreover, the core-shell model with Hayter-Penfold potential (salt-free 

solution), the Kratky-Porod wormlike chain model approximation (high-0 range) and the 

Pedersen-Schurtenberger model (dilute solutions of wormlike micelles) used to fit the SANS 

scattering curves proved to be in good agreement with the experimental data. 

Aqueous solutions of EHAC were also studied by small-angle neutron scattering under shear 
(flow-SANS). The effect of shear rate, temperature, salt concentration and surfactant 

concentration were investigated. The experimental data was analysed in terms of an 

anisotropy factor. The appearance of a Obutterfly" pattern was observed with Increasing 
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shear rate In conjunction with an increased in the anisotropy factor obtained from the 

scattering intensities In the two orthogonal directions. Both results indicated the alignment of 
the wormlike micelles in the flow direction. In addition, the anisotropy factor was seen to 
decrease with an Increase in temperature due to the formation of short wormlike micelles. An 
Interesting finding was the influence of the formation of branches on the alignment of the 

wormlike micelles, in which, it was observed that linear wormlike micelles have a higher 

anisotropy factor than branched wormlike micelles. This trend was also observed when 
varying the surfactant and salt concentration. 

Mixtures of EHAC with alcohol ethoxylate non-ionic surfactants; were studied by small-angle 
neutron scattering and steady-state rheology. Two non-ionic surfactants, from the same 
family were used: Cj8Eje and d-C12E20 (deuterated surfactant). It was found that in the 

absence of salt the non-ionic surfactants; on its own and the mixtures of EHAC/C,, En formed 

spherical micelles in solution. It was found through contrast-matching variation studies that 

mixed spherical micelles were formed having an inner radius dominated by EHAC 

unsaturated tails and an outer radius dominated by the alcohol ethoxylate headgroups. In the 

presence of KCI, wormlike micelles were formed. However, the non-ionic surfactant was 
incorporated into the wormlike structure and due to the steric constraint caused by the large 

ethoxylate headgroups micellar breaking was promoted. This was reflected in the rheological 

response of the system, in which the low-shear viscosity was seen to decrease with an 
increase in non-ionic surfactant concentration. Cryo-TEM images also proved the formation 

of short rodlike micelles. This is a novel way of controlling micellar length. These short 
rodlike micelles can be used for example as a model for polyelectrolytes. 

10.2 Further work 

Another way of getting information on the microscopic topology of the wormlike micelles is to 

measure the self-diffusion coefficient, which can be conveniently determined by Fourier 

transform pulsed-field-gradient spin-echo NMR. Two relevant mechanisms can occur the 

micellar diffusion and the surfactant molecule diffusion on the micelles. One would expect for 

the micellar diffusion coefficient to follow an opposite trend to the one observed for the low- 

shear viscosity upon addition of salt a decrease in self-diffusion coefficient, going through a 

minimum, and then followed by an increase upon addition of salt. In the literature some work 
has been done in this area for different surfactant systems. 1-4 

Light scattering experiments are also used to study wormlike micellar systems. The Q-range 

obtained In SANS experiments can be extended to lower Q-values and information about the 

apparent molar mass and the apparent radius of gyration of these systems can be obtained. 
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Mixtures of colloids and wormlike micelles are Interesting systems that have not been 

explored in detail. Petekidis et al. 5 studied equilibrium phase behaviour and non-equilibrium 
particle aggregation in a mixture of charged colloidal particles and Ionic wormlike micelles. 
The wormlike micelles were formed by mixing the anionic surfactant sodium lauryl ether 

sulfate (SLES) and the zwittedonic surfactant coco-amidopropylbetaine (CAPB). They found 

that the phase behaviour can be rationalised In terms of a depletion mechanism, In which the 

wormlike micelles serve as the depletant 

In the literature, it has been shown that quaternary ammonium surfactants with certain 
counterions are very effective drag reducers in turbulent flow. Therefore, the properties of 
EHAC as drag reducer can be explored and new applications for this surfactant could be 

found. Lu et al. 6 studied the relations among the viscoelasticity, apparent extensional 

viscosity, drag reduction and microstructure by comparing results from drag reduction 

experiments, rheometry (extensional viscosity) and Cryo-TEM on cetýtrimethylammoniurn 

chloride (CTAC) with three different chlorobenzoate counterions. It was found that each 
isomer showed different types of rheological and drag reduction behaviour due to the 
differences in micellar structure. In solutions were wormlike micelles were fon-ned good drag 

reduction properties and high apparent extensional viscosity were observed, while in 

solutions that formed spherical micelles no drag reduction and low apparent extensional 
viscosity were obtained. Similar experiments can be performed on EHAC viscoelastic 
aqueous solutions. 

The appearance of a stress plateau above a second critical shear rate was observed during 

the rheological measurements on EHAC viscoelastic: aqueous solution (steady-state 

condition not reached). This behaviour was linked to the shear banding phenomena. 
However, more studies are required to understand this type of flow instability in this system. 
For example, Berret et al. 7 performed transient stress and birefringence measurements on 

wormlike micelles solutions formed by cetyltrimethylammonium bromide (CTAB) with salt. 
They found that three well-defined relaxation times after a strain rate step between two 

banded flow states on the stress plateau. They have related this time scale to three 

qualitative different stages in the evolution of the bands and the Interface between them. 
Similar experiments can be performed on EHAC aqueous solutions. The effect of 
temperature, salt and surfactant concentration can be analysed. 
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APPENDIX A. 

A. 1 Fundamental concepts of rheology " 

A. 1.1 Deformation 

Deformation is the process of changing the relative positions of the parts of a body. The 

deformation of a body can be arbitrarily divided into two types of deformation: (1) 

spontaneous reversible deformation called elasticity and (2) Irreversible deformation called 
flow. The work used in deforming a perfectly elastic body Is recovered when the body is 

restored to its original undeformed shape whereas the work used in sustaining a flow Is 

dissipated as heat and is not mechanically recoverable. Elasticity corresponds to the 

mechanically recoverable energy and viscous flow to the conversion of mechanical energy 
into heat Shear is an important type of deformation in rheology. Simple shear can be 

considered as a process in which infinitively thin, parallel planes slide over each other, for 

example, a pack of rigid cards. 

If the deformation is carried out infinitively slowly, there will be no viscous conbibution and 

only the elastic effects will show up. On the other hand, In continuous, steady-state flow at a 

uniform rate there will be no elastic contribution and the entire effect will be viscous. 

A. 1.2 Stress and strain 

The stress is defined as the force divided by the area over which it is applied. If this force is 

perpendicular to the area an extensional stress is applied. However, if the force is 

tangentially to the area a shear stress is applied. Quantitative rheology is concerned with 

stress-strain-time relationships. 

Elastic deformation is usually expressed In terms of a strain, which can be defined In an 

elementary manner as a relative deformation, for example, a body subjected to a uniform 
hydrostatic pressure, the strain is the relative change In volume (aV / V); and in the case of a 

rod being pulled in the direction of its longitudinal axis, it is the relative change In 

length(azlz). Depending on the direction of the applied force the strain will be defined as 

extensional or a shear strain. The deformation resulting In a change of shape of a body Is 

called distortion. Figure A. 1 illustrates these definitions. 

157 



Appendix A 

There are several characteristics to note from Figure A. 1, the elastic modulus (G) is 

constant at small stresses and strains. This linearity gives Hooke's Law, which states that 

the stress is directly proportional to the strain. At high stresses or strains, non-linearity is 

observed. Strain hardening is the increase in modulus with increasing the strain and strain 

softening is decrease in modulus with decreasing the strain. It is important to bear in mind 

that the stress and strain are tensor quantities and not scalar. Details of these characteristics 

can be found in the literature. 3 

-dx 
(a) 

AL 
z 

(b) 

J 
Strain cr=dz/z 
Stress c= F/xy 

Young's Modulus 
Y= d (y /dF, 

a, Stressc = F/xy 

Strain y= Axtx =- a 
jWa 

2 
a/2 = a, = a2 

Shear Modulus G= d cr /d y 

Figure A. 1. (a) Extensional strain at constant volume where E=y,, = (7xx + yyy). (b) Shear strain where 

yzz = yxx = yyy. Figure adapted from ref 1. 

A. 1.3 Rate of strain and flow 

When a fluid is studied by the application of a stress, motion is produced until the stress is 

removed. The rate of strain is the change in velocity of flow with a distance measured at right 

angles to the direction of the flow. For example, considering two surfaces separated by a 

small gap containing a liquid (Figure A. 2), a constant shear stress must be maintained on the 

upper surface for it to move at a constant velocity (u). Assuming that there is not slip 
between the surface and the liquid, there is a continuous change in the velocity across the 

small gap to zero at the lower surface. At each second the displacement produced is x and 

the strain is 

x 7=- 
z 
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As u= Ox /at the rate of strain is define by the following expression 

Equation A. 2 
z 

Rate of strain, shear rate and velocity gradient are used synonymously and Newton's dot is 

normally used to indicate the differential operator with respect to time. For larger gaps the 

rate of strain will vary across the gap 

. 
au 
az Equation A. 3 

When the plot of shear stress and shear rate is linear the material under investigation has a 

Newtonian behaviour with the coefficient of viscosity (q = a/ ý) being the proportionality 

constant. Usually the shear rate reported in viscometric experiments is the value at the wall 

of the instrument. 

A cr 

Cy 

Figure A. 2. Velocity gradient produced when a fluid is sheared. Taken from ref 1. 

A. 1.4 Simple constitutive equations 

U 

The simplest relation between force and deformation was proposed in 1678 by Robert 

Hooke, today known as Hooke's Law: the force is proportional to the deformation or 

u=Gy Equation A. 4 

Where or is the force per unit of area (stress) and y is the relative length change (strain). G is 

the constant of proportionality called elastic modulus. It is an intrinsic property of a solid. 
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For liquids, the simplest constitutive equation is Newton's law of viscosity: the stress is 

proportional to the rate of strain 

0' -4 0 Equation A. 5 

Where tj is the Newtonian viscosity. 

Many real materials obey these ideal laws. Hooke's law is the basic constitutive equation for 

solid mechanics and most metal and ceramics at small strains are ideally elastic. The 

Newtonian fluid is the basic for classical fluid mechanics. Gases and most small molecules 

liquids like water and oils are Newtonian. However, many material such as blood, polymers, 
paint, and food, lie between the ideal elastic solid and the ideal viscous liquid. As the flow 
behaviour becomes complicated more parameters are required to fit the experimental 
curves. 

A. 2 Different flow behaviours or responses 11 

1. Newtonian behaviour: For Newtonian fluids the viscosity is constant with respect to the 
time of shearing and the stress in the liquid falls to zero immediately after the shearing is 

stopped. In addition, the shear viscosity does not vary with shear rate and there is a linear 

relation between the shear stress and the shear rate. 

2. Pseudoglastic behaviour: In this type of materials the viscosity decreases with increasing 

shear rate giving rise to what is now generally called shear-thinning behaviour or 
pseudoplasticity. In the limits of very low shear rates or very high shear rates the viscosity is 

constant. These limits are known as Newtonian regions and the higher constant value at low 

shear rates is called zero-shear viscosity. One equation that predicts the general shape of 
the flow curve and was used in this investigation is the model due to CarreaU 3 defined in 
Chapter 5. 

3. Bingham plastic behaviour: This type of material responds to stress with a restoring force 

and cannot flow as long as the stress remains below a critical value, known as the yield 
stress value; beyond this value, the sample flows like a liquid. This behaviour is shown by 

various polymer and surfactant solutions; in addition, dispersions or liquid crystalline phases 
can behave like a Bingham solids. 

4. Dilatant Behaviour This type of liquid flows under the influence of the stress, but the 

viscosity increases with stress or shear gradient. This type of behaviour is also called shear. 
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thickening. For example several polymer solutions and dilute systems of wormlike micelles 

show dilatant properties. 

A. 3 Practical ranges of variables that affect Viscosity 

The viscosity of real materials can be significantly affected by variables such as shear rate, 
temperature, pressure and time of shearing, and it is important to highlight the way the 

viscosity depends on such variables. 

1. Variation with shear rate: Different types of materials have different flow behaviour as 

mentioned in the previous section. The viscosity could decrease (shear-thinning behaviour), 

increase (shear-thickening) or remain constant (Newtonian fluids) with shear rate. Therefore, 

it is significant to know the magnitude or range of the shear rates over which the material can 

be measured. The shear rate dependence of the viscosity is an Important consideration, and 

from the practical standpoint of view, it is as well to have the particular application firmly In 

mind before investing in a commercial viscometer. 

2. Variation with ternDerature: The viscosity of a molecular fluid normally decreases 

approximately exponentially with temperature so it is important to control the temperature In 

any viscometry measurement Usually this dependence follows the Arrhenius relationship 

q= Aexp 
B) 

EquaUon A. 6 
(T 

Where A and B are constant of the fluid and T is the absolute temperature. In general, for 

Newtonian liquids, the higher the viscosity, the stronger the temperature dependence. For 

suspensions, the viscosity may be a more complicated function of temperature but control is 

still usually necessary. 

The strong dependence with temperature is such that, to produce accurate results, great 

care has to be taken with temperature control in viscometry. For example, the temperature 

sensitivity of water is 3% per OC at room temperature, so that ± 1% accuracy requires the 

sample to be maintained to within ± 0.3 "C. In this investigation an accuracy of ± 0.1 "C was 

considered. 

3. Variation with pressure: The viscosity of liquids increases exponentially with Isotropic 

pressure. Water below 30 "C is the only exception, in which case the viscosity first 

decreases before eventually increasing exponentially. The changes are quite small for 

pressure differing by atmospheric pressure by about one bar. Therefore, for most practical 
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purposes, viscometer users ignore the pressure effect. There are, however, situations where 
this would not be justified. For example, the oil industry requires measurements of the 

viscosity of lubricants and drilling fluids at elevated pressures. The pressures experience by 

lubricants in gears can often exceed 1.0 Gpa, whilst oil-well drilling muds have to operate at 
depths where the pressure is about 2.0 MPa. In this research project the effect of pressure 

was not investigated. 

A. 4 Viscoelasticity 1,67 

The word viscoelastic means the simultaneous existence of viscous and elastic properties in 

a material. It is not unreasonable to assume that all real materials are viscoelastic. Then, 

materials whose behaviour is partly fluid-like and partly solid-like, in the sense that work of 

shearing deformation is not completely conserved, as in solids, nor is it completely 
dissipated, as in fluids. Such materials are called viscoelastic substances. The particular 

response of a sample in a given experiment depends on the time-scale of the experiment in 

relation to a natural time in the material. Thus, if the experiment is relatively slow, the sample 

will appear to be viscous rather than elastic, whereas, if the experiment is relatively fast, it 

will appear to be elastic rather than viscous. At intermediate times-scales a viscoelastic 

response is observed. 

The principal phenomenon distinguishing viscoelastic fluids from purely viscous substances 
is the occurrence of a strain recovery upon release of the stress. Figure A. 3 shows some 

examples of this observable fact. If a viscoelastic material is stirred with a rod (Figure A. 3a) 

the fluid moves towards the rod and begins to climb up it, in contrast to the viscous liquid, 

which tends to form a vortex (The Weissenberg effect). The same effect is observed in 

Cuette flow (Figure A. 3b), where the viscoelastic fluid tends to accumulate near the inner 

cylinder rather than being thrown towards the outer cylinder, as occurs for a purely viscous 
liquid at sufficiently high rotational speeds. 

IN 70 / ft- 

7777 
(a) (b) 

Figure A. 3. Flow behaviour of viscoelastic fluid. The Weissenberg effect (a) with a rod and (b) in 

Cuette flow. 7 
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A. 4.1 Linear viscoelasticity' 

In the linear viscoelastic region if the stress applied to a fluid is doubled the resulting stress 

will also doubled. The ratio of the maximum stress to the maximum strain is constant. This 

linear dependence of the stress relaxation on strain (Equation A. 7) is called linear 

viscoelasticity 

G(t) C(t) 
Equation A. 7 

y 

This behaviour will be observed if a stress is applied to a Hookean Spring or a dashpot 

containing a Newtonian oil as shown in Figure AA The spring obeys Hook's Law and its 

response can be described by a shear modulus G. On the other hand, the dashpot consists 

on a cup filled with a Newtonian oil of viscosity (rj) with a piston placed in the oil. The 

constitutive equations for these two models are given in section A. 1.4. 

G 
I Modulus I Viscosity 

(a) (b) 

Figure A. 4. (a) A Hookean spring and (b) A dashpot containing a Newtonian oil of viscosity TI. 

In the region where small stresses or strains are applied any combination of these models 

will display linear viscoelasticity. The two simplest arrangements of these models are shown 
in Figure A. 5. In the Maxwell model (they are placed in series) and in the Kelvin-Voight 

model (they are placed in parallel). Only the equations for the oscillatory response of the 

Maxwell model will be given in this thesis; the description of the Kelvin model can be found 

elsewhere in the literature. ' 
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G 

(b) 
(a) 

Figure A. 5. Maxwell model (a) and the Kelvin- Voight model (b). 

In order to describe the material properties as a function of frequency for a body that 

behaves as a Maxwell model the constitutive equation for the model must be used. This is 

given by Equation A. 7, which describes the relationship between the stress and the strain. 

. -+ Equation A. 8 

In addition, it is most convenient express the applied sinusoidal wave in the exponential form 

of complex notation 

7* =, v,, exp(iwt); 
iwv,, exp(iwt) = iwv 

Equation A. 9 

Now the stress response is shifted through a phase angle 8: 

a* = a,, exp[i(wt + 9)]; 

ioa, exp[i(ot +, 5)] = icoor 
Equation A. 10 

Substituting the complex stress and strains into the constitutive equation for a Maxwell 

material the resulting relationship is given by 

&* 0' 
* 

-+ Equation A. 11 

And using equations A. 8 and A. 9 and rearranging: 
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Y* 
=1 .. Equation A. 12 Ga * ICO)7 

The ratio of the stress to the strain is the complex modulus G*(O)) and using the 

characteristic delay time is given byr=Tl /G the resulting arranged equation Is 

G iwr 
Equation A. 13 

(I 

+ iwr) 

This expression describes the variation of the complex modulus with the frequency for a 
Maxwell model. It is normal to separate the real and the imaginary components of this 

expression 

G'(co) + iG"(w) Equation A. 14 

Where G'((o) Is called the storage modulus and G"(o)) the loss modulus 

G'(co) =G- 
Equabon A. IS 

G- 
(cor) 

I+ (co r)' 

These expressions describe the frequency dependence of the stress with respect to the 

strain. 

A. 5 Flow geometries and instruments I 

The two main instrument types in common use are the controlled stress rheometer, where 
the stress is applied electrically via a motor leaving us to measure the strain, and the 

controlled strain rheometer where a strain is imposed and the stress In computed from the 
deformation of a calibrated spring system. Both types of instrument commonly have an air 
bearing to give greater sensitivity with low viscosity samples. 

A range of different geometries is available in addition to simple parallel plates. The designs 

are such that the shear rate is approximately constant throughout the sample. Commonly 

use geometries are shown in Figure A. 6. 
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The cone and plate geometry (Figure A. 6a) is formed by a flat plate and an upper element 
that is conical in shape with a cone angle close to n rad. Advantages of such a geometry is 

that only small samples volumes are needed, the mass of the cone can be kept low to 

minimised the moment of inertia, and they are easy to clean. The fact that the cone is 

truncated is to reduce friction and the gap between the two elements is adjusted so that the 

point of the cone just contacts the plate. In addition, this small-truncated region makes the 

gap setting procedure easier to carry out. Any error introduced by the truncation is negligible. 
The angle between the two elements should normally be in the range 0.005 <a>0.002 rad. 

(a) (b) (c) (d) 

Figure A. 6. Vertical cross-sections of common measuring geometries used to provide simple 

viscometric flow. 

There are several combinations of Cuette geometries available. The simple bob shown in 

Figure A. 6b has a concave base, which is designed to trap air in order to reduce the drag 

contribution from the base. This geometry usually has a larger area and delivers a larger 

torque for a given sample condition than the cone and plate geometry. The sample size is 

larger and it may be easier to reduce problems due to evaporation by coating the surface 

with a thin layer of low viscosity insoluble liquid. The gap between the two cylinders should 

be small in order to get a narrow range of shear rates as possible. 

The Mooney arrangement (Figure A. 6c) has a bob with a conical base to enhance the 

measurement sensitivity. However, the cone angle must be such that the shear rates in both 

the cone and the plate and the concentric cylinder sections are the same. This means that 

the gap between the cylinders must be slightly larger than the gap at the edge of the cone 

and plate if a constant shear rate is required. 

The double gap geometry (Figure A. 6d) provides a high sensitivity with a light construction. 
However, the engineering is subtle in that the inner cylinder gap must be slightly smaller than 

the outer one is a uniform shear is to be found throughout the sample. It is less satisfactory 
in terms of the onset of flow instabilities, but sample with very low viscosities can be 

measured in this geometry. 
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in this investigation all three geometries were used. The cone and plate was used for 

oscillation measurements while the Mooney and double gap geometries were used for 

steady-state measurements. 
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APPENDIX B. 

B. 1 Neutron Sources 1.2 

B. I. 1 Reactor neutron sources 

Almost all reactors act as a continuous source of neutrons. In the reactor core fast neutrons 
(1-2MeV) are produced in a fission chain reaction often from enriched uranium _ 2-'3U. The 

reactor core is surrounded by a moderator, often D20 or H20, sometimes graphite In which 
the emitted neutrons are scattered many times, losing energy at each collision until they 
have an average thermal energy which is characteristic of the moderator temperature. Given 

the nature of the usual moderator (water) it is hardly surprising that these unpressurized 

reactors usually function at around 50 11C. A Maxwell-Boltzmann velocity distribution resulting 
for neutrons at these temperatures has a most probable velocity of -3000 me', which 
translates via the de Broglie relationship (X = h1mv) to a most probable wavelength of around 
1.4 A. The maximum flux of neutrons is usually designed to be just outside the core near the 

entrance to the beam tubes and may be as high as 10's neutrons cfff2 s7l. Unfortunately, 

only a small fraction of these neutrons will be travelling in the right direction to pass down the 
beam tubes through the biological shielding. The peak flux In these beam tubes may be 

reduced by as much as a factor of 105 from that in the core. Subsequent Otailoring* of the 
beam reduces intensity to around 107 neutrons cryi4t" by the time it arrives at the sample 

position. 

B. I. 2 Spallation neutron sources 

Unlike the processes in the reactor cores, the spallation reaction does not Involve the 
disintegration of the nuclei in the target Heavy energetic particles such as 800 MeV protons 
chip or splinter neutrons from heavy nuclei. The yield Is high around 30 neutrons per proton, 
but so is the cost of accelerating the protons to these energies. A schematic diagram of the 
instrument can be seen in Figure B. 1. 

The high-energy protons used for spallation sources can be produced In a number of ways. 
A linear proton accelerator Is in principle adequate, but the cost of achieving very high proton 
energies escalates very quickly since the accelerator must be extremely long. A proton 
synchrotron achieves these energies more economically, but can reach much higher 

currents if the protons are injected at high energies. Several spallation sources use a 
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combination of a proton linear accelerator followed by a proton synchrotron. As mention 
before, the neutrons produced have extremely high energies, which have to be reduced by 

moderators to suitable values for scattering experiments. The methods of acceleration tend 

to produce short Intense bursts of high-energy protons, and hence the pulses of neutrons. 
The pulse at Rutherford-Appleton Laboratory (ISIS) is 4x 1016 nfe, (where nf means fast 

neutrons), and the thermal flux after moderation is an order of magnitude brighter than a 

reactor at its peak. It Is possible to create a continuous spallation source by feeding the 

accelerated protons Into a storage ring and deliberately smearing out the pulse structure. 
Such a continuous source was proposed by the German scientific community but was in the 

end not constructed. 

Transmission monitor 
Detector 

Incident beam monitor 

Frame overiap miffors 

Monitor 
High-angle detector bank 

\ SAMPLE 

Aperbire Selector 

Or -"'ý Wavelength selecting chopper 
rtu NEUTRONS Aperture Selector 

Soller supermirror bender 

Figure B. I. Fixed-geometry SANS diffractometer. Taken from ref 1. 

B. 2 ModeratorS2 

Several times moderators have been mentioned. These are important because the beam 

emerging from the reactor or accelerator target is characteristic of the type of source and of 
the moderator. A moderator is composed of a material rich in light nuclei. In this material 
neutron suffer many collisions, and following Newton's laws, transfer a large fraction of their 

momentum (losing energy) to the nucleus at each collision. If the moderator is large enough 
they eventually achieve, approximate equilibrium as a "gas* at the temperature of the 

moderator. In a reactor therefore the temperature of the moderator determines the spectrum 
of thermal energies, and hence the distribution of wavelengths. As mention earlier, for a 

water-moderated reactor the temperature is around 50 OC and the corresponding peak 
wavelength is about 1.4 A. 
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Moderators are also an essential part of the production of useful neutron beams from pulse 

sources. Here, however, there is an important effect on the pulse and the shape and 
duration to be considered, as well as the desired wavelength distribution. Reduction In 

neutron energy to produce long wavelengths Involves many collisions. Moderator on pulsed 

sources are usually small, in order to obtain good coupling, so that the neutrons are 

undermoderated, i. e. the effective temperature of the neutron flux Is higher than the physical 
temperature of the moderator. 

B. 3 Neutron transportation 

B. 3.1 Guides 

Neutron guides are analogous to light guides. Pipes with a rectangular shape and several 

centimetres in dimension are coated intemally with a suitable reflecting material. This means 
that he neutrons will be totally intemally reflected just as light with higher refractive Index. A 

common material used for neutron guides is nickel-coated glass with critical angle 1.73 x 10 3 

X mrad. Guides surfaces must be very flat and the guides themselves very well aligned. The 

acceptance angle at the entrance of a guide is very small, and different for each wavelength. 
Equally, the beam divergence at the guide exit is also wavelength dependent Figure B. 2 
demonstrates diagrammatically the functioning of a neutron guide. A straight guide allows all 
the wavelengths to pass while a curve guide cuts out all wavelengths for which 0. = (pbln)"2L 

No utron qu ids wall reflecting mate rial 

e -C 400 

Curve guide wall 

$1 00 

Figure B. 2. The functioning of a neutron guide. Taken from ref 2. 

B. 3.2 Collimation 

s2 o 

In a scattering experiment the process of defining the neutron beam so that the angle, 0, 

can be measured is called collimation. Collimators limit the size and the angle of divergence 
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of the Incident and sometimes the scattered neutron beams. In principle, all that is needed is 

a set of diaphragms as shown in Figure B. 3. However, this must be carefully spaced 
because any part of the beam line that is visible to the sample position and exposed to 

neutrons from the source can become secondary source of neutrons, and thus spoil the 

angular resolution in the spectrometer. Collimators have to be very carefully designed to 

eliminate the possibility of bright spots being seen from the sample position. Collimation is 

necessary because, unlike electromagnetic radiation, neutrons cannot be focused 

conventionally. 

Beam tube 

Source 
vAndow MPLE 

Figure B. 3. A collimator. D, defines the angular divergence of the beam at the sample. D2 shields the 

sample from the bright areas of the beam tube. Taken from ref 2. 

B. 3.3 Monochromation 

The term monochromation refers to the selection of a particular wavelength form the spread 

of wavelength or white beam produced by the source. For the original reactor sources this 

process was essential if the parameters, q, and AE were to be clearly define in the 

spectrometers. Pulsed sources give the option of using the whole or a wide spread from of 
this white beam and measuring the wavelength distribution carefully. 

There are basically only two ways of choosing a given wavelength. The first uses the wave 
nature of the neutron via Bragg diffraction from a suitable crystal. The second uses the 

particle nature and mechanical choppers to select a narrow velocity range. Detail 
descriptions of these processes are given elsewhere. 2 

B. 3.4 Detecting and monitoring neutron beams 

Neutron detection involves a process of absorption by a suitable nucleus followed by 
detection of the charged particles produced by these events. The most important reactions 
involved the light nuclei 3 He, 81-1 and 1013. 
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The atoms in these reactions are lonised, and they are produced with considerable energy in 

exothermic reactions. It is these fast Ions, which are used for the actual detection. In gas 
detectors they produce a tail of secondary lonisation, which travels towards an electrode and 
is detected as an electronic pulse. Typical gas detectors contain 1013 enriched BF3 or 3 He- 

enriched helium gas. Conventional gas detectors are cylindrical In shape with diameter of 
order of a few centimetres and lengths from 10 to a few tens of centimetres. The collecting 

anode runs along the central axis. Scintillation detectors are In principle even more compact. 
Such detector uses a solid, and therefore much denser, neutron absorber typically 6LI In a 

glass containing a phosphor such as ZnS (Ag). The phosphor emits a flash of light as the 
ionising particles produced by the reaction pass through. In principle the light flash Is very 
intense so that high counting efficiency can be achieved, but careful optical coupling to the 

photomultiplier is required. 

An efficient detector is required to react to as many of the neutrons impinging on it as 

possible. By contrast a monitor, placed in the direct beam falling on the sample, should be 

able to react to a very few neutrons but in a way that is directly proportional to the total beam 

intensity. A typical monitor relies on the reaction of neutrons With 235 U to give a nuclear 
fission. A layer of a few atoms of 23SU on one glass surface on a flat, gas-containing detector 

produces enough ionizing products to be easily detected. 
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APPENDIX C. 

CA Cryotransmission electron microscopy 

The content of this appendix is a summary of the most important sections from ref 1-3 

relevant to this work. 

C. 1.1 Introduction 

Full characterization of a material system requires direct Information, namely, images. in 

most cases this information is on the supra-molecular level, describing how molecules 
arrange to form clusters of various size and shapes. Transmission electron microscopy 
(TEM) is potentially one of the most useful techniques In the study of micro-structured fluid 

systems. The technique provides high-resolution direct images, thus data Interpretation Is 

not model-dependant, although it does required full understanding of the mechanism of 
image formation and the physics of interactions between the electron beam and the 
specimen. 

Because of the stringent requirements of TEM specimens, special sample preparation 
procedures must be employed. If these are not performed carefully enough. major structural 
changes may be introduced during the staining and drying sample preparation technique. In 

most liquid systems, for example aqueous solutions of surfactants, this technique will form a 
totally new system. To overcome this limitaUon a new sample preparation procedure has 
been developed. In the cryo-transmission electron microscopy (Cryo-TEM) method the 

solution is applied to a microscope grid in such a way that a very thin aqueous film Is formed, 

which is then plunged into a cooling medium, where the film rapidly vitrifies, without 
crystallization. The grid with the vitrified film is then transferred to the microscope, and 
examined at liquid nitrogen temperatures in transmission mode. The structures that are 
captured in the vitrified film, are thus observed without dehydration, and are so quickly 
vitrified that normally no important reorganization takes place. The Cryo-TEM method, has 

contributed significantly to the understanding of numerous, and often complex, structures 
formed in solution. For example, structures formed by amphiphilic molecules In diluted 

aqueous solutions. 
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C. 1.2 Principles of Cryo-TEM 

C. 1.2.1 Fluids examined by TEM 

The high vacuum In the microscope column imposes very strict limitations on the vapour 
pressure of the sample to be examined. Any fluid system requires pre-treatment to reduce its 

vapour pressure to an acceptable level. Also liquids are characterised by rapid motion on the 
supra-molecular scale, which needs to be arrested to prevent blurring of the image. The 

process of reducing the vapour pressure and arresting motion and making the specimen 
compatible with the electron microscope is termed fixation. Fixation may be achieved by 

either chemical or physical means. In chemical fixation, one adds a chemical to the system. 
Following the chemical addition, one often needs to dry the specimen to remove of volatiles. 
Because most microstructural fluids are very sensitive to changes in composition, addition of 
a chemical to the system can causes drastic changes in the microstructure. 

Instead of chemical fixation one can use physical fixation (also called thermal fixation). It is in 

essence ultra fast cooling of the liquid to a solid or a quasi-solid state, at which its vapour 
pressure is extremely low, and supra-molecular motion is stopped. A thermally fixed 

specimen may be examined directly in the microscope, maintained at a cryogenic 
temperature in a special specimen holder, and cooled either by liquid nitrogen, or, for special 
applications by liquid helium. Cryo-TEM specimens of liquid systems have to be very thin, 
the specimen thickness has to be limited to about 250 nm to avoid inelastic electron 
scattering that leads to image deterioration, and to take full advantage of phase-contrast in 
direct Imaging. For high-resolution images, thinner samples are preferable. 

C. 1.2.2 Ice 

Vitrification Is essential for direct imaging Cryo-TEM; however, crystallization may lead to 

optical artifacts, mechanical damage to the sample microstructure, and redistribution of 
solutes. Electron optical artifacts are the result of diffraction from the crystalline ice matrix 
that could lead to image distortions through contrast inversion, apparent increase in particle 
size, and Inner particle structure due to Interference between two superimposed ice crystals. 
Also, In many cases defects in crystalline ice obscure the microstructural details. Ice crystal 
growth may damage labile structures by either the effect of moving freezing front, or by 
differences In the thermal expansion of the examined aggregates and the formed ice matrix. 
To prevent the formation of ice crystals the vitreous ice (amorphous) need to be kept at low 
temperatures and the electron beam exposure kept to a minimum. 
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C. 1.2.3 The Interaction between the electron beam and cryo-specimens 

CA. 2.3.1 Contrast 

The difference in signal Intensity between two regions of the picture divided by the reference 
intensity is called the image contrast. In Cryo-TEM specimens are typically vitreous, and 
because the microstructure studied are rarely crystalline, crystalline contrast is usually not 
important. Mass thickness contrast Is the contrast resulting from density and thickness 
differences from one area to another. For example, polymer molecules dispersed randomly 
in solution are practically invisible to Cryo-TEM, but when they form dense aggregates there 

is sufficient contrast to visualise the micelles formed in solution. Phase contrast Is the result 

of wave phase differences, not perceptible by the human eye, converted Into visible 

amplitude differences. In TEM the electron beam itself is practically Omonochromatie and the 

phase contrast can be achieved by under-focusing the objective lens. Thus, regions of 
different inner electron potential relative to the vitreous Ice, such as micelles or vesicles, are 

made clearly visible. 

C. 1.2.3.2 Radiolysis 

Electron-beam-radiation damage, or radiolysis, is an inevitable consequence of the electron 
beam/specimen interaction required for image formation. It is the result of free radical chain 

reactions started by ionisation of specimen molecules by the high-energy electron beam. 

Radiolysis is especially severe in the presence of water, and much more in vitrified 

specimens that contain significant amounts of organic compounds. In some cases one can 
take advantage of this deleterious effect by careful contrast enhancement through selective 

etching. 

C. 1.2.4 Specimen preparation 

in preparing direct-imaging Cryo-TEM specimens three main issues have to be taken Into 

account rapid cooling for artifact-free thermal fixation, thin enough specimens, and contrast 
In addition, preservation of the original microstructure is necessary during the specimen 

manipulation prior to vitrification. Surface contamination through water vapour deposition 

during the specimen transfer from the cryogen to the microscope Is also a severe problem 
that needs to be controlled. The specimen preparation is done In a controlled environment 

vitrification system (CEVS, Figure C. 1). Briefly, the CEVS is a polycarbonate closed 

chamber, heated by a high-power light bulb that Is controlled by an on-off temperature 

controller connected to a sensor in the chamber, and by a rheostat for manually controlling 
the voltage to the lamp. The air in the chamber is saturated by water or another volatile liquid 
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in two large sponges placed in the back. A small fan circulates the air over the sponges to 

minimized relative humidity and temperature gradients in the chamber. The specimen, held 

by a tweezer mounted on a spring-loaded plunger, is manipulated from the outside of the 

chamber through two rubber septa on each either side walls. The bottom of the chamber is 

equipped with a trapdoor that opens upon triggering the plunger mechanism, just before the 

specimen is propelled into the cryogen reservoir place underneath the CEVS chamber. A 

complete description of this instrument can be found in the work done by Egelhaaf et al .3 
They presented a new design that significantly reduces the lag-time from blotting to 

vitrification by means of an optimised blotting procedure. 

A 

b 

1. 

Wnto 

h 

B 

Figure C. I. (A and B) Controlled environment vitrification system (CEVS). Concentric Plexiglas tubes 

(a and b), sample holder (c), tweezers (d), Plexiglas blocks (e), filter papers (f), pieces of foam (g), 

polystyrene box (h), resistor (i), wooden stick (k), cryogen vessel (m) and transfer box (n). (C) CEVS 

photograph. Taken from ref 3. 

A drop, typically 3.0 to 5.0 pL, is applied onto a perforated carbon film supported on a TEM 

copper grid, held by the tweezer. The drop is then blotted by a piece of filter paper wrapped 

around a thin metal strip. The exact amount of blotting and its mode (how much shear is 

applied on the liquid, and whether is done from the back and/or from the front of the grid) 
depends on the nature of the fluid. After blotting the specimen is ready to be plunged into the 

cryogen. The vitrified specimen is transfer under liquid nitrogen to the "working station" of a 

cooling holder, where it is loaded into the holder and transferred into the microscope. Figure 
C. 2 illustrates the preparation of a cryo-TEM specimen. 

178 

It 



Appendix C 

'1: 
and thinned Sample spanning 
by tictling holes n filrr 

L 
dI t'!. d 

+ 

Figure C. 2. Preparation of a Cryo-TEM specimen. Images of a holey polymer film, empty and after 

application of the sample, blotting and vitrification. Taken from ref 2. 

C. 1.2.5 Interpretation of the images 

In the Cryo-TEM images, sorting according to size occurs in the film. The largest objects are 
expected to be in the thickest part and only the very small structures are found in the 

thinnest part of the sample. Similarly, long micelles and flattened liposomes, are 

preferentially oriented parallel to the surface. Effects of this kind are important for the 

correlation of the 2-D images to the 3-D objects producing them. Figure C. 3 shows the 
difference between the images of a liposome and a circular disk. Depending on the 

orientation, the later is imaged as either as a circle, often only slightly darker than the 

background, or as an elongated ellipse or a straight bar, with a better contrast as the image 

is more elongated. If the disks are smaller than the thickness of the film, images of all 

orientations are expected to be in the 2-D representation. 
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Figure C. 3. A schematic representation of the 2-D projection of vesicles and disks. Taken from ref 2. 

In images of samples containing wormlike micelles or polymers there will be many apparent 

crossings of chains that in reality occur at different depths, and it is difficult to distinguish 

these crossings from truly branched structures. Imaging with different tilt angles is a 

possibility that can be used to obtain a stereo effect but repeated structures may lead to 

radiation damage. Some help is given by the fact that real loops and branches display three- 

way connections and not X-crossings. A high frequency of three ways-connections in the 

image can hardly be incidental, and thus indicates true branching. It is usually necessary to 

examine rather thin parts of the film in which only few threads are present (Figure CA). It 

must be borne in mind that the confinement of e. g. wormlike micelles within a narrow space 

may increase the probability for loop formation, or fusion to form connections of the 

individual threads. 

It is important to realise that during the blotting procedure the drop applied onto the grid 

undergoes very high shear rates. The velocity of the blotting paper surface is in the range of 

a few centimetres per second, and the thickness of the film is tens to hundred of 

nanometres, thus very high shear rates, of the order of 10,000 s-1 and more are expected. 
Such high shear rates may cause gross microstructural changes in complex fluids, as, for 

example, increase of the size of wormlike micelles, or even cause phase transformation, 

inducing order or disorder. In some cases the effect of shear is manifested as alignment of 
the structures, such as threads-like micelles along streamlines. In many cases the relaxation 
times of the original structures in the liquid specimen prior to vitrification are quite short, and 

the original structures are restored rapidly. In other systems, however, longer periods of time 

are needed for relaxation. Additionally, complex flow patterns develop in the liquid when the 
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sample is blotted to its final thickness. One mode of flow is from thin areas, usually in the 

centre of the liquid meniscus that is formed over the holes in the perforated carbon film, to 

the thicker areas anchored at the edges of the holes- This effect causes larger objects to 

move selectively to thicker areas, while small objects are preferentially left in thinner 

domains. The thinnest areas may be completely devoid of suspended objects, eg, 

surfactant micelles. 

electrjr) rlid atief 

Alk 
2-C mace 

Figure CA A schematic representation of the 2-D projection of wormlike micelles. Taken from ref 2. 

One important conclusion is that Cryo-TEM is not a good quantitative technique. While it is 

the technique of choice to determine the structural building block of complex fluids, the 

quantitative data should come from other techniques, such as small-angle neutron scattering 

(SANS), small-angle X-ray scattering (SAXS), or nuclear magnetic resonance (NMR). To 

interpret the data from those techniques physical models are required. Such models may be 

based on the microstructural information obtained by Cryo-TEM. 

C. 1.3 Recent applications of Cryo-TEM 

Cryo-TEM is now applied in the study of a wide variety of complex fluid systems in academia 

and industry. Naturally, the first applications of Cryo-TEM were limited to simply binary 

systems, but recent and current applications are targeted at complicated, multi-component 

ones. A good demonstration of the power of Cryo-TEM in resolving an outstanding physical 
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problem by direct visualization is Its applicability In the study of wormlike micelles. The 

possible existence of cross-links, connections, or seams between long and entangled 
wormlike micelles had attracted much interest. These features should have a profound effect 
on the rheological properties of the system, as a result of the connected networks of 

elongated micelles. Cryo-TEM has provided direct images of such identities, first suggested 
by Indirect methods, supported by theoretical analysis. 

Polymer/surfactant systems are also studied by this technique. Cryo-TEM is a natural tool to 

elucidate the microstructures that appear in these systems, especially as it is able to provide 
direct images of the many different coexisting assemblies found in these systems. 

While many vitrified aqueous specimens exhibit a strong contrast in the microscope itself, 

other systems present not strong, contrast, which in many cases allows reasonable direct 
imaging of supramolecular aggregates embedded in a vitreous water matrix. Although there 

are numerous aqueous systems to study by Cryo-TEM, it is most desirable to extend the 

applicability of the technique to non-aqueous systems. So far, only limited Cryo-TEM work 
on non-aqueous systems has been done because of the difficulty of preparing thin vitrified 
films, the very low contrast they present, and the high sensitivity of such specimens to 

electron-beam-radiation damage. 

C. 1.4 References 

[11 Talmon, Y. In Modem Characterization Methods of Surfactant Systems, Bernard P. Binks, 
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To understand the strong viscoelastic response showed by aqueous solutions of erucylbis(hydroxyethyl). 
methylammonium chloride (EHAQ in the presence of potassium chloride (KCI), steady-state rheology, 
small-angle neutron scattering (SANS), and cryogenic transmission electron microscopy (cryo-TEM) 
experiments were performed. This cationic surfactant has the ability to self-assemble Into glant wormlike 
micelles. The effect of surfactant concentration, added salt. and temperature were Investigated. The 
surfactant solutions have a gellike behaviorat room temperature and become Maxwellian as the temperature 
is increased. It was found that the low-shear viscosity has a strong dependence on salt concentration and 
temperature. Small-angle scattering Indicated the formation of wormlike micelles. The h1gh-Q range was 
fitted using the Kratky-Porod wormlike chain model, and a cross-sectional radius of gyration (Rg,, j of 
21 A was obtained. Additionally, cryo-TEM Images revealed changes in the structure of the entangled 
network with the addition of salt. 

Introduction 

Surfactants In solution are known to adopt an impres- 
sive polymorphism of structures or aggregates. I Cationic 

sUrfactants can self-assemble Into long, flexible wormlike 
Inicelles under certain conditions of salinity, temperature. 
presence of counterions, etc.. and the entanglement of 
these micelles Into a transient network imparts useful 
viscoelastic properties to the surfactant solutions which 
are analogous to those observed In solutions of flexible 

polymers. However, unlike ordinary polymers, wormlike 
micelles are In equilibrium with their monomers and 
alicellar chains can reversibly break and recombine on a 
tinne scale that is dependent on the system and the 
prevailing physicochemical conditions. 2-4 

it is well-known that the low shear rate viscosity 
of many surfactant solutions strongly depends on salt 
concentration. 

Usually, the viscosity flrst increases with 
Increasing salt concentration. going through a maximum. 

and then decreases. ? -3.5.6 Aqueous solutions of ionic sur- 
factants can undergo unlaxial growth upon the addition 
of salt. As a result, an Increase of mIcellar length is 

promoted, the viscosity of the solution Increases, and the 

micelles form an entangled network . 
3, S-7 The decrease In 

viscosity with further addition of salt, however. Is more 
difficult to explain. Several authors' . 3.1-9 have proposed 

s Corresponding authors. E-mall: varila. a-ocemago@bristoLac. uk 
(V. C): terence. cosgrove@bristol. ac. uk (T. C. ) 

(1) Magid. L. J. J. PhA Chem. B 1998,102.4064. 
(2) Raghavan, S. P- Langmuir 2001.17,300. 
(3 Cappelaere. E.; Cressely, R. Colloldftlym. Scl. 1999,276,1050. 
(4) Cates. M. E. Alacromokcules 1987.20,2289. 
(5) Hartmann, V.: Cressely. R RheoL Acta 1998,37,1 IS. 
(6) Cappelaere, E.; Cressely, R. Rbool. Acta 2000.39.346. 
(7) Barentin. C.; Liu, J. Europho. Lett. 2001,55.432. 

that this decrease at high salt concentrations may be due 
to the formation of a multiconnected network In which 
stress relaxation can occur by the sliding of cross-links 
along the wormlike micelles. T'hus. the maximum in 
viscosity with increasing salt concentration may Indicate 
a shift from linear to branched micelles. Branching is 
expected to occur when the free energy cost associated 
with the cross-link formation becomes comparable to that 
needed for the format-ion of end caps. 

A multiconnected branched micellar network and an 
entangled micellar network cannot be distinguished from 
one another directly by scattering techniques, such as 
neutron and light scattering. $ A m1crostructural model 
must be assumed and its validity tested by comparison of 
the predicted and measured scattering patterns. It is, 
therefore, desirable to visualize the microstructure directly 
and to use this Information as a guide to quantitative 
analysis with the scattering data. I'lils is particularly 
useful when one can distinguish elongated ralcelles that 
may be more wormlike than rodlike. 9 

Cryogenic transmission electron rnicroscopy (cryo-TENI) 
is a technique suitable for direct visualization ofsurfactant 
aggregates formed in solutions and Is the only available 
technique to unambiguously distinguish between branched 
and unbranched micelles. 8,1 1-13 Cryo-TEM has been used 
successfully to explore the spherical to wormlike transition 
of surfactant solutions, as in the work of Lin et al. ILI? -13 

(8) Lin. 7- Langmuir 1996.1Z 1729. 
(9) Khatory. A.. Lequeux. R; Kern. F., Candau. S. J. LArWmuir 1993. 

9.1456. 
(10) Lin. 7-; Scriven. E.; Davis, T. LatWtnuir 1992. & 2200. 
(11) Talmom Y. In Atodem Charwyerimuon Ate(lwds orSutfaamt Sjstems: Binks. B. P.. Ed.; Marcel Dekker. New York. 1999. 
(12) Lin, Z. -. Scriven, L E.: Davis. H. T. Langmult 1992.8.2200. 
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Highly Viscoclastic Womlike Micellar Solutions 

With this method thin fflmsofa liquid sample are prepared 
in a controlled environment chamber. In which the sample 
Is rapidly frozen and the water Is vitrified so that the 
structural details of the micelles embedded In It will not 
be obscured. and one can observe the microstructure in 
an electron microscope with a cold stage that keeps the 
sample near the temperature of liquid nitrogen. By this 
method. one can accurately control the temperature and 
the humidity of the system prior to rapid freezing. 10 

Raghavan et al. 2 studied the rheological response of a 
cationic surfactant with a long unsaturated tail [erucylbis- 
(hydroxyethyl)methylammonium chloride (EHAQ] in the 
presence of sodium salicylate (NaSal) or sodium chloride 
(NaCI) at 25 'C. The surfactant solutions exhibit very 
high relative viscosities (Ri 10ý orgellike behavior at room 
temperature, and they retain appreciable relative viscosi- 
ties (> 104) for temperatures up to ca. 90 *C. However, 
much higher concentrations of NaCI are required to 
produce high viscosities compared to those obtained by 
addition of NaSal. This Is because while sallcylate 
counterions can penetrate between the headgroups into 
the hydrophobic core of the micelles, the Cl- counterions; 
cannot do so. Additionally, It was found that the molecular 
structure of the surfactant leads to a high-energy cost for 
micellar scission (160 kJ/mol). As a consequence, the 
thermodynamic balance favors nýdcellar growth, resulting 
in extremely long wormlike micelles. Thus, an entangled 
network of such micelles can account for the strong 
viscoelasticityof thesystem. Additionally, EHACsolutions 
show a viscosity maximum as a function of salt concen- 
tration. which may In part be due to a transition from 
linear to branched micelles or a maximum in micellar 
contour length. 

The aim of this work is to understand the strong 
rheological response of aqueous solutions of EHAC in the 
presence of KCL The effects of added salt, temperature 
and surfactant concentration were investigated using 
steady-state rheology. small-angle neutron scattering 
(SANS). and cryogenic transmission electron n-dcroscopy 
(cryo-TE". Thecombination of these techniques provided 
a good understating of the rheological response of the 
system. 

Experimental Section 
Materials. The chemical structure of the viscoelastic 

surfactant erucylbis(hydroxyethyl)methylammonium chlorlde 
(EHAQ is shown below. 2 It was obtained from Schlumberger 

a; 0ý011 

Cambridge Research Limited. The bulk densityof the surfactant 
Is950kg-m-3 (quoted by manufacturer). Potassium chloride (KCI) 
was purchased from Aldrich with a purity of 99+ wt %. Samples 
were prepared by weighting the appropriated amounts of 
surfactant. salt, and delonized water. After mixing, the samples 
were heated at 60 *C for 15 min to remove any entrained air 
bubbles. 

The solutions made for the SANS experiments were prepared 
In deuterium oxide 020) Instead of delonl2ed water (COSS 
Scientific Instruments Ltd.. 99.9 at. wt % D). 

(13) Un. Z.: Cal. J.; Scriven. L.: Davis. H. I Phys. Chem 1994.98. 
5984. 

(14) Bemheim-Groswasser. A.: Zana. R.: Talmon. Y. J. Phvs. Chem. 
B2000.104.4005. 

(15) Bernheim-Croswasser. A.; Wachtel, E.: Talmon. Y. Langmufr 
2000.16,4131. 
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Rheology. Rheological measurements were carried out on a 
controlled stress Bohlin Instrument (CVO). The shearstresswas 
varied between 0.06 and 80 Pa to obtain shear rates between 
0.0003 and 600 s-1. The shear stress dependence was monitored 
as a function of Increas Ing and decreasing shear stress (up/down 
ramp). No effects of hysteresis were seen. A Couette geometry 
(C25) with cup 27.5 mm diameter, bob 25 nun diameter. and 
height 37.5 mrn was used for the high viscosity samples. For the 
low viscosity samples, the double gap geometry (DG40/50) was 
used with an external gap 4.54 mm. an Internal gap 3.98 mm. 
and height 46 rnm. Steady-state measurements were performed 
at dIfferent temperatures ranging from 40 to 80 T given an 
equilibration time of 200 s at each shear stress. A solvent trap 
was used to minimize changes in composition due to water 
evaporation. The surfactant concentration was varied between 
0.25 and 4.5 wt % and the salt concentration varied from 2 to 12 
wt %. 

The zero-shear viscosity (Ij wasobtained by fitting the steady- 
state-rheology data into the Carreau model, 16 given by the 
following equation: 

170 
2 42 

where n Is an exponent describing the shear-thinning behavior 
and Llvj Is the critical shear rate. 

Small-Angle Neutron Scattering (SANS). Neutron scat- 
tering experiments were performed at the ISIS facility. Ruth- 
erford Appleton Laboratory, UK, and ForschungszentrumJCdich. 
Germany. The LOQ instrument atISIS uses Incidentwavelengths 
between 2.2 and 10 A sorted by time of flight with a sample 
detector distance of 4.1 m. This gives aQ range between 0.006 
and 0.24 A-'. On the KWS-2 instrument at J01ich, the Q range 
is given by the sample detector distance using a fixed wavelengttL 
In this experiment, the sample detector distances used were 2 
and 8m with a wavelength of 7 A. This gives aQ range between 
0.006 and 0.140 A-'. The solutions were placed in quartz cells 
wItha2 mm path length. The surfactant concentration was varied 
from 0.25 to 4.5 wt % and the salt concentration was varied from 
0.1 to 12 wt %. The scattering length densities of the surfactant 
and D20 are 6.07 x 10-9 and 6.37 x 10-6 A-2, respectively. ne 
raw scattering spectra were corrected for background radiat Ion, 
detector efficiency, empty cell scattering, transmission, and 
electronic noise by conventional procedures. The experiment was 
done at 25 and 40 *C. 

In the high-Q range the scattering data can be analyzed to 
obtain Information on the local structure. Parameters such as 
the cross-sectional radius of gyration (PA and the mass per 
unitof length WL) can be found byemployingthe Kratky-Porod 
wormlike chain model approximation"-19 given by 

W= ffc(APN)2ML 
exp 

NAPBZQ 17 =211 

where pj3 is the bulk polymer density (kg-m-ý. NA Is Avogadrvs 
number. APN IS the scattering length density (A-ý. and c is the 
surfactant concentration (kg-m-ý. 

Cryo-TEM. Cryogenic transn-dssion electron microsoopy (cry&- 
TEM) investigations were performed with a Zeiss EM 902A 
Instrument, operating at 80 kV and in the filtered bright-field 
mode at AE =0 eV (electron energy loss normal to the bright- 
field imaging). Digital images were recorded under low dose 
conditions with a BloVislon Pro-SM Slow Scan CCD camera 
system. To enhance the image contrast. an underfocus of 1-2 
jim was used. The preparation procedure has been described in 
detail In a recent review. 19 Specimens for examination were 

(16) Macosko, C. W. RheoloSr. Principles. Measurements and Ap, 
jolications: Wfley-VCH. New York, 1994. 

V 7) King, S. M. In Modern Tedmiques forftlyynerCharacterlzatton; 
Pethrick. Dawkins. Eds.; John Wfley & Sons Ltd.: Didcot 1999. 

(18) Magid, L. J.: Lin. Z. Langmult, 2000,16.10028. 
(19) Almgren, M. -, Edwards. K.: Karlsson, G. Colloids SurfA 2000, 
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Figurel. Rheograms for the system containing 4.5 wt % EHAC 

and 6 wt % KCI at different temperatures. Insert: Shear- 
banding phenomena In this system. A 40 T; jk, 60 *C; Y, 70 
oC; *. 80 IC; and -. Carreau model. ) 

prepared in a climate chamber In which the temperature and 
humidity can be controlled. The temperature in the chamber 
was set to 25 T and the relative humidity to approximately 
990A Thin films of sample solution were formed by placing a 
small drop of the liquid on a perforated polymer support film. 

which had been mounted on a standard copper grid and thereafter 
coated with carbon on both sides. After the drop was blotted with 
filter paper, thin sample films (10-500 nm) spanned the holes 
irt the support film. Immediately after blotting, the sample was 
vitrified by plunging it Into liquid ethane. Samples were kept 
b, elow -165 OC and protected against atmospheric conditions 
during both transfer and examination. 

Results and Discussion 

Rheological Measurements. It is well-known that 
some cationic surfactants can self-assemble into long, 
flexible wormlike micelles in the presence of salt, and 
the entanglement of these micelles Into a transient 
network gives viscoelasticity to the surfactant solutions. 
At room temperature the surfactant solutions are gellike 
with high low-shear viscosities and the Newtonian plateau 
is shifted to very low shear rates, making It difficult to 
detect experimentally. This Is likely to be one indication 
that this system could form very long wormlike micelles 
(see Cryogenic Transtrdsslon Electron Microscopy section 
below). The entangled network of such m1celles may 
have long relaxation times, which may fall outside the 
accessible measurement scales. However, as the temper- 
ature is increased. the rheology becomes characteristic of 
a Maxwellian fluid with a critical shear rate and relaxation 
time. 2.3 In this study we focus on this region (above 40 *Q. 
The viscosity as a function of shear rate and temperature 
is presented in Figure I for the system containing 4.5 

Wt % EHAC and 6 wt % KCI. The fluid rheogram is 

characterized by a high viscosity region at low shear rates. 
in which the surfactant solutions display a Newtonian 
behavior and a shear-thinning region where a drop In 

viscosity is observed. The high viscosity observed In the 
Newtonian plateau can be Interpreted as the result of the 
presence of an entangled network of wormlike micelles. 
The shear-thinning region Is more complicated to explain. 
It is believed that the entangled network of wormlike 
micelles is aligned as the shear rate Increases2-20 and the 

surfactant solution starts to shear-thin. However, above 
a critical shear rate the solutions cannot reach steady 
state and a dramatic drop In viscosity is observed leading 

(2o) Bautista. F.; Soltero, I F. A. J. Phys. Chem. B2002.106,13018. 
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Figure 2. Dependence of low-shear viscosity (IJ on salt 
concentration (KCI) using different surfactant concentrations 
at a fixed temperature of 40 T. 0.4.5 wt %: 0.3.5 wt %: &, IS 
wt %; Y. 1.5 wt %-. *. 0.5 wt %; +. 0.25 wt %. 

to a stress plateau (insert Figure 1). The usual explanation 
for this stress plateau Is shear banding as described by 
several authors In the literature. 20-24 Such bands are 
believed to be associated with the coexistence of regions 
of different shear rates within the sample (visual obser- 
vation during the rheological measurements). The pres- 
ence of shear banding will depend on surfactant concen- 
tration. salt concentration, and temperature. From the 
Insert In Figure I it can be seen that as the temperature 
Is increased this effect Is no longer present In the system. 
More studies are required to understand this type or now 
instability In EHAC surfactant solutions. 

The Carreau model'6 was used to obtain the zero-shear 
viscosity (viscosity at the plateau. rjj and not to describe 
the shear-thinning behavior, and It can be seen (Figure 
1) that there Is a good correlation between the experi- 
mental data and the model. 

For many surfactant systems, 2-ISMS-23 it has been 
observed that the low-shear viscosity Increases with salt 
concentration, reaching a broad maximum and then 
decreasing at high ionic strength. This behavior 13 also 
observed in solutions of EHAC at various concentrations. 
as shown In Figure 2. The Increase in the low-shear 
viscosity with increasing salt concentration has been 
explained In terms or micellar growth. Increasing the 
amount ofsalt leads to an Increase in the curvature energy 
of the surfactant molecules In the end caps. relative to 
that of the molecules In the cylindrical body of the 
micelles. As a consequence. an Increase In micellar length 
is promoted. the viscosity is raised. and the micelles 
start to overlap, forming an entangled network. Several 
authors'-94-29 have suggested that the decrease In viscosity 
at high salt content may be due to the formation of 
branched wormlike micelles. The cross-links In the 
resulting multiconnected micellar network can slide along 
the micelles and hence serve as stress release poinm Such 

(21) Britton. M. M.. Callaghan. P. T. Eur. Phys. IB 1999.7.237. 
(22) Salmon. I B.; Colin. A.; Manneville, S. Phys. Rev. Lem 2003. 

. 90.228303-1. 
(23) Radulescu. 0.; Olmsted. P. D.. Decruppe. I P. Eumphys Lem 

2003.62.230. 
(24) Lerouge, S.; Decruppe. 1. LArWmuIr 2000.16.6464. 
(25) Hassan. P.. Candau, S.: Kent. V; Manohar. C. Langmuir 1999. 

14,6025. 
(26) Raghavan. S. R.; Edlund. H.; Kaler. E. W. Langmult 2002.14 

1056. 
(27) Alt-Ali. A.. MakhloufL R. I RtkvL 1997.41,307. 
(28) Koehler. R.: Raghavan. & R. J. Phys. Chem. B 2000.104.11035. 
(29) Candau. S. J.: Oda. R Colloids Surf, A. - Physicorhem FjW. 
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Figure3. Low-shear viscosity (Ij as a function of salt content 
and temperature at a fixed surfactant concentration of 4.5 wt 
%A 40 *C; A, 60 T; v, 70 *C; *. 80 *Q. Arrhenius behavior 
(insert) for low-shear viscosity (0,2 wt % KCI, A. 4 wt % KCI-. 
0.6 wt % KCI; 0.8 wt % KCI; 0,10 wt % KCI; *. 12 wt % KCI). 

a branched mIcellar network will therefore show a reduced 
viscosity compared to that of the entangled linear mIcelles. 
Thus. the maximum In viscosity with Increasing salt 
concentration Is expected to correspond to a shift from 
linear to branched micelles. 

Additionally. it can be seen from Figure 2 that the low- 
shear viscosity decreases by lowering the surfactant 
concentration In the samples. At low surfactant concen- 
trations, short rodlike n-dcelles are formed which have a 
weak rheological response (low viscosity) compared to 
those formed at higher surfactant concentration. For the 
latter, 6-8 wt % salt is required to reach the maximum 
In viscosity and a shift In the low-shear viscosity is 
observed at 40 *C for 0.25 wt % surfactant concentrations. 
Therefore, while 2 wt % KCI concentration Is sufficient to 
promote a significant Increase In the viscosity (growth of 
the micelles) for surfactant concentrations between 0.5 
and 4.5 wt %, the same salt concentration does not have 
a similar effect at low surfactant concentrations. In that 
case, short wormlike mIcelles are formed and a weak 
rheological response Is observed. 1-29 Higher viscosities can 
be obtained for this system using a binding salt such as 
sodium salicylate (NaSal), as reported by Raghavan et 
al. 1 

In Figure 3. the low-shear viscosity as a function of salt 
content and temperature Is presented at a fixed surfactant 
concentration of 4.5 wt %. As the temperature Is increased. 
the viscosity Is seen to decrease. From the literature' -3,25.30 
It Is known that the micellar contour length (L) decreases 
with Increasing temperature according to the following 
equation: 

112 
exp 

Here E. Is the activation energy and 0 Is the surfactant 
concentration. The dependence of the low-shear viscosity 
on temperature Is a consequence of the decrease in the 
micellar contour length of the micelles. Semilogarithn-dc 
plots of tl,, versus 1/ T (insert. Figure 3) fall on a straight 
line, thus revealing an Arrhenius behavior. The values of 
the activation energy were estimated from the slope of 
these plots. 

The dependence of the activation energy on salt and 
surfactant concentrations Is presented in Table 1. The 

(30) Soltero, J. F. A. -. Pulg. J. E. Langmulr 1996,12.2654. 
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Table 1. Activation Energy W/mol) for 4-S wt % EHAC 
Micelles between 40 and 80 *C as a Function of Salt and 

Surfactant Concentration 
KCI (wt %) (kJ/mol) 

2 195.13 
4 146.89 
6 126.70 
8 102.85 

10 91.22 
12 92.46 

values of E. are In agreement with the values reported for 
other micellar systeMS. 2,25,30.31 An Interesting observation 
is that the activation energy decreases as a function of 
KCI concentration. According to Fischer et al.. 31 the 
activation energy describes the energy that it Is necessary 
to move Individual micelles In an environment of sur- 
rounding n-dcelles. The activation energy is therefore given 
by the interactions between Individual aggregates. Fol- 
lowing this idea, it seems that there Is a first region (; k%2 
wt % KCI) where the charge properties of the micellar 
surface are such that the wormlike n-dcelles resist 
Interaction and fusion with the surrounding micelles. 
Additionally, their movements are constrained by en- 
tanglements with other wormlike micelles, giving rise to 
a high E.. In contrast, at Intermediate salt concentration 
(4 wt % KCO, the wormlike micelles have a lower surface 
charge such that the worms can fuse, break, and re-form 
more easily. Therefore, the activation energy decreases. 
At high salt concentration (ý 6 wt 0/6). a micellar branched 
network is formed. As a consequence, the cross-links in 
the network can slide along the micellar chains giving 
them enhanced mobility and resulting In a further 
decrease In & and viscosity. Another possible explanation 
of this trend could be related to a maximum in the contour 
length of the micelles. According to eq 3 the logarithm of 
the length of the n-dcelles Is proportional to the activation 
energy. Therefore, at 2 wt % KCI, the highest value In 
activation energy might correspond to a maximum In 
contour length of the wormlike micelles. Thus, the energy 
to form new end caps Is extremely high and the micelles 
start to form branching points. 

Small-Angle Neutron Scattering. Figure 4 shows 
the scattering intensity curves obtained for EHAC micelles 
in D20 with a surfactant concentration varying between 
0.25 and 4.50 wt % at 25 *C. A sharp scattering peak is 
observed that moves to higher Qvalues as the surfactant 
concentration Increases. The distance between the micelles 
formed in solution is decreasing (shift in the peak) and 
the interactions between the micelles become stronger 
as the concentration of surfactant Is Increased. A poly- 
disperse core-shell model combined with the Hayter 
Penfold micellar Interaction model32 was used to fit the 
experimental data. The model appears to be in good 
agreement with the data, revealing that a spherical 
rnicellar structure is formed for all surfactant concentra- 
tions, with an Inner radius of 29.8 ± 0.5 A and an outer 
radius of 34.7 ± 0.3 A. 

Figure 5 shows the scattering curves for 4.5 wt % EHAC 
solutions upon the addition of small quantities of KCI at 
40 *C. It is clear that the structure peak gradually 
disappears with increasing the amount of salt in the 
system until the shape of the scattering curve decays, 
approaching a Q-1 behavior (rods). The presence of the 
electrolyte screens the Interactions between micelles and 
promotes micellar growth .3 Therefore, the scattering peak 

(3 1) Fischer, P.; Rehage, H. Langmuir 1997.13.7012. 
(32) Cosgrove, T. Insanity program. 
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Figure 4. Scattering curves obtained for EHAC micelles in 
D, O without added salt at 25 *C. The error bars are comparable 
in size with the experimental points. Insert: Logarithmic scale. 
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]Figure 5. Scattering intensity AO versus scattering vector 
Ofor polymer-like micelles for-med by EHAC in D20 as a function 

of KCI content at 40 *C. (&, no KCI; A, 0.10 wt % KCI; [3,0.25 
wt % KCI; M, 0.50 wt % KCI: V. 0.75 wt % KCI; 0,1.0 wt % KCI; 
o. 2 wt % KC1. ) 

is no longer present at 2 wt % KCI and a change from 

spherical micelles to wormlike micelles takes place. 
At intermediate and high salt concentrations, it can be 

seen from Figure 6 (40 'C) that at low-Q values (insert) 

the scattering intensity continues to increase with salt 

concentration. This is an indication of the continued 

growth of the wormlike micelles upon the addition of salt, 
resulting in an increase in their contour length. In contrast. 
in the high-Qrange all the scattering curves superimpose. 

suggesting that the local micellar structure does not 

change upon further addition of salt. This is due to the 
fact that micellar growth occurs in a one-dimensional 
fashion along the micellar contour and leaves the cylin- 
drical cross section unaltered. 

As the local micellar structure rernains constant upon 
the addition of salt (high 0, the experimental data can 
be analyzed to obtain the cross-sectional radius of gyration. 

of the wormlike micelles and the mass per unit of 

-(33) Magid. L. J.: Li. Z. Langmuh, 2000,16.10028. 
(34) Stradner, A.: Glatter. 0.: Schurtenberger. P. Langrinju 2000. 

16,5354 
(35) Jerke. G.: Pedersen. J.; Egelhaaf. S.: Schurtenberger. P laiýg 

17 .. ir 1998. / 4,6013. 

I f'', (, 1 . 01 

120 

IDO 
lit 

80 

50 

40 - 

20 

o00 

0A 

011ý 
000 002 004 0M OA P In '4 

0 (A') 

Figure 6. Scattering intensitv 1(()i vei %it% %(attci iiig %c(tot 
Q for pol 

' 
Vmer-like micelle% formed bv 4.5 wt 'In I-1 iA(- in DO 

as a function of KCI coym-rit at 40 *C. (0.2 wt % K( 1.0.4 %%t 
% KCI; C3 6. wt % KCI: M. 8 wt % KC1; A, 10 wt % KC 1, A. 12 
wt % KCI: -, Kratky-Porod model. ) 

': - :: '. T 

A 

Figurv7. Cryo-TE%Iiiii(togi, tl)ti%ofwomiliki, iiit, (. 11, ý,, I,, jlfit, ti by EHAC with (A) no KCI. (B) 2 wt % KCI. (C) 6 wt % KCL and (D) 12 wt % KCI. Scale bar = 100 nm. 

length. Ali-, by employingt he Kratkvand Porociwormlike 
model given by eq 2.32 The values obtained for IJ.. and 
Af, are 21 ± 0.1 A and (1.90 ± 0.03) , 10 . g/cIn. 
respectively. and they are in the range of values reported 
in the literature for wormlikv micelle% fornied b% ionic 
surfactants. AIM 37, 

Cryogenic Transmission Electroni Microscopy. 
Direct images of %iii-ified of FIIAC K( I %%erv 
obtained by crvo-FFM. Figme 7 pit-m-ni% a %vt of (r-'o 
'FEMniicrographsoftlie%itt'il'ied4.5%vt'ý, F, IIACsoltitiotis 
containing no KCL 2 wt ("o KCI. 6 wt % KCL and 12 wt % 
KCI. respectively. Figure 7A shows the spherical micelles 
predicted by small-angle neutron scattering. 

When salt is added to the system (Figure 7B. 2 wt % 
KCI). very long wormlike unicelles are formed. The 
woi-nilikeiiiicelleso%, eriapatid becomeentangled (bottom 
rightcorner). Asaconsequence. it isimpo%sihletoidentif. y 

(36) Gaaamtjý ý M.: Pedersen, T. Kawasaki. H., Maeda. H 
I. iiýgtnuii 2000.16.6431, 

(37) Maillet. J. B. Lachet. V.; Coveney. V. My% Chem. Chern Mys 
1999.1.5277, 
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where they begin and end. The wormlike micelles shown 
In this micrograph (Figure 7B) are not branched: one 
Indication of this Is shown in the image. As It Is possible 
to align the wormlike micelles without breaking during 
the blotting procedure despite the relatively high shear 
rates applied. In Figure 7C. D. a typical network caused 
by branched micelles is observed. Both micrographs show 
a number or three-way connections (black arrows). In 
addition, Figure 7D shows an Increasing number of black 
dots In the background. This pattern is a consequence of 
freezing the highly concentrated salt solution (12 wt %). 
The results from the cryo-TEM study are in good agree- 
ment with the predictions from thesteady shear rheology 
In which the decrease In viscosity was attributed to be a 
shift from linear wormlike micelles to branch wormlike 
micelles. 

Conclusions 
The rheological behavior or EHAC solutions strongly 

depends on salt concentration. surfactant concentration, 
and temperature. Depending on these variables, shear 
banding can be observed In this system. However, more 
studies are required to understand this phenomenon. The 
low-shear viscosity goes through a maximum with In- 
creasing salt concentration. The presenceof the electrolyte 
screens the Interactions between micetles, thus promoting 
unlaxial growth. Additionally. the decrease In viscosity 
with temperature follows an Arrhenius type behavior and 
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Is related to the decrease In wormlike n-Jcellar length. 
SANS experiments show that the salt-free solution forms 
strong Interacting spherical micelleswithan Innerradius 
and an outer radius of -30 and -35 A, respectively. Upon 
the addition of salt the structure peak gradually disap- 
pears and a transition from spherical micelles to wormlike 
micelles occurs. The wormlike n-dcelles formed have a 
cross-sectional radius of gyration of -21 A. A direct 
visualization of this evolution was observed from the cryo- 
TEM images. Spherical micelles were detected in the salt- 
free solutions and a multiconnected network with three- 
way connections was observed upon addition of 6 wt % 
KC1 to the system. Thus, the maxima In the low-shear 
viscosity can be rationalized In terms of a transition from 
linear to branched worn-dike micelles. Finally. the ex- 
perimental techniques used in this study are comple- 
mentary with each other. allowing a good understanding 
of the strong rheological response of EHAC solutions. 
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The effect of adding an alcohol ethoxylatenonionlcsurfactant (CieEig) to aqueous solutions of a cationic 
surfactant. erucyl bis(hydroxyethyl) methylammonium chloride (EtiAC. Cli3(Ctlz)7(Cli)Z(ClijlzN+- 
(CH2CHZOH)2CH3CI_), was studied using small-angle neutron scattering (SANS). steady-state theology, 
and cryo-transmission electron microscopy (Cryo-TE". This cationic surfactant has the ability to self- 
assemble Into giant wormlike micelles in the presence of an electrolyte. such as KCI. In salt-free solutions. 
the mixture of the two surfactants gave rise to spherical micelles. The scattering curves obtained were 
fitted with a polydisperse core-shell model combined with a Hayter Penfold potential. The inner and outer 
radii were found to be dependent on the surfactant ratio. In the presence of KCI, mixed wormlike micelles 
were formed. However, further addition of CjgEje promoted the breaking of the micellar worms with the 
appearance of a structure peak in the scattering curves. In addition, It was found that the low shear 
viscosity Is decreased upon addition of the alcohol ethoxylate nonlonic surfactant. These flndings are in 
good qualitative agreement with the Cryo-TEM Images. The results show that the addition of the nonlonic 
surfactant to the system is a method of controlling the worm length. 

Introduction 
Mixtures of surfactants are found in numerous ap- 

plications, ranging from industrial or technological sys- 
tems to domestic products, often because the materials 
used are not perfectly pure but more significantly because 
difTerent surfactants are Intentionally mixed to improve 
the properties of the system. I Mixed amphiphile systems. 
which Include surfactants, polymers, and copolymers, offer 
a wide range of fascinating possibilities because of the 
complex ways they can associate Into supramolecular or 
rianoscale structures. The properties of the systems can 
be tuned simply by varying the composition, which Is an 
attractive alternative to the synthesis of new materialS. 2 

Cationic surfactants can self-assemble Into long, flexible 

wormlike micelles under certain conditions of salinity, 
temperature, presence of counterions, etc. The entangle- 
ment of these micelles Into a transient network Imparts 
interesting viscoelastic properties to the surfactant solu- 
tions that are analogous to that observed in solutions of 
flexible polymers. However, unlike ordinary polymers, 
wormlike n-dcelles are In equilibrium with their monomers 
and the micellar chains can reversibly break and recom- 
bine on a time scale that is dependent on the system and 
the prevailing physicochemical conditions. 3-6 

* Corresponding authors, E-mail: vaniacrocemagotbristoLacuk 
and terence. cosgrove@bristol. ac. uk. 

(1) Penfold. J.. Staples, E.: Tucker. 1. J. Phys. Chem. B 2002.106. 

8891. 
(2) Zbeng. Y.; Davis, H. T. Langmuir 2000.16.6453. 
(3) Cates. M. E. Macromolecules 1997.20.2289. 
(4) Cates. M. E.; Candau. S. J. J. Phys. Condens. Afatter 1990. Z 

6869. 
(5) Raghavan. S. R. Langmulr 2001,17.300. 
(6) Cappelaere. E., Cressely, R ColloldFblym. &11999,276.1050. 

It Is well established in the literature" that erucyl bls- 
(hydroxyethyl) methylammonlumchlorlde (EHAC) forms 
very long wormlike micelles in the presence of an 
electrolyte. such as potassium or sodium chloride. De- 
pending an the electrolyte concentration these aggregates 
can assemble into linear wormlike micelles or branched 
wormlike micelles. The change from linear to branched 
wormlike n-Licelles has a significant effect on therheological 
properties of the system. The low shear viscosity of the 
systems as a function of salt concentration presents a 
maximum. The increase in low shear viscosity at low salt 
concentrations (<6.0 wt%) is due to the growth orspherical 
micelles Into long wormlike micelles. As a Consequence. 
the viscosity Is raised and micelles become entangled. In 
contrast. the decrease in viscosity results from the 
formation of cross-links In the system. leading to a network 
of branched micelles. These branching points can slide 
along the cylindrical body and serve as stress release 
junctions. weakening the rheological response of the 
system. 8 Branching Is expected to occur when the free 
energy of cost associated with the cross-link formation 
becomes comparable to that needed for the formation or 
end caps. 6-9-11 

Mixtures of surfactants show synergy compared to the 
parent surfactants in both surface and bulk properties. 
This is particularly true when there are attractive 
Interactions between the surfactants. as is the case In 
mixtures of anionic and cationic surfactants. Kaler et 

(7) Croce. V.. Cosgrove. T. LAngmuir 2003.11 
(8) Drye. T. J.. Cates. M. E. J. Chem. Pitys, 1992. ga MG7. 
(9) Lin. Z. Lar]Fmuir 1996,12,1729. 
(10) Khatory, A.. Lequeux. F.; Kern. F.. Candau. S. I LaiWinulr 

1993.9.1456. 
(11) Porte. G. J. Phys. Chem 1986.90.5746. 
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al. 18-15 studied a variety or mixtures or anionldcationic 
surfactants. They found that by mixing the anionic 
surfactant sodium oleate (NaOA) wI th cat Ion Ic surfactants 
from the family of alkyl trimethylammonium bromide 
(C. TAB) a million-fold Increase in the viscasity relative 
tothat ort tie single comimnents was obtained. Uat study 
Illustrates how strong Interactions between headgroups 
can facilitate micellar growth and enhance the rheological 
properties or the system. which may lmve a significant 
effect on their applications. 

Another method of controlling the worm length. which 
has the opposite effect or the one mentioned above. is by 
mixing Ionic and nonlonic surfactants. Penrold et al. " 
Investigated thestructure of mixed surractant miceties or 
sodlum docecyl sulfate (SDS) and hexaethylene glycol 
monododecyl ether (CjjEG) In the presence and absence or 
hexadecane. It was round that solutions rich In nonlonic 
surfactant ravored the rormation of small globular micelles 
with dramatic changes in micellar size. The solubilization 
or the alkane suppressed the m1cellar growth. It was 
suggested that the add ItIon of alkane changes the balance 
or the steric and electrostatic contributions or the head- 
groups to the rree energy or micellization. therefore 
favoring the formation or short rods. Menge et W. " also 
observed the latter effect In dilute solutions orpentaeth- 
ylene glycol monododecyl ether (C, zEs) upon addition or 
small amounts or decane. causing a transition from 
elongated wormlike mIcelles to microemulsion droplets. 

Arleth et al. "studled thegrowth behaviorof wormlike 
micelles formed by mixing egg-yolk lecithin and the bile 
salt glycochenodeoxycholic acid sodium (CCDC). They 
found that upon dilution the shape and size or the 
aggregates changed dramatically due to differences In 
CNIC and In spontaneous curvature. As the sampleswere 
diluted toward the CNICorthe bile salt. the micellar length 
went through a minimum. It increased by decreasing the 
volume rraction or the lecithln/GCDC in the solution. In 
contrast to simple micellar systems where the micellar 
growth occurs with Increasing concentration. This ten- 
dency was also observed by Egelhaaf et al. 19 on a similar 
system composed oregg-yolk lecithin and sodium salt of 
tau rochenodeoxychol Ic acid NaTCDC). 

Mixed Ionic and nonlonic surfactant3 have been used 
as suitable models ror *equilibrium polyelectrolytes*. 
Pedersen et al. W" studied solutions or the nonionic 
surfactant hexaethylene glycol mono-t), hexadecyl ether 
(CIGU with I-hexadecane sulronic acid (C, oSO3Na). By 
doping the nonlonic surfactant, with small amounts of the 
Ionic surfactant they could study the effects or charge 
density on the micelle rormation. growth. and flexibility 
as the charge orthe micelles can be easily tuned without 
changing their local cylindrical structure. They round that 
the addition of Ionic surfactant had no measurable 
influence on the local structure ofthe wormlike micelles. 
In contrast. It did have a significant effect on the micellar 
flexibility and overall size. 

In this work. the efTect of adding a nonlonic surfactant, 
to aqueous solution or EIIAC is investigated In the 
presence and absence or KCI. 17hree different techniques 

(12) Kaler. W. J Phyz Client 82000.10t 11035. 
(13) Kaler. W. Langmisir 2002.1& 3797. 
(14) Kaler. W. J Ptors Clwm 81 "Z. 9d 13792. 
0 5) Kaler. W. LArWmuir 1993, )1.4267, 
(161 Penfold. J. J, I'hy& Chem B 2002.10a 989 1 
(17) Menge. U. J /It) i Chrm B 1999.10.1 57GS. 
(IS) Arleth. L berWinuir 2003.19.4(YJG. 
(19) Egelfwar. S. U.: SchurtenherRer, P. J. Phys. Owm 1994.98. 

$560. 
(20) Jerks. G.. Pederson. J. S. IjuWrmdr 1998. It. 6013. 
(2 1) Summer. C 

.. 
Pedersen. J. S. lAnomdr 2002.18.249S. 
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were used: small-angle neutron scattering (SANS). 
stead 

, 
y-state theology. and cryo-transmission electron 

microscopy (Cryo-TENI). As will be demonstrated In this 
work. addition or the nonionic surfactant 13 a novel way 
or controlling micellar structure. This system could be 
used to model polyelectrolytes as the formation or short 
wormlike micelles and changes In their charge density 
are induced. 

Experimental Section 
Materials. The chentical structure of erucyl bLs(hydrwryeth), U 

methylammonlum dilorlde (EIIAC) is shown belcrw. 3 It was 
obtained from Schlumberger Cambridge Research Limiteit The 
density or the surfactant is 950 kg-m-3. 

CH2CHIOH Cl- 
1+ 

C81117-C11-01-C121124-ý4-CH3 
I 

CH2CHIOH 

The alcohol ethoxylate surfactant. CI&Els. Is a registered 
trademark of Imperial Chemical Inc. known as Lubrol. and its 
structure 13 shown below. Inle 3Urfactant was used as recrived. 
It has a broad distribution or both ethoxylate and alkyl chain 
lengths. with an average et-hoxylate chain length or 18 etklene 
oxide units and an average alkyl chain of 18 carbon units. The 
density of the surfactant is 1060 kg-m-3. 

clf3-(Ctljj, -O(CHj-CHj-0)j8-H 

Potassium chloride (KCI) was purchased rrom Aldrich with a 
purity of 99+ wt %, Samples were prepared by weighing the 
appropriated amounts of surfactant. salt. and delonized water. 
After mixing. the samples were left to rest in order to remove 
any entrained air bubbles. 

The solutions made for the SANS experiments were prepared 
in deuterium oxide (DzO) instead of delorazed water (COSS 
Sdentilk Instruments Ltd.. 99.9 atom %t %M 

Small-Angle Neutron Scattering (SANS). Neutron scat- 
tering experiments were performed on the SANS-11 instrument 
at the Paul Scherter Institute. Switzerland (mixtures). and in 
the Forschungszentrurn Rifich. Germany (Pure EHAQ. The 
sample-detector distances used In the SANS-11 tristrument'Awe 
1.4 and 6.0 m with a wavelength or6.3 A. givinga Q range between 
0.007 and 0.20 A-'. On the KNVS-2 Instrument at Aillch the 
sample-detector distances used were 2.0 and 8.0 m at a fixed 
wavelength or7. OA. this gave a QLrange between 0.006 and 0.14 
A-'. 77w solutions were placed In quartz cells with 2 and I mm 
path lengths. The cationic surfactant concentration was fixed at 
4.5 and 1.5 wt %. The nonlonIc surfactant concentration was 
varied from 0.50 and 6.0 wt %. and the salt concentration was 
varied from 0.1 and 6.0%-t %. The scattering length densities of 
EJIAC and C, &Es are 6.26 x 10-9 and 3.47 x 10-1 A-2. 
respectively. The raw scattering spectra was corrected for 
background scattering. detector efficiency. empty cell scattering. 
transmission. and electronic noise and converted to differential 
scattering cross-sections, (in absolute units or cm-1) using the 
standard procedures. The experiments were performed at 25 T. 

Steady-State Rheology. Rheological measurements were 
performed on a controlled stress Bohlin Instrument (model CVO). 
The Instrument was used In the controlled stress nxxle. The 
&hear stress was varied between 0.02 and 60 Pa depending on 
sample viscosity. Samples with low viscosity required low shear 
stresses to produce high shear rates. This was taken into account 
to avoid foaming of the samples. A Couette geometry (C25) with 
cup 27.5 mm diameter. bob 25 nun diameter. and height 37.5 
mrn was used for the high-viscosity samples. For the law-, %Iscosity 
samples. the double-gap geometry (DG40150) was used with an 
external gap 4.54 mm. an internal gap 3.98 nun. and height 46 
nun. Steady-state measurements were performed at twodifferent 
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Figurel. Scattering curves for CI&EII spherical micelles at 25 
*C: (0) 0.50 wt % CiýEae. (a) 1.0 wt % CisEts. VD 2.0 wt % 
CiAs. (0) 4.0 wt % CtsEts. and M 6.0 wt % CIgEls. 7be e.. w 
bars am of the same size of the data points. The continuous 
lines are rlts to the experimental curves using the core-shell 
model and Hayter Penfold potential. 

temperatures. 25 and 40 *C. A delay time of 30 s and an 
integration time of 300 s were given for each shear stress. A 
solvent trap was used during the measurements to avoid clumiges 
in composition due to water evaporation. The cationic surfactant 
concentration (EHAQ was kept constant at 4.5 wt %, The salt 
concentration was varied from 2.0 to 12.0 wt 96. and the nonlonic 
surfactant concentration was varied from 0.50 to 6.0 wt %, 

Cryo-Tmasmtssion Electmn Microscopy. Cr)vMlc trans- 
mission microscopy (Cryo-TE&O investigations were performed 
with a Zeiss EM 902A instrument. operating at 80 kV and in the 
filtered bright-neld mode at AE -0 eV. Digital Images were 
recorded under law dose conditions with a BloVision Pro-SM 
Slow Scan CCD camera system. The preparation procedure has 
been described In elsewhere. 22 A climate chamber with controlled 
temperature (set to 25 T) and humidity (relative humidity of 
approximately 99%) was used. Thin films orsample solution were 
formed by placing a small drop of the liquid on a perforated 
polymer support Illm and blotting itwlth filter paper. Thin sample 
film (10-500 nm) spanned the holes in the support film. 
Inunedlately after the samples were vitrified by plunging them 
into liquid ethane. The samples werr kept below - 165 'C and 
protected against atmospheric conditions during both transfer 
and examination. 

Results and Discussions 
Small-Angle Neutron Scattering. The intensity 

scattered by CjsEjs n-acelles with varying concentrations 
(between 0.50 to 6.0 wt %) at 25 *C Is presented In Figure 
1. It can be seen that as the concentration of the nonlonic 
surfactant. Is Increased. the appearance of a structure peak 
is evident revealing strong Inter-micelle interactions. The 
CNIC of this ethoxylate surfactant was measured else- 
where. 23 and It was found to be 0.00125, A-t %. Hence. the 
scattering Intensity is entirely due to micellar aggregates. 
Taking Into account that Inter-micellar Interactions are 
significant In the range of concentrations studied here. a 
spherical core-shell modet"-U with polydispersity and a 
Hayter Penfold potentIaI26 were used. The core contains 
predominantly hydrocarbon chains and the shell poly- 
(oxyethylene) headgroups with associated water mol- 

(zz) Alingrem M.: Edwards. K. -. Kartssom G. Colloids Surf. A 2000, 
174.3. 

(n) Nugem N. Ph. D. Thesis. Uriversity of Bristol. ZM3. p 56. 
(24) Ottewill. P, H. In Colloidal DispersAmm Goodwim J. W.. Ed.; 

Royal Society or ChemLvjy. 1892. 
(25) Klr%& S. M. In Modern TechrUgms forPol"jer Characterbatiorz 

john Wiley &. Sons: New York. 1999. 
(26) Hayter. J.: Penrold. J. Afol, Phys. 1981.4Z log. 
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ecules. The model form ractor Is based on using concentric 
spheres. Each sphere is made up or a solute and solvent 
with three respective scattering length densities and 
volume fractions. A log-normal distribution orsizes Isused 
for the core and shell. and It Is assumed that they [lave 
thesame polydispersity. 7"he Interparticle structure ractor 
uses the Ilayter Penfold potential. and the Inner radius 
ischosenastheeffective hard coresphere radius (therefore 
the charge is unirormly distributed on the surface or the 
core). This interaction potential Is of the same functional 
form as theYukawa potentlal. 17-l! 'which Is used todesctibe 
nonionic interactions. 29 "I'herefore. It was used ror both 
Ionic and nonlonic micelles. In the simulation or pure 
micelles, the aggregation number Is calculated using the 
Inner-sphere volume and the molar volume or the sur- 
ractant alkyl chain. Although It is possible to constrain 
the total number or headgroups In the corona using the 
molecular formula, this has not been done In this work. 
Instead. the volume occupied by the headgroups In the 
shell is floated to allow solvent penetration. However, 
%hen constraining the total number of headgroups in the 
corona. similar rits to those shown here were obtained. 
The ndnlmlzation uses the Marquardt Levenberg method 
used by the INSANIW program. 

The model Is In good agreement with the experimental 
data as shown In Figure 1. It reveals that the aggregates 
formed are spherical micelles with an average Inner and 
outer radius or approximately 26 ±I and 39.6 + 0.7 A. 

respectively. 7bese radU are In the range of values re rted 
In the literature for alcohol ethoxylate micelles. 26. 

T-32 
It 

is possible to estimate the maximum effective tall length 
of a saturated hydrocarbon chain of M embedded carbon 
atoms (n, - 17 ror C, aE, &). The length (A is given In 
angstroms by the following expression" 

los 1.5 + 1.265rk 

From eq I the chain length or the alcohol ethoxylate Is 
found to be -23 A. The fact that the nonlonic surfactant 
has a broad distribution of chain lengths may account for 
the larger value obtained from the neutron scattering 
fitting. To give an orderof magnitude of the shell thickness. 
%r compared it to the radius of gyration of a polymer 
chain using eq 234 

Ra = avfA-f x 10-4 run 

where a is equal to 343 and Alls the relative (dimension- 
less) molar mass or the ethylene oxide chain with respect 
to atomic hydrogen. This relationship gives a radius of 
gyration of approximately 10 k The same value for R,, is 
obtained from the expression used by BorWly et al. 31 The 
thickness or the shell is expected to be between one and 
two radU of gyration. From the Ilts of the experimental 
data to a core-shell model a thickness or 13.6 A was 
obtained. which Is an Intermediate value between R. and 
2. 

Igure 2 shows the scattering curves obtained at 25 T 
for the Ionictnonionlc surfactant mixtures in the absence 
of salt. The scattering from pure EHAC spherical micelles 

(27) DuugLm C. B.: Kaler. I- W. Ungmulr 1994. ialM. 
(28) Zulaur, M.; Hayter. I B. J. Phj, & CJwnL 1993.89.34 1L 
(29) Penfol& J.: Staples. I-: Tucker. 1. J. CWWM(erfam SCI. 1997. 

185.424. 
(30) Preu. H.. Zradba. A. Ptnsý Chem. Chmn. M^ 19". 1.3321. 
(31) Borb#ly. S. LuNmulrZOOO, la 5540. 
(3Z) Schefer. J.. hWaniel. It J. M& CIrnL 1988.9Z 729. 
(33) Tanford. C, J Phys. Chmn. 197Z, 7a 3020. 
(34) Fleer. C, J.: Cohni. M. A.: Co%Ftrv". T. ftl)ww at Intetfacm 

Chapman & H&U: Wxkxrt. 1"3: p 463. 
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Table 1. Inner and Outer Radii (in angstroms) Obtained for the Mixed 4. S vvt % EIIAC/ClaEls Splwricid Micelles Using 
the Core-Shell Model" 

4.5 wt % El IAC 
4.5%1% 0.50 wt % 1.0 wt % 2.0 wt % 4.0 wt % 6.0 wt % 6 wt % 

parameter EI IAC CasEto CisEts CISEIN CI&Elo CISEII CI. Ml 

Inrior radlux 29.8: k 0.3 30.0 * 0.3 30.3. * 0.4 29.9 * 0.6 27.8: k 0.4 27.4 * 0.5 24.3 * 0.9 
outer radius 34.7 ± 0.2 34.6 ± 0.3 34.4 ± 0.4 34.6 ± 0.6 35.7 :k0.5 36.1 ± 0.6 38.7±0.2 

Longmuir. Vol. 20. Ara 19.2004 7987 

0 TIw C, sE, o concentration Is varied. 

30 addition of KCI the structure peak Is gradually smoothed 
out and the scattering Intensity at low-Q Increases. This 
Is characteristic of a change from spherical micelles to 
short wormlike micelles.? The addition or the electrolyte 
promotes unlaxial growth by screening the electrostatic 
Interactions between the ionic headgroups (EHAQ. 
However. the structure peak Is always visible in this 
system. Indicating that short worn-dike micelles with weak 
interactions are formed. The insert In Figure 3 shows the 
scattering curve for 4.5 wt % EIIAC with 2.0 and 6.0 wt 
% KCI at 25 *C. Incontrast. for the same salt concentration 
no structure peak is observed in this system. as interac- 
tions between EHAC headgroups, are screened and long 
wormlike micelles are formed. ' Therefore, the presenceor 
the nonlonic surfactant In the system has a major effect 
on the formation and growth of the wormlike micelles. as 
seen from the scattering curves. For a concentration or 
4.0 wt % C,,, E, &. the system requires higher concentrations 
of KC1 (> 6.0 wt %) to screen the interactions between the 
scattering centers. The nonlonic surfactant clearly sup- 
presses the formation of long wormlike micelles, which is 
a novel wayof controlling the contour length of theworms. 
The scattering curve from the lowest salt concentration 
(Figure 4) was fitted to a polydisperse core-shell model 
with a Hayter Penfold potent lal as it Is In the limit before 
the formation or short rodlike micelles and no upturn at 
low-Q values is observed. The results obtained confirm 
the structure of spherical micelleswith an Inner and outer 
radius of 28.8 ± 0.4 and 39.2 ± 0.2 A. which are In the 
range of values obtained in the absence of KCI for the 
mixtures orthe two surfactants (Table 1). Itcan be noticed 
that the inner radius approaches the length of the 
hydrocarbon chain of ERAC -29 A and the outer radius 
tends to the CnEia micelles outer radius. This suggests 
that slightly different wormlike micelles are formed at 
higher salt concentrations in the presence of C, gE, g. The 
threadlike micelles will have a core dominated by the 
hydrocarbon tall of the Ionic surractant (EHAC. 29 A). 
which Is longer than the C, sE, s alkyl chain (23 A). and the 
outer radius will be established by the poly(oxyethylene) 
headgroups. which are much larger than EIIAC head- 
groups. 

The scattering curves for 4.5 wt % EHAC with 6.0 wt 
% KCI and varying concentration or ClsEls at 25 *C are 
shown In Figure 5. As the concentration of the alcohol 
ethoxylate Is Increased. the scattering Intensity Is seen to 
decrease and the formation or a structure peak occurs. 
This tendency is the Inverse of the one shown In Figure 
3. where upon addition of KCI the structure peak became 
less pronounced. This Indicates a change from long 
worml Ike micelles to shorter ones with stronger Interac- 
tions. Results from Cryo-TENI experiments showed that 
EHAC forms very long wormlike micelles at 2.0 wt % KCI 
and branched micelles at 6.0 wt % KCIJ Instead. the 
addition of CI&Els promotes micellar breaking. The process 
in which this occurs is not well understood. There could 
be two qualitative interpretations: the first one is that 
mixed end caps or nonionictionic surfactants are formed. 
thus lowering the end cap energy and favoring the 
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Is 
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01w) 
Figure 2. Scattering curves at 25 *C for the lonidnonloWc 
surfactant mixtures In the absence of salt. EHAC concentration 
Is fixed at 4.5 wt V (0) no CjsEje. (0) 0.50 wt % CosEls. (. &) 1.0 
wt % CnEje. OM 2.0 wt % CaEis. (0) 4.0 wt % CnEm and (V) 
6. Owt%C, *E, e. MiecontInuous lines are fits to the experimental 
curves using the core-shell model and Hayter Penfold potential. 

is also plotted In Figure 2 for comparison. The concentra- 
tion or cias was varied from 0.50 to 6.0 wt %, and the 
concentration orEIIAC was fIxed at 4.5 wt %. Very similar 
trends to the previous system can beobserved. A structure 
peak is clearly seen forall surfactant concentrations. which 
moves to higher QLvalues as the nonlonic surfactant 
concentration Is Increased. Between 0.50 and 2.0 wt % 
C, sE, o. the addition of CigEls does not alter the scattering 
intensity significantly. The spherical micelles are well 
described by the core-shell model with a flayter Penfold 
potential. During the fitting procedure the scattering 
length densities of the core and the shell were calculated 
from the scattering length densities or ERAC and Claille 
tails and heads groups and averaged by their volume 
fractions. respectively. 

In Table I the inner and outer radii obtained for the 
mixed 4.5 wt % EIIAC/Clallis spherical micelles using the 
core-shell model are reported. At the extremes of the 
table the values for EIIAC and C, *Ej# spherical micelles 
are shown for comparison. From the table It is clearly 
seen that as the concentration of the nonionic surfactant 
Is Increased. the Inner and outer radii tend to the CI&E, a 
spherical micelles values. This may indicate that mixed 
spherical micelles crEtIACICI&Ellare formed In solution. 
In addition. the radii or the mixed micelles up to 2.0 wt 
% Ciallim do not show a significant change. suggesting 
that It is above 4.0 wt % that the nonionic surfactant has 
an Influence on the micellar size; this corresponds to a 
I: 2.5C, sE, M- IAC molar ratio. This Is supported by other 
SANS experiments where the two surfactants were 
alternatively contrast-matched to the solvent. 35 

Figure 3 shows the scattering curves at 25 'C for 
wormlike micelles with 4.5 wt % EIIAC. 4.0 wt % CaE, o. 
and varying KCI concentrations. It can be seen that upon 

(35) Crom. V.: Cosgrove. T.. Drrls&. C. M&nuscript in preparation. 
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Figure 3. Scattering curves at 25 *C for mixed wormlike 
micelles with 4.5 wt % EHAC and 4.0 wt % CisEiewith varying 
KCI concentrations: (0) no KCI. (0) 0.50 wt % KCI. (0) I. D wt 
% KCI. (a) 2.0 wt % KCI. (A) 4 wt % KCI. and (CO 6.0 wt % KCQ. 
(insert) Scattering curve for 4.5 wt. % EHAC with 2.0 (0) and 
6.0 wt % (, L) KCI at 25 *C. 
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Figure 4. Scattering curves at 25 T for wormlike micelles 
with 4.5 wt % EHAC and 4.0 wt % C, sE, g with no KCI (0) and 
0.50 wt % KCI (0) concentrations. The continuous lines are f1ts 
to the experimental curves using the core-shell model and 
Hayter Penfold, potential. 

formation ofshortrods. Kwon etal. 36studied C12Es/DNIPC 
(DA; -a-phosphatlclylcholine dimyristoyl), and they detected 
the formation of mixed end caps. The end cap energy of 
the mixed micelles increased as more DNIPC molecules 
were added into the C12E3 micellar solution. making the 
growth of the cylindrical middle part favorable. and longer 
"celles were formed. The second interpretation Is related 
to the screening or the Interactions between EHAC 
headgroups. The Incorporation of the nonlonic surfactant 
into the cylindrical body reduces the Interactions between 
ionic headgroups as they are further apart from each other. 
Thus. higher salt concentrations are required to promote 
micellar growth. Following the arguments presented by 
Shiloach and Blankschtein et al.. 16-37 this suggests that 
the evolution of the micelle size with composition Is caused 
by changes in the balance between the steric and 
electrostatic contributions to the free energy of micelti- 
zation. The headgroup contribution to the free energy of 
n-acellization Is dominated by the steric constraints of the 
ethylene oxide groups. These electrostatic contributions 

(36) Kwon. S. Langmuir 2M. 17.8016. 
(37) Shiloack A.: Blankschtetm D. Langmuir 1998,14,7166. 
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Figure S. Scattering curves for 4.5 wt % EHAC with 6.0 wt 
% RCI at 25 *C varying the concentration of CleEls: 03 No 
CmEis. (0) 0.50 wt % C, BE, g. (0) 1.0 wt % CmEts. (A) 2.0 wt % 
CI&EI& and (a) 4.0 wt % CleEls. 
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Figure 6. Influence of the Ionic surfactant EHAC on the 
scattering intensity for the mixed micelles at 25 *C. I'he KCI 
concentration is flxed at 6.0 wt % (4. S wt % EHAC with 1.0 wt 
% (0) and 4.0 Wt % (0) CjsEie and 1.5 wt % EHAC with 1.0 wt 
% (A) SM 4.0 wt % (a) Ci&Eis). 
depend only on the electrostatic characteristics of the 
surfactant head. such as the valence orthe charge and Its 
location In the surfactant head. Zheng et al. 2 observed a 
simflar phenomenon In mixturesofa nonionicamphiphillc 
copolymer and a nonionic surfactant (C1213s). Cylindrical 
micelles, or E021-EO3$-EO21 switched to spherical ml- 
celles upon addition of CIzEs. They explained that the 
block copolymer can be viewed as a polymeric colloidal 
particle (thecore) grafted with polymerchain (the corona). 
These chains are in a stretched state that is not favorable 
for a polymer chain. The addition of short-chain Cj2Es 
molecules acts as a spacer between polymer chains. 
allowing more room to relax to the coil state that occupies 
more area at the n-acelle surface. This favors the formation 
of structures with higher curvatures (spherical micelles). 

In Figure 6 the Influence or ionic surfactant in the 
scattering Intensity for the mixed micelles at two ClaEls 
concentrations Is shown. Here. the KCI concentration Is 
kept constant at 6.0 wt %. The scattering intensity 
decreases with decreasing surfactant concentration. This 
suggests that shorter wormlike micelles are formed In 
solution at lower ERAC concentrations. The same effect 
can be seen as the nonionic surfactant concentration Is 
Increased with the appearance of a structure peak. 

Steady-State Rheology. In Figure 7 the behavior or 
the low shear viscosity as a function or KCI is observed 
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0 
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Figure?. Low &hear viscosity as a function of KC] Is observed for a sample containing 4.5 wt % EIIAC with (a) and without 
(0) 1.0 wt % CasEss at 40 T. 

for a sample containing 4.5 wt % Ef IAC with and without 
1.0 wt % C1,, Ejj at 40 T. It can be seen that as the salt 
concentration Is Increased the low shear viscosity In- 
creases. reaching a broad maximum and then decreasing 
at high Ionic strength. The Increase In viscosity has been 
explained In terms or micellar growth. and the decrease 
Is due to the occurrence or m1cellar branching since the 
cross-links can slide freely along the cylindrical body of 
the wormlike micelles and serve as stress release points. 
Thus. the resulting structure flows more easily. S. "-40 

Additionally. It can be observed from Figure 7 that 
adding i. o wt % or nonlonic surfactant produces a 
significant drop In viscosity and shirts the maximum to 
higher salt concentrations. In contrast to pure EHAC 
wormlike n*Jcelles. the viscosity drop above 10 wt % KCI 
concentration Is less pronounced. *rbis may suggest that 
the convergence or these two curves at high salt concen- 
tratlon Is caused by different factors. It was demonstrated 
In a previous publication that at high Ionic strength EHAC 
forms a saturated network of wormlike micelles, with a 
numberorthree-way connections. resulting In a sigriincant 
decrease In viscosity. ' On the other hand. SANS experl- 
ment3 on the EIIACICI&Elo/KCI system presented In the 
previous section have shown that the presence or the 
alcohol ethoxylate surfactant suppresses micellar growth 
and higher KCI concentrations are needed to form long 
wormlike mIcelles. Hence. this system at high Ionic 
strength probablyforms longworn-dike micelleswith fewer 
branches than pure ERAC with KCI. The latter may 
account for the less pronounced decrease of the viscosity 
at high Ionic strength on the mixtures. 

Figure 8 shows the Influence of Increasing the nonlonic 
surfactant concentration on the low shear viscosity or a 
sample containing 4.5 wt % EIIAC and 2.0 wt % KCI at 
two temperatures. 711e insert shows the same system for 
a higher salt concentration (6.0 wt %) and a temperature 
or 40 T. It can be observed that there Is a gradual drop 
In (lie low shear viscosity upon addition or ClsEls. This 
tendency Is In good agreement with the results obtained 
from the SANS experiments. where the appearance of a 
structure peak upon addition or C, aE, s was observed 
(Figure 5). Both results suggest m1cellar breaking. Thus. 

(38) Cappelacre. E.. Cressely, X Rhml. Acra 2000.39.346. 
(39) Itartmann. V.: Crftwly. R. Rhml, Art& 1998.37.1 IS. 
(40) Carulau. S. J.: Oda. R. Colloids Swf, A: Physimchem Eng. 

As1wis 200 1.181 S. 
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Figure S. Low shear viscosity as a function of C, ýEjv 
concentration for a sample containing 4.5 wt % EHAC and 2.0 
wt % KCI at two temperatures: (0) 25 and (A) 40 T. (Insert) 
Low shear viscosity as a function of CI&Els concentration for a 
sample containing 4.5 wt % EHAC and 6.0 wt % KCI at 40 T. 

by adding nonionic surfactant to aqueous solutions or EHAC. short wormlike micelles are formed and a weak 
rheological response Is obtained, which results in lower 
viscosities. 

Cryo-Transmission Electron Microscopy. Figure 
9A and B show direct images of vitrified samples of EHACJ 
C, sE, s without salt. Spherical micelles are observed. 
represented by the black dots on the n-dcrographs. Figure 
9C shows a vitrified sample of EHACICI&Els with 0.50 wt 
% KCI. The black dots are still visible. Indicating that no 
wormlike n-dcelles are formed. However. It is not possible 
to access the exact shape of the aggregates from these 
images. Small-angle neutron scattering results (Figure 
3) showed that there Is a change In their size. 

Figure 10 shows Cryo-TEM Images with samples 
containing 4.5 wt % EHAC. 6.0 wt % KCI. and varying 
concentration of ClaEls. When no CjsEjs is present In the 
system, a typical network caused by branched wormlike 
micelles Is observed. Several three-way connect-ions can 
be detected In the micrograph (Figure IOA). At I. Owt % 
CleEls there Is a change from branched wormlike micelles 
to I Inear wormlike micelles. similar to those found at 2.0 
wt % KCI In the absence or alcohol ethoxylate (Figure 
IOB). 7At high C, aEs concentration (4.0 wt %, Figure IOQ 
short rodlike micelles are form. It is clearly seen that the 
contour length of the threadlike micelles decreases upon 
addition of nonlonic surfactant. This Is in very good 
agreement with the small-angle neutron scattering ex- 
perimental data. From Figure IOC a broad distribution 
of chain lengths Is observed. suggesting a high polydis- 
persity In the system. In addition. experimental obser%ra- 
tions revealed that C, aE, s solutions with added KCI had 
very low viscosities (water-like) and the salt precipitated 
with time. This suggests that the nonionic surfactant does 
not tend to form rodlike rnicelles, and It Is mainly EHAC 
that drives the formation of the worms. 

Conclusions 

Small-angle neutron experiments showed that the 
alcohol ethoxylate nonlonic surfactant formed spherical 
micelles up to concentrations of 6.0 wt%. Mixedspherical 
micelles were formed when adding the nonlonic surfactant 
to salt-free aqueous solutions of EHAC. The inner and 
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]Figure 9. Direct images of vitt, I ivd sall iple,, of 15 wt % EHAC and (I it tvi, nt ( iml-i. (oncentrations: (A, i (I f) 4.0 

wt % CjsEis, and (C) 4.0 wt % CjsEl8 with 0.50 %%t % KC1. Bar = 100 nw. 
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IFigure 10. Cryo-TEM images "ith samples containing 4.5 wt % EHACýkith 6.0 "t % KCI varying con(entrittioll t)f 18E, s: (A) 

no C, sE, 8, (B) 1.0 wt % C, sE, 8. and (C) 4.0 wt % CIRE18. Bar = 100 nm. 

outer radii of such mixed aggregates varied with the ionic 

and nonionic surfactant concent rations. In the presence 
of salt. it was demonstrated bv three different and 
complementary techniques that micellar breaking is 

promoted bV increasing the concentration of the alcohol 
ethoxviate nonionic surfactant in aqueous solution of 
F-HAC In the SANS experiments the appearance of a 
structure peak was detected. and in the rheological 
measurements a significant drop in viscosity was observM.. 
Cryo-TEM showed the formation of short rodlike micelles. 
As a consequence, higher salt concentrations were needed 
to promoted micellar growth. Finally, combination of these 

techniques is very useful to understand the changes in 

structure in mixtures of EHAC/C, gE, 8 in t tie presence and 
absence of'K( I 
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SmaU-angle neutron scattering studies were used to investigate the effect ofadding an alcohol ethoxylate 
nonionic surfactant W-C12E2o) to aqueous solutions of a cationic surfactant, erucyl bis(hydroxyethyl) 
methylammonium chloride (EIIAC), with and without salt (KCI). The systematic use ofcontrast-matching. by alternately highlighting or hiding one of the surfactants, confirms that mixed miceUes are forme& In 
salt-fi-ee solutions, mixed spherical micelles are formed and a core-shell model combined with aI layter- 
Penfold t tial w? s used to describe the data. The core radius is dominated by the EIIAC tails and the 
outer ra=termined by the ethoxylate headgroups ofthe nonionic surfactant. Addition of KCI promotes 
miceUar growth, however, results ofvarying the solvent contrast revealed that when the nonionic surfactant 
is incorporated into the wormlike structure micellar breaking is promote& Thus, mixed wormlike micelles 
with shorter contour lengths compared to the pure EIIAC worms are formedL 

Introduction 
Mixed surfactant systems are encountered in many 

practical applications, from laundry detergent formula- 
tions to industrial and technological systems. By mixing 
different surfactants, synergistic interactions can be 
exploitedL' Mixtures of ionic and nonionic surfactants are 
also interesting from a fundamental point ofview, as they 
often exhibit nonideal behavior. This nonideal behavior 
jig influenced by differences in the size of the surfactant 
heads or the length of the surfactant tails. L2 

The formation ofwormlike micelles in mixed surfactant 
systems has been studied extensively and these systems 
include anionic/cationic surfactantS3-'s and anionic/non- 
ionic surfactants, 2-6 among others.? A For the anionid 
cationic surfactants mixtures, a significant enhancement 
in rheological properties has been observed due to the 
attractive interactions between the surfactant headgroups 
that lead to synergistic micellar growth. An enhancement 
in rheological properties was observed by Oelschaeger et 
aLs in mixtures oftwo cationic surfactants, cetyltrimethyl- 
an=onium chloride (CTAB) and the gemini surfactant 
12-2-12, at high ionic strength, and by Acharya et al.? in 
rnixtures ofabort-EO-chain polyoxyethylene dodecyl ether 
(C12E. ) and polyoxyethylene cholesterol ether (ChEO. ) 
surfactants. 

*Authors to whom correspondence should be addressed. E- 
maiL. vania. crocemagoCatristol. acuk(V. C. ) and terence. cosgrove@ 
bristoLac. uk (T. C. ). 
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Mixtures of anionictnanionic surfactants can also show 
a completely different behavior from the one just men. 
tioned. Mixtures ofsodium dodecyl sulfate (SDS) and C12E6 
have been studied by Shiloach et al. 2 and by Penfold et 
al. 6 This system showed a maximum in aggregation 
number upon addition ofSDS. Both studies have explained 
this behavior in terms of a balance between the electro- 
static and steric contribution from the surfactant head. 
groups. Firstý there is a micellar growth due to the 
reduction of the steric interaction between CnEo head- 
groups upon addition of SDS. However, at high SDS 
concentration, the repulsion between the SDS headgroups 
becomes important and leads to the formation of ag- 
gregates with higher curvatures. 

Mixtures of ionic and nonionic surfactants can be used 
as a model for Oequilibrium polyelectrolytes7, as proposed 
byPedersenet al. 9 In their studies, the nonionicsurfactant 
hexaethylene glycol mono-n-bexadecyl ether (CiGEs) was 
doped with 1-hexadecane sulfonic acid. 7be effects of ionic 
strength, doping level, and total concentration on the static 
properties ofdilute and semidilute miceUar solutions were 
investigated. In dilute solutions, they observed that the 
intramicelle electrostatic interactions had a significant 
influence on micellar flexibility. In the semidilute regime, 
it was found that strong long-range interactions between 
micelles occurred at low ionic strength. inducing liquidlike 
ordering, and the resulting structure factor peak exhibits 
the same concentration dependence as previously observed 
for polyelectrolytes. 

The cationic surfactant used in this study, erucyl his- 
(hydroxyethyl) methylammonium chloride (EIIAC), has 
the ability to form very long wormlike micelles in the 
presence of salt. 10-11 71e entanglement of such micelles 

(9) Pedersen. J. S.; EgetImat. S. Schurtenberger, P. Langmuir2M. 
18,2495. 

(10) Crooe. V.; Cosgrove, T.; lfaitland4 G.; I lughet, T.; Karlason. 0. 
L, wwmuir 2003,19,8536. 
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can account for the strong viscoolasticity or gel-like 
behavior that the system exhibits at room temperature. 
The theological properties of EllAC aqueous solutions 
are very interesting and depend strongly on the structure 
of the aggregates famed in solution. 71is Is the reason 
for Its use In many industrial applications. The wormlike 
micelles fortned by El [AC change from linear to branched 
structures depending on salt concentration. This is 
reflected in the low-shear viscosity, which gues through 
a maximum when Increasing the amount of electrolyte in 
the system. 

Ile aim or this work is to demonstrate the formation 
of mixed spherical and wormlike micelles by adding a 
nonionic alcohol ethoxylate surfactant (d-C13E3o) to aque- 
ous solutions of erucyl bis(hydroxyethyl) methylammo- 
nium chloride, with and without the addition ofsalt(KCI). 
Small-angle neutron Kattering(SANS) experiments were 
performed, and detailed contrast-matching methods were 
employed to highlight alternately each of the surfactants 
by varying the scattering length density of the solvent. 

Experimental Section 
Materfals. The chemical structure oferucyl bie(hydroxyethyl) 

methylammonlum chloride (EIIAC) in shown below. " It was 

QIp4p1 

obtained from Schlumberger Cambridge Research Umited. Ile 
CINIC of EIIAC is approximately 3.90 x 10-6 mol/L The 
deuterated alcohol ethoxylate surfactant d-Cj2E20 was used for 
the SANS experiments. It was synthesized by Dr R. K Thomas 
at the University of Oxford. TWs nonionic surfactant has an 
average ethoxylate chain length of twenty ethylene oxide units 
and an average alkyl chain of twelve carbon units 

CDs-(CD3)11-0(CI)2-CD3-0)30-D 

Potassium chloride (KCD was purchased from Aldrich with a 
purity of 99+ wt%. Samples were prepared by weighing the 
appropriated amounts of surfactant, salt and deionized water 
from different stock solutions. The concentrations of the stock 
solutions were the following- 9 wt% EIIAC, 10 wt% d-C12F4o. 
and 25 wt% KCL After mixing. the samples were left to rest 
overnight in order to remove any entrained air bubbles. 

The solutions made for the SANS experiments were prepared 
in deuterium oxide(DjO)(GOSS Scientific Instruments Ud. 99.9 
atoin wt% D) and in deionized water (11jO). Samples containing 
d-Cj2F4o only were prepared in deionixed water. 

To confirm the formation of mixed micelles. the scattering 
length density of the solvent was matched to that of the two 
aurfactants, alternately. To match the cationic surfactant 
(EIIAC), a ration of 92 wt% lljO and 8 wt% D20 was required 
while a 100% DjO solution was used to match the scattering 
length density ofd-Cj2Ev. In addition. off-contrast solutions were 
made with a 50: 60 wt% I IjQ(D-jO ratio. where both surfactants 
contribute to the scattered intensity. 

All neutron data were fitted using a nonUear least-squares 
fitting program, INSANJIT. 13 Ile indication of the goodness of 
the f it is given by the merit value. ry. which is minimizM by the 
Marquardt-Levenberg method. 

Small-Angle Neutron Scattering. Neutron scattering ex- 
periments were performed on the SAINS-11 instrument at the 
Paul Scherrer Institute, Switzerland and at the ISIS facility. 
Rutherford Appleton Iaboratory, UK The sample-detector 
distance* used on the SANS-11 instrument were 1.4 and 6.0 m 
with p wavelength of 6.3 A. giving a Q-range between 0.007 and 
0.20 A- 1.71w LOQ Instrument at ISIS uses incident wavelengths 

412) bttpltwww. chm. bris. ar-uktptWymer/pil-home. htm. 
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Figurel. Scattering curves for d-Ct2Eo micelles in H30 at 25 
T. C&) 0.50 wt% d-CnEw, 03) I. Owt% d-CuEw, and (0) 2.0 wt% 
d-C, jF. 2& The solid lines am fits to the core-shell model with 
the Ilayter-Penfold potential. Insert: structure factor. S(Q), 
obtained from the data fitting. 

between 2.2 and 10 A sorted by time-of-flight with a sample 
detector distance of 4.1 m. This gives a Q-range between 0.006 
and 0.24 A-1. The solutions were placed in quartz cells with a 
I-mm path length. The cationic surfactant concentration was 
fixed at 4.6 wt%. The nonionic surfactant concentration was 
varied from 0.50 to 2.0 wt%, and the salt concentration was fixed 
at 2.0 wt%. The scattering-length densities ofEHAC and d-CuEse 
are 6.07 x IOr-9 and 6.30 x 10-4 A-2 respectively. The scattering 
length density of %0 and H20 are 6.38 x 10-4 and -5.60 x 10-1 
A 2. respectively. The raw scattering spectra were corrected for 
background scattering, detector efficiency, empty cell scattering, 
transmission. and electronic noise and converted to differential 
scattering cross-sections (in absolute units of cm-1) using 
standard procedures. The experiments were performed at 25 T. 

Results and Discussions 
A. Absence of Salt. Figure I shows the scattering 

curves for the d-C12E20 nonionic surfactant in H20 at 25 
*C. The scattering intensity is seen to increase as the 
concentration of surfactant increases. There is a change 
in the shape of the curves, indicating the generation of a 
structure peak, however, intermicellar interactions are 
still weak at the concentrations studied here. The ex- 
perimental data were fitted using a polydisperse core- 
shell model" with a Hayter-Penfold potentiaLI4 The 
interaction potential ofthis model is of the same functional 
form as the Yukawa potential used to describe interactions 
between nonionic surfactants. 15-167be resulting structure 
factors are shown in the insert of Figure 1, showing rather 
weak interactions in this concentration range. The aheU 
contains the poly(oxyethylene) headgroups with associated 
water molecules, and the core contains predominantly 
the hydrocarbon chains. Therefore, the model contains a 
parameter which takes into account some penetration of 
solvent in the corona layer. whereas the core is assumed 
to consist of only the hydrophobic tails. There is a good 
agreement between the model and the experimental data, 
confirming that solutions of d-C12E2o form spherical 
micelles with inner and outer radii of 16-810.1 and 36.5 
* 0.6 A, respectively. These values are in agreement with 
the ones reported in the literature for alcohol ethoxylate 

(13) King, SAL InModern TechniquesforPo(ymer Characterization; 
Pt"ck. P. A., Dow". J. V, Eds.; John Wiley and Sons LAd.: New 
York. 1999. 

(14) lloyter. J.: Penibld. J. MoL Physý 1981,42.109. 
115) Douglas, C. B.. Kaler. F. W. Langmuir 1994.10.1075. 
(16) Zuleuf. It.; Ilayter. J. B. J. Phys. Chem. 1983.89.3411. 
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Figure L Scattering curve from mixed s herical micelles 
itaining 4.5 wt% EHAC and 2.0 wt% d-; PjY3c 

at 25 OC in 
Dip. The scattering length density of the solvent is matched 
to the scattering length density of d-CnEw, hence. only the 
scattering from EHAC is observed. The solid lines represent 
the fit obtained with the polydisperse core-shell moael and 
Hayter-Penfold potential. 

micelles. 17-19 Penfold et al. " studied C,, E. surfactants 
and used the core-shell model to fit the experimental 
data. They fixed the inner radius at 16.7 A. based on the 
length of an extended C12 alkyl chain. Additionally, it is 
useful to discuss the value obtained for the shell thickness 
by comparing it to the radius of gyration of a polymer 
chain by using the following expression. " 

Rg =a ý, M-- x 10-4nm 

where a is equal to 343 for poly(ethylene oxide) and Af is 
the relative (dimensionless) molar mass of the ethylene 
oxide chain with respect to atomic hydrogen. The radius 
of gyration of a poly(ethyleneoxide) of 20 units is approxi- 
mately 11 A. A similar value for R. is obtained from the 
expression used by Borb6ly et al. 18 From the fits, the shell 
thickness was found to be 19.7: L 0.5 A. which is between 
R. and 2R., as might be expected. 

Figures 2 and 3 show the scattering curves for samples 
containing 4.5 wt% EHAC and 2.0 wt% d-C121320 at 
different contrasts. In Figure 2, the solutions are made 
in 100 wt% D20 to match the scattering length density of 
the deuterated alcohol etboxylate. Thus, only the scat- 
tering from EHAC is observed. In Figure 3, the scattering 
originates only from d-C1213w, as the scattering length 
density of the solvent is matched to that of EHAC, 
rendering it invisible. 

Again, the polydisperse core-shell model combined with 
a Hayter-Penfold potential was used to fit the experi- 
mental data. It can be seen from both figures that the 
model fits the data well at both contrasts. A sharp peak 
is seen in the data from both figures, indicating the 
existence ofstrong interactions between the micelles. The 
long-range interactions from EHAC are mainly responsible 
for this structure peak. 

In Table 1, the parameters obtained from the model for 
the mixed spherical micelles of EHAC/d-Cj2E20 are re- 

(17) Penfold, J.. Staples, E.; Tucker, I.; Cummins. P. I C4Uoid 
IMerybee ScL 1997,185,424. 

(18) Borbdly. S. Langmuir 2000,16,5540. 
(191 preu, H.; Zradba, A-; Rast. S. Phys. ChemL ChenL Phy& 1999, 

1,3321. 
(20) Fleer, G. J4 Cohen, M. A.; Cosgrom T. Pblymer at Interfaces; 

Chapman and HalL London, 1993; p 463. 
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FIgure & Scattering curve fiom mixed spherical micelles 
containin 4.5 wt% EIIAC and 2.0 wt%d-CjzF4P* at 23 *C. 71* 
scattering length density of the solvent is matched to the 
scattering le density of EIIAC; thus, only the scattering 
from d-CEVobserved. 7%e solid line represents the fit to 
the core-shell model and Ilayter-Penfold potential. 

ported. 7"he parameters in brackets were fixed during the 
fitting procedure. Ile scattering length density ofthe shell 
segments was set to the scattering length density of the 
visible surfactant headgroups. l-n addition, some solvent 
penetration. as weU as the presence of the invisible chains, 
needs to be taken into account. This is done through the 
parameter ^volume fraction in shel. 1", which accounts for 
the volume occupied by the visible surfactant heads in 
the shell. The scattering length density of the shell used 
in the calculation is a weighted average of the scattering 
length density of the visible shell segments and the 
scattering length density of the solvent. Ile ývolume 
fraction of core segments' used in the model co, & ponds 
to the total volume fraction of surfactant tails in the 
dispersion, which is fixed. As before. the model considers 
the core as fully occupied by the surfactant tails. The 
scattering length density of the core is an average 
scattering length density between the tails of the two 
surfactants, which was calculated from the experimental 
volume fractions of each surfactant. This parameter was 
floated in the data fitting. As can be seen from Table 1, 
the values obtained from the fits are the same at both 
contrasts, as expected. Ile corresponding volume fractions 
of EHAC and d-C12E2o are 0.038 and 0.002, respectively, 
which compare reasonably to the experimental values: 
0.039 and 0.004. The latter were calculated assumingthat 
the total volume fractionof the surfactanttails in solution 
is equal to the volume fraction of micelles. Using the 
molecular weight of the alkychains and itsdensity, itwas 
possible to estimate the volume of the surfactant tails. 

The values obtained for the micellar size in the case 
where EHAC is visible (Figure 2) are in the same range 
of values reported for EHAC spherical micelles, namely, 
an inner and outer radii of 28.0 ± 0.5 and 33.6 * 0.1 A. 
respectively. ") However, the volume fraction in the shell 
(0.27) is lower than that of pure EIIAC micelles (0.52). as 
a significant fraction is now occupied by the heads of the 
nonionic surfactant and solvent. The volume fraction of 
the shell occupied by EHAC heads can be estimated 
approximately from the number of surfartant molecules 
present in each micelle and the shell thickness. 'Me 
estimated value, 0.37. is of the same magnitude as the 
value obtained from the fit: 0.27. 

The values obtained from fitting the scattering data of 
4.5 wt% EHACt2.0 wt% d-Cj2E2o with EIIAC in contrast. 



Afixed Spherical and WormliAe Aticelles Langmuir, Vol. 20, No. 23,2004 9981 
Table 1. IFItting Parameters Obtained from the Scattering Data of a Sample Containinif 4.5 wt% EIIAC and 2 wt% d-CisEse In Two Conditions of Contrast at 23 *C, Using the Core-Shell Model with the Ilayter-Penfold Potentiald 

parameter 
scattering from 

d-C32E2o 
scattering from 

EIIAC 

volume fraction of core segments (0.04) (0.04) 
scattering length density or solvent (A-) (-5.97 x 10-6)b (6.38 x 10-9) 
Inner radius t) 29.0+0.1 28.010.5 
outer radius (A) 46.6 * 0.1 33.6 : 1: 0.1 
scattering length density of core segments (A-*) (6.42 x 10-7Y (6.42 x 10-TY 
scattering length density ofshell segments(A-2) (6.85 x 10-6) (2.82 x 10-? ) 
polydispervity (0.16) 40.16) 
background (cm-h (0.9) (0-1) 
surface charge I mV) 33.1 ± 0.8 32.3 ± 0.4 
I/,, (A) 24.9 + 0.5 24.8*0.2 
volume fraction In shell OMI :k0.0004 0.27: 1: 0.004 

no parameters In brackets were fixed during the rating procedure. Within experimental error, this matches the scattering length 
density of El IAC. I It was allowed to vary and then fixed. 

matched solvent (Figure 3) are also reported in Table 1. 
Ilia structural model is only approximated, as in this case, 
the El IAC unsaturated tails are longer than the d-Cj2E2o 
alkyl tails. As EIIAC has the same scattering length 
density as the solvent, this creates a Obole* in the core 
structure (Figure 4). However, the model was found to be 
a reasonable approximation, as the results were in good 
agreement with a core consisting mainly of EIIAC tails 
and a shell dominated by the d-C12E30 headgroupa. From 
Table 1, it can be seen that the inner radius is the same 
as when EIIAC is visible: 29.1 1 0.1 A. However, the 
resulting outer radius is much larger. 46.6±0. IA. These 
results clearly demonstrate the formation of mixed 
spherical micelles in which the micellar core and the shell 
are formed by a mixture orEIIAC and d-C12E2o tails and 
heads, respectively. The core is dominated by EHAC 
unsaturated tails, which are much longer than the d-C12132o 
tails, while the shell size is determined by the larger 
ethoxylate headgroups ofthe nonionicaurfactant. The shell 
thickness is of the same order of magnitude as that of 
pure d'C12E20 spherical micelles. Again, the volume 
fraction in the shell is lower than in the case of pure 
d-CnEx spherical micelles, as not only solvent penetration 
has to betaken into account but also the presence ofEHAC 
beads, which occupy a significant volume in the shell. 
The volume fraction occupied by the d-C12132o heads can 
be estimated from the number of surfactant molecules 
present in each micelle and the shell thickness. The value 
obtained is 0.06, which is in good agreement with the 
value obtained from the fit. Figure 4 is a schematic 
representation of the volume fraction profiles and the 
resulting structures obtained from the data analysis in 
the two conditions of contrast. 

Off-contrast experiments were also carried out in 
solutions with a ratio or 60: 50 wt% D20/1120. The core- 
shell model with a llayter-Penfold potential was also 
used to fit the experimental data. Similar values (within 
experimental error) to the ones presented in Table I were 
obtained. This is given as Supporting Information. 

B. Addition of SaIL Figure 5 shows the scattering 
curves for El IAC/d-C 1213go mixed micelles with KCI at 25 
&C . The insert shows the data on a logarithmic scale. The 
solutions are made in UjO to match the scattering length 
density of the deuterated alcohol ethoxylate; therefore, 
only the scattering from El IAC is observed. It can be seen 
that in the presence of 2 wt% KCI there is a change in the 
shape ofthe scattering curves: the structure peak observed 
in Figure 2 has disappeared and the scattering is now 
characteristic of wormlike micelles. The presence of the 
electrolyte has screened the electrostatic interactions 
between the ionic headgroups and promoted micellar 
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Figure 4. Schematic representation of the volume fraction 
profiles and the resulting structures obtained from the data 
fitting, in the two conditions of contrast. Top: EHAC visible. 
Bottom: d-C12E20 visible. Only the visible surfactant is repre- 
sented in each case. IMe numbers shown are the volume 
fractions of EIIAC (black boxes and underlined nurn rs)and 
those for d-CuEw (white boxes). For convenience, only half of 
the micelles are represented, but the volume fractions apply to 
the whole micelle. 
growth . 

21 However, as the concentration of d-C12E20 
increases, the scattering intensity decreases and a struc- 
ture peak starts to form again at 2 wt% d-C12E2o. This 
behavior has been observed in mixtures of EHAC and 
CjsEjq wormlike micel. les and can be explained in terms 

(21) Cappelaere. E.; Cressely. F. CD11oidPolynL&i. 1998.256,1050. 
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FigureS. Scattering curves for mixed wormlike micelles with 
4.5 wt% EHAC and a fixed concentration of 2 wt% of KC1 and 
varying the concentration ofd-CnEw at 25 11C. C&) No d-CnEs% 
(m) 0.50 wt% d-C, 2E2N (0) 1.0 wt% d-Cis%o, and (A) 2.0 wt% 
d-CuEaThe scatteringlengthdensityofthe solventis matched 
to thatofthe d-Cj2Ew, therefore only the scattering fromEHAC 
is observed. Insert. scattering curves in logarithmic wale. 

of micellar breaking. 22 The headgroups from the alcohol 
ethoxylate appear to separate the ionic headgroups from 
EHAC, effectively isolating the charges. In addition, the 
large headgroups of the alcohol ethoxylate create steric 
constraints, favoring the formation ofmicellar aggregates 
with higher curvatures. 2-m It is important to mention that 
the SANS spectra do not show a Q-1 region, which is a 
signature of the presence of cylindrical aggregates. 
lJowever, this region can be negligible if there are 
unscreened interactions in the system, as suggesW by 
Raghavan et al. 24 

Figure 6 shows the scattering curves for mixed wormlike 
Inicelles with 4.5 wt% EHAC/2.0 wt% d-C12E20 and 2.0 
wt% of KCI at 25 *C. In this case, the solutions are made 
in a 92: 8 wt% H20/D20 ratio, matching the scattering 
length density of the cationic surfactant (EHAQ. From 
Figure 6, it canbe seen that as the concentration ofd-C12E20 
increases the scattering intensity also increases. This is 
the opposite effect to the one shown in Figure 6, where the 
scattering intensity decreased as the nonionic surfactant 
concentration increased. As only the scattering from 
d-CiýEw is observed in Figure 6, the increase in intensity 
with the nonionic surfactant concentration indicates that 
more molecules of d-C12E2o are incorporated into the 
wormlike structure. It is important to recognize that the 
nonionic surfactant on its own does not form cylindrical 
micelles at 2 wt% (Figure 1), even when KCI is added to 
the system (visual observation), and thus, the sample with 
added salt had a very low viscosity. From these results, 
it can be concluded that mixed wormlike micelles are 
formed. Ilese long surfactant aggregates would have a 
contour length smaller than pure EHAC wormlike mi- 
celles, as the incorporation of the nonionic surfactant 
promotes micellar breaking (Figure 5). 

(22) Croce, V.; Cosgrove, T.; Dreiss, C. A,. Maidand, G.; Hughes. T.: 
yAflason Idingmuir 2004,20,7984. 

(23) Zheng, Y.; Davis. H. T. Langmuir 2000,16,6433. 
(24) Raghavm P. S.; Edlund, H4 Kaler, W. L Langmuir 2002,18, 
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Figure & Scattering curves for mixed wormlike micelles with 
4.5 wt% EHAC, a fixed concentration of KCI of 2 wt%, and 
varying concentration ofd-CuE= at 25 T. (M) 0.50 wt% d-CnEw, 
(0) 1.0 wt% d-Ct&EýN and (A) 2.0 wt% d-CnEsm The scattering 
length density of the solvent is matched to that of EILAC; thus, 
only the scattering fi-om d-CjjEn is obsenred. Insert: loga- 
rithmic scale. 

Conclusions 

Using SANS, we have demonstrated the formation of 
mixed spherical and wormlike micelles in solutions of a 
nonionic and a cationic surfactant. In the absence of salt, 
the nonionicaurfactant d-C12E20on its own and the mixture 
of EHAC/d-CnE2o formed spherical micelles in solution. 
Ile experimental data could be fitted with a core-shell 
model in combination with a Hayter-Penfold potential. 
It was found that mixed spherical micelles were formed 
in the EHAC/d-CjjE2o system with an inner radius 
dominated by EHAC unsaturated tails and an outer radius 
dominated by the nonionic ethoxylate headgroups. In 
addition, upon addition ofsalt, the structure peak observed 
in the salt-free solutions disappeared, indicating the 
formation of wormlike micelles. 7be nonionic surfactant 
was incorporated into the wormlike micelles formed by 
EHAC but led to the break-up of the worms into shorter 
ones. 
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