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ABSTRACT

Thermodynamic properties and aggregation behaviour of n-alkyl m-3-m

(where m = 8, 12, 16 carbon atom chains) and cyclododecyl c12-s-c12 (where s =

3,4,6) gemini surfactants containing dimethylammonium bromide head groups

have been studied. The synthesized surfactants have been characterized

according to their cmc, a, and surface coverage at the air-water interface. The

cmc is found to decrease with increasing chain tail length in the m-3-m salt

series. The cmc and counterion association to the micelle reaches a maximum

value in the c12-s-c12 surfactant series for a butyl head group spacer, whereas

the area per head group was observed to increase as the linker spacer length

increased. Experimental apparent molar volurnes of the binary aqueous

surfactant systems were measured in the post-micelle region and an additivity

scheme was used to estimate the infinite dilution apparent molar volumes.

These data provided estimates of the volumes of micellization for these salts.

The micellization volumes of the c12-s-c12 surfactant series are typically small,

indicating no micelles or very small micelles are produced by these surfactants

in aqueous medium. Mean aggregation numbers, Ns, obtained from time

resolved fluorescence quenching (TRFQ) show that N, increases with increasing

chain length for the m-3-m gemini surfactants. In contrast, low mean

aggregation numbers were obtained for the c12-s-c12 salt series.

Distribution coefficients, Kd, of mixed micelle systems consisting of

sodium alkylcarboxylate salts, CnNa (where n = 10, 12), alkyltrimethyl-
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ammonium bromide salts. RNMe3Br (where R = 10, 12), and ethoxylated

alcohols, C EO (where EO = ethylene oxide and n = 0, 1,3) were studied using
4 n

an runr T} relaxation method. Results were compared against a thermodynamic

method for determining Kd and found to be in agreement with this data. The

presence of EO groups on the alcohol favors its solubility in anionic micelles,

indicating that the interaction between the anionic micelle and the alcohol

involves the EO groups of the alcohol. For the cationic systems, an increase in

the number of EO groups has no effect on K, implying that the EO groups do not

contribute to the interactions occurring in mixed micelles of cationic surfactants

and alcohol's containing EO groups.
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1. INTRODUCTION

1.1. RATIONALE FOR THE STUDY

Surface active agents are important components in many industrial and

biological processes. The diverse antimicrobial and antifungicidal applications':"

of quaternary ammonium compounds, coupled with their relatively low toxicity

in comparison to other disinfectants, make them ideal candidates for

applications in lozenge formulations for the mouth and throat" as well as in

barley steeping processes". In industry, quaternary ammonium surfactants find

uses in timber treatment,' determination of heavy metal cations, and detecting

drug substances in biological fluids".

Surfactants are also extensively used in chromatography as modifiers in

mobile and stationary phases and can dramatically enhance selectivity'?". Their

ability to self assemble at certain concentrations to form micelles allow these

structures to be viewed as a pseudostationary phase in applications involving

HPLC and capillary electrophoresis (CE). The secondary equilibrium with the

column stationary phase permits the analyte to partition between the micelle and

the mobile phase allowing for enhanced separation. In capillary electrophoresis,

long chained quaternary ammonium salts give the system the ability to reverse

the electrosmotic flow, allowing the separation of small molecules'r", When used

for this purpose, analytes which cannot move through the system, such as

nonionic compounds, can be partitioned into the micelle and separated using

conventional CE techniques5•9.



The annual production of cationic surfactants is projected to be 392.3

million kilograms by the year 200011,12. Solubilization of organic compounds in

water is the major use for these types of surfactants and, therefore, they find use

in many cleaning products. As well, novel approaches in organic syntheses

employing surfactants in aqueous solution are now being utilized": Similar

processes are also known to occur in nature. Unfortunately, the understanding

of these types of surfactant systems is poor, and there is a great need for

physiochemical data before this reaction media can be exploited".

More related to the scope of this research, is the formation and

stabilization of emulsions" and the study of "water-in-oil" mixtures": These

systems usually require a minimum of 4 components in solutionv-" The

synergistic effect of the cosurfactant (usually a long chained alcohol) in

combination with the other components allows for aqueous solutions to

solubilize many times more oil than would be the case in the absence of a

cosurfactant. Such mixtures can lead to the safe transport of fuel oils now

contained in a non-flammable aqueous matrix. This feature alone is a driving

force to find innovative surfactant systems to produce cost effective, safe

transportation alternatives.
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1.2. ROLE OFWATER

In chemical applications, water is an integral part of surfactant

aggregation and detergency as well as assembly of biomembranes, coagulation,

and enzyme substrate interactions", By isotopic substitution of the solvent

water molecules to form D20, the solubilization and aggregation characteristics

of surfactants can be changed dramatically. For example, the critical micelle

concentration (cmc) of surfactants is showrr" to be lower when D20 is used as

the solvent as opposed to water. From studies based on the solubility of amino

acids in the two solvents, it is believed that in D20 the hydrogen bonds are

stronger than those formed in H2020• Understanding the interactions between

water and amphiphiles is necessary in order gain improved knowledge of the

behaviour of surface-active agents in aqueous media.

1.2.1. HYDROPHILIC HYDRATION

In aqueous ionic solutions, water will orient around the ionic solute as a

result of strong ion-dipole interactions. The number of nearest neighbours in the

inner solvation sphere is dictated by the packing geometry around the solute

and is strongly dependent upon the size and shape of the solute. The outer

solvation spheres are not as influenced by the solute and will resemble the bulk

solvent as the solvation sphere extends away from the solute.

For solutes that have high charge densities, the electrostatic field will

create strong interactions with those water molecules immediately surrounding



the solute. These "structure-making" solutes are characterized by a strong

ordering of the solvent so that the entropy and the associated mobility of the

solvent, in the presence of these solutes, decrease relative to that of the bulk. The

number of water molecules involved depends strongly on the definition of the

size of the hydration shell. At large distances, the electrostrictive effects are

reduced and the mobility of the solvent returns to that of the bulk. "Structure

breakers" have the opposite effect on the solvation sphere surrounding the

solutes. Typically, "structure-breaking" solutes are characterized by having low

charge densities resulting in very little ordering of the inner solvation spheres.

Consider the case of large organic ions such as (C3H7)4N+ and (C4H9)4N+.

The surrounding electrostatic field is very small and the effects of the apolar

groups counteract any electrostrictive forces". Based on this, one would expect

that the hydration shell does not move with the ion due to its relatively low

charge density. However, in these cases it is found that the water molecules in

the immediate vicinity of the non-polar groups are less mobile than in pure

water. This indicates that there is a higher degree of hydrogen bonding

surrounding the solute, leading to structural stability relative to that of the bulk.

1.2.2. HYDROPHOBIC HYDRATION AND HYDROPHOBIC INTERACTIONS

Hydrophobic interactions are an integral part of many chemically related

disciplines", and the concept of hydrophobicity and hydrophobic interaction has

led to much confusion in the literature as all hydrophobic moieties attract water

4



to some non-negligible degree". The definition of hydrophobicity is based on

the thermodynamic properties of transfer of an apolar compound, either from its

liquid state or from a solution in an apolar solvent to water". The degree of the

change in energy is an indication of the hydrophobicity of that particular solute.

For example, solutes that show an increase in Gibbs energy when transferred to

an aqueous environment are said to be more hydrophobic than those solutes that

have a more negative change in Gibbs energy.

Favourable London dispersion forces between hydrocarbons and water

give some stability, but water will not sacrifice any of its hydrogen bonds as it

accommodates the apolar molecule. This unique ability for water to wrap itself

around apolar solutes without sacrificing any of its hydrogen bonds is referred

to as hydrophobic hydration" and gives rise to the anomalously high solubilities

of these molecules in water as compared to other polar solvents. Evans et aI.,23

first described this phenomenon in terms of the iceberg model where cavities

were thought to form in the hydrogen-bonding network of the solvent. These

clathrate structures formed specific sizes unique to the apolar solute and the gain

in entropy when water loses its regular hydrogen bonding structure upon

dissolution of these solutes was the driving force for the process. This classic

theory describing the phenomenon of clathrate structures parallels the same

reasoning as the iceberg model of hydration. "When a rare gas atom or a non

polar molecule dissolves in water at room temperature it modifies the water

structure in the direction of greater crystallinity-the water, so to speak, builds a

;,.-
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microscopic iceberg around it."l) However, it should be made clear that this

does not mean that water is a good solvent for apolar compounds; rather, the

solvent can adjust to accommodate the solute particle.

As a result of the hydrogen-bonded network, there is a corresponding

decrease in the entropy of water. These negative entropies are shown in the

following example:"

flSe (KCI) = -217 J Imole deg

flSe (Ar) = -252 JImol deg.

and result from two entirely different processes. In the case of potassium

chloride, the entropy decrease is due to the electrostrictive effects of the

potassium ion as its strong positive charge pulls and compresses the

surrounding water molecules into its hydration shell. It should be noted that

this electrostrictive effect increases as the ratio of the ion's charge to its size

increases. In other words, a small divalent cation such as magnesium will have a

more pronounced entropy change compared to that of potassium.

Being that the argon atom is uncharged, the same mechanism cannot

apply. The comparable negative entropy for argon is attributed to the increase

of the cage-like network surrounding the atom. Structurally, water aligns its

oxygen-proton bonds parallel to the surface of the solute in the immediate

vicinity of the apolar species. This is the expected behaviour resulting from a

cage-like structure24-26. This structuring suggests that water molecules in the

second hydration shell act as electron donors to water molecules nearest the
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apolar solute, giving stability to the structure. The shell has more structure than

the bulk and can be described as "structure-making'F''".

As a final note, in the presence of solutes, water adjusts so that no protons

remain unbonded and the resulting hydrogen bonds in the primary solvation

shell are stronger than those found in the bulk. At elevated temperatures, the

solubility of apolar compounds in water is still exceptionally low since it is then

governed by the unfavourable enthalpy of solvation. Water also loses its ability

to maintain hydrogen bonds at elevated temperatures, forcing an increase in

entropy that will eventually become positive, leading to less favourable solute

water interactions. This counteracts the enthalpic contribution. These changes

can be quite significant, but the compensation behaviour between entropy and

enthalpy results in very small changes in the overall Gibbs energy.

In terms of solute size, the changes in both enthalpy and entropy increase

with increasing apolar surface area but the increase in enthalpy is not as

pronounced as the entropy loss as the solute becomes larger. A plot of solubility

versus molecular diameter, for a combined series of inert gases and normal

alkanes, shows that there is a maximum in the solubility curve while the

enthalpy increases monotonically due to its exothermic nature". Here,

stabilization clearly depends on the solute size and the data shows that aqueous

solutions of ethane and isobutane are less stable than aqueous solutions of

methane and pentane, respectively. The hydrogen-bonding network around

isobutane indicates that the solvent becomes less structured by its introduction,
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indicating that water surrounding these types of solutes is less stable.

Cavity formation is another important factor in the solubilization of

hydrophobic species", Solubilization is a two step process, and the formation of

the cavity is necessary before water can envelop the solute". Computer

simulations of aqueous solutions of organic compounds containing both apolar

and polar moieties exhibit solvation characteristics similar to those for perfectly

apolar solute particles. By introducing polar groups such as -OH, the solubility

of the molecule becomes increasingly more favourable. In this case, the role of

the cavity is reduced as the increase in solute-water interactions now facilitates

the mechanism for solubilization". In the case where solute particles can form

well-defined aggregates, additional factors such as surface forces, head group

effects, and aggregate size play an important role. Clearly, hydrophobic effects

alone cannot aCCOWl.t for their observed behaviour.

A cooperative structural effect caused by the hydration of the surfactant

monomers contributes to the observed attraction between the monomers leading

to aggregate formation. As an example, below 15°C, the head groups of ethylene

oxide surfactants are fully hydrated creating a repulsive interaction between

them. Above 20°C, their interaction becomes attractive and increases rapidly

with temperature due to the dehydration of the head groups as water loses its

hydrogen-bonding ability and returns to the bulk. This forces the monomers to

behave similar to that of a hydrophobic moiety, bringing the monomers

together. It is suggested that the unfavourable interactions at the hydrophobic
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surface create fluctuations at the interface contributing to the observed attraction.

In other words, cavity formation increases the attraction between the particles

due to the action of capillary forces".

To summarize, at ambient temperatures, the solubility of hydrocarbons is

entropy driven in aqueous solution whereas enthalpy is the driving force in

normal solvents. Hydrophobic interactions involve a partial reversal of the

hydration process. For the case of micelles, there is a complete reversal of the

hydration process and virtually all of the hydration water around the monomers

below the cmc is returned to the bulk upon micellization. At higher

temperatures, the hydrophobic interaction begins to lose its meaning because the

solubility relationships are governed by the component interaction energies

rather than by entropic factors".

1.3. CHARACIERISTICS OF MICELLE FORMATION IN AQUEOUS MEDIUM

It is well accepted that hydrophobic interactions constitute an important

factor in the stability of the folded structure of water-soluble proteins and is

considered to be the main driving force for amphiphile aggregation. The process

of micellization balances many forces, but the governing parameter is the

minimization of the surface Gibbs energy of the resulting aggregate. Head

group repulsion and internal packing playa crucial role, but the underlying

effect is to minimize the overall shape and size of the micelle with respect to the

surface Gibbs energy. For dilute solutions, it will be shown in § 1.3.4 that this



minimization can be predicted from the micelle packing parameter.

For ionic surfactants this assembly of like-charged species can only occur

when the charges become sufficiently neutralized. This delicate balance between

the favourable entropy changes uponmicellization and the dominating repulsive

charges of the head groups can occur only when there is a sufficient cloud of

counterions surrounding the charged head groups".

In cases where there is significant hydrogen bonding around the head

group, such as in carboxylic acids, the interior of the micelle may be affected35•36.

Molecular simulations involving sodium octanoate show that the methylene

groups closest to the head groups cannot be considered to be a normal member

of the surfactant chain. In comparison to the other members, the solvent water

molecules constrictively surround therrr". It has been shown that the number of

trans conformations for a monomer in a micelle is enhanced to a degree

comparable to that of a monomer in a liquid hydrocarbon. For example, the

percentage of trans conformations in the micelle core is 78% which compares to

66% of the carbon-carbon bonds being in the trans configuration in a single

octanoate monomer". This indicates, on average, that the surfactant monomers

are in an extended state. This does not imply that the monomers are extended

radially, as assumed in many models. In real systems, the hydrocarbon chains

of the monomers residing closer to the interior of the micelle are more bent than

those near the surface. This is best exemplified by considering sodium

cyclododecylsulphate (SCDS). It has been shown through nmr chemical shift
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measurements that the transition through the emc is accompanied by a change in

the number of gauche to trans conformations in the micellized cyclic monomer".

1.3.1. CRITICAL MICELLE CONCENTRATION

The critical micelle concentration (cmc) is the most extensively studied

property of micelles and has been shown to obey the following relation,"

[1.3.1.-1]

where ao and a1 are constants derived from experiment and n is the number of

methylene units in the alkyl chain. Most binary aqueous surfactant systems

follow this ideal behaviour". However, a small change in the structure of the

surfactant molecule may have considerable effect on the value of the cmc. Ill.

contrast, temperature has a relatively smaller effect on the cme.

A precise definition of the cmc is the surfactant concentration

corresponding to the maximum change in a solution property gradient versus

the concentration of the surfactant. Phillips" defines the cme as

[1.3.1.-2]

where ¢ = a[5] + �[M] with a and � being proportionality constants. The terms

[5] and [M] are the concentrations of the surfactant monomer and micelle,

respectively and sum to C. It is important to note in this derivation, that the cmc

depends strongly on the solution property used to determine its value and is

different for each method used. For example, solution properties that rely on the
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use of the monomer concentration are lower than those that use a micelle based

method. Also, this method contributes to the notion that the cmc is a precisely

defined concentration. Experimentally, the cmc is observed as a transition over a

concentration range making this method a very effective tool for benchmarking

micellizatiorr".

For a homologous senes of alkyltrimethylammonium bromide

surfactants, it has been shown that the cmc will decrease by a factor of 4 for

every 2 methylene units added to the hydrocarbon taiI43,44. Changing the head

group does not have a pronounced effect on the cmc, and it remains primarily

unchanged. However, when the counterion is changed, the degree of binding to

the head group will change, thus affecting the cmc. Counterions with large radii

will not bind strongly to the head groups due to their low charge densities, thus

increasing the cmc. In contrast, a strongly bound counterion will force the

monomers to be more solvophobic and promote rnicellization. The same effect

can be achieved by adding an ionic salt with a common counterion to the

surfactant solution. This addition changes the ionic equilibrium between the

counterions and monomers, thus increasing the degree of counterion binding.

1.3.2. KRAFFT TEMPERATURE

From the previous discussion, once the concentration of the surfactant

reaches the cmc, aggregation will occur. This is only true when the temperature

is high enough to dissolve enough surfactant. At lower temperatures, the
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surfactant may merely precipitate out of solution in the form of hydrated crystals
before any aggregation can Occur.

The minimum temperature at which aggregation will take place is the

Krafft temperature and is best defined as the temperature where the cmc is equal

to the saturation solubility. In terms of the mass action model, the solubility of

the surfactant increases dramatically once this temperature is exceeded and the

sharpness of the break in the solubility versus temperature curve indicates that

micelles do not form appreciably below this point42,45.

The phase separation model assumes that the Krafft temperature is a

specific temperature and for most practical purposes this is a valid assumption.

Realistically, the Krafft temperature should be best described as a micelle

temperature range (m.t.r.), which is accounted for in the mass action model and

is akin to the concept of a cmc range and solubilitv=, Generally, surfactants with

low erne values will have low Krafft temperatures. The relationship between the

cmc and the Krafft temperature is complex due to the temperature dependence

of the erne and counter ion binding. Surfactants with strongly bound

counterions will have a higher Krafft temperature. Also, the Krafft temperature

is higher for surfactants having divalent counterions than for monovalent

counterions".

1.3.3. MICELLE MEAN AGGREGATION NUMBER

As hydrocarbon chains are transferred from water into the interior of a
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micelle, the head group repulsion of the surfactant monomers limits the growth

of the micelle. This results in the micelles having very specific size limits in at

least one dimension. Even with micelle polydispersity'", it is important to note

that by adding more surfactant, larger micelles will not be favoured as expected;

rather, the effect will just increase the number of micelles formed.

At very high concentrations of certain surfactants, spherical micelles may

transform into rods or elliptical micelles. In this case, the charge repulsion

between micelles becomes important and eventually the system becomes

stressed to the point where morphological changes must be made to

accommodate the increase in surfactant concentration.

Manipulating the counterions present can also induce changes in the

aggregation number. For a given cationic amphiphile, the increase in

aggregation number follows the trend OH-« cr < CH3S04- < Br < N03-48. In

this case, it is believed that the charge distribution on the larger counterions will

reduce the electrical repulsion of the head groups thus increasing the

aggregation number. The same effect can be forced by adding a salt containing a

common counterion to that of the surfactant monomer.

1.3.4. MICELLE STRUCTURE AND SHAPE

The structure of a micelle is best described as a series of regions, each

distinct when looked at from a macroscopic level, but are very dynamic and

diffuse when examined closely. In classical micelles, the core encompasses the
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hydrophobic moieties of the surfactant monomers yielding an environment

almost void of water. For micelles with low aggregation number, this may not

be an appropriate description of the core region due to significant water

penetration'P'":":".

The Stern layer surrounds the core and contains the head groups, and in

the case of ionic surfactants, (l-ex)n counterions where n is the number of

surfactant monomers included in the micelle and ex is the degree of ionization of

the micelle. The Gouy-Chapman layer contains the remainder of the

counterions. It is more diffuse than the Stern layer and constitutes the outer part

of the electrical double layer surrounding the micelle surface.

As one might expect from previous discussions, the nature of the solvent

is just as important. Solvents are classified into three major groups:

a) those that give rise to solvophobic interactions,

b) those that form inverted micelles, and,

c) those in which micelles do not exist.

Solvents such as methanol and ethanol do not support micelle formation

and solvents of this type are classified as category c) and will not be discussed.

However, it is interesting note here that, even though these solvents have the

ability to form hydrogen bonds, they do not allow micelles to form in solution.

The solvents that are categorized as type a) have two or more potential

hydrogen bonding centers. Such examples include water as well as other

solvents including glycol, 2-aminoethanol, formic acid, and 1,2 propanediol.
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The latter solvents included in this list have some of the structure exhibited by

water with the exception that they lack water's ability to form a three

dimensional hydrogen-bonding network'",

Benzene, cyclohexane, and heptane containing small amounts of water

can allow for the formation of reverse micelles, even though these solvents are

incapable of forming hydrogen bonds. In this case, the polar head groups of the

surfactant reside at the interface between the hydrocarbon solvent and water

with the lipophilic tail groups extending out into the hydrocarbon solvent

medium. Water in this case, is trapped in the interior of the micelle as a pocket

surrounded by oil, which is opposite to that of a conventional micelle. The

aggregation number of these micelles in these solvents tends to be lower than for

micelles formed in aqueous solution, and micelle size is inversely related to the

length of the surfactant chain.

For regular micelles, the resulting structure depends on the hydrophobic

contribution of the lipophilic portion of the surfactant molecule, a surface term,

and a packing term. The surface term is the result of the minimization of the

hydrocarbon-water interactions. The minimization is counteracted by such

factors as the electrostatic repulsion, hydration, and steric hindrance of the

surfactant head groups. The packing term is related only to the packing in the

interior of the micelle core and excludes the contributions from the head groups

and bulk water.

The surfactant parameter relates the contributions of the above packing
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parameters to the overall volume and shape of the formed micelle. The defining

relation51•52 is ,

N=.::!_
S

I a
[1.3.4-1]

where v is the volume of hydrophobic portion of the surfactant molecule, I is the

length of extended hydrocarbon chain, and a is the cross-sectional surface area

per surfactant head group. The volume and length of the hydrocarbon chain can

be estimated from the following equations.Pr"

v = 0.027 (11c + nmethyl) [1.3.4-2]

I == 0.15 + 0.127 n. [1.3.4-3]

In these relations, the value of the volume and hydrocarbon chain length are in

nanometers and at least one dimension of the micelle must be equal to the length

obtained from eqn. 1.3.4-3, if there is to be no considerable energy cost in micelle

formation. The area term is the only value that cannot be estimated and has to

be experimentally obtained as it depends on the surfactant concentration and the

electrolyte contributions. By using the above relationships, predictions can be

made regarding the overall packing and structure of the micelle. Spherical

micelles have packing parameters of 0.3, whereas infinitely long cylinders and

planar bilayers have packing parameters of 0.5 and 1, respectively. Inverted

micelles are characterized by packing parameters having values greater than 1.

1.4. GEMINI SURFACTANTS

Surfactants of the type, N,N' -bis(alkyldimethyl)-o:., (1)-alkanediammonium
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dibromide, (m-s-m, 2Br"), as shown in Figure 1.4-1, are unique in that they

possess two cationic head groups per molecule and can be visualized as two

monomeric surfactants tethered by an alkyl chain. These molecules can serve as

simple biomembrane and cell mimetic agents for the purposes of enhancing our

knowledge of components of membrane tissue". These types of surfactants

behave much like the double tailed, monocationic surfactants, which are known

to readily form bilayers".

,2 Br

Figure 1.4-1. General structure of an m-s-m (gemini) surfactant. General formula N,N'
bis(alkyldimethyl)-a, ro-alkanediamrnonium dibromide.

By changing components such as the head group, counterion and chain

length, the micelles can be modified to best suit an application. By linking two

or more head groups together, the properties of the resulting micelle are

different from those of the untethered surfactant monomers57 and the possible

applications are still being realized. For these gemini surfactants, the monomers

have a somewhat restricted motion compared to their monomeric cousins and

are believed to exchange with the micelle as a single unit": In conventional

micelles, the head groups are arranged in a random packing arrangement with
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an equilibrium distance between them. However, for geminis with small spacer

length the equilibrium distance (7 A) may not be rnet, and as a result, the spacer

will become stretched across the interfacial region of the micelle".

To compare the effects of the spacer, consider two monomers of

dodecyltrimethylammonium bromide (OTAB) and a very closely related gemini

surfactant molecule of the form 12-2-12 (see Figure 1.4-2). OTAB is spherical

over a large concentration range near the cmc. A 1.4% by weight solution of 12-

2-12 remains fluid with gentle shaking and will become viscoelastic upon

vigorous shaking due to shear thickening. At approximately 4% by weight the

solution forms a gel and a further increase in COncentration to 15% will once

again result in a fluid, but viscous, solution'".

I
-N+

I

I

-�.
-N

I

DTAB
Note: The counterions are omitted in the figures. The
structure of 12-2-12 parallels that of DTAB in that
shared methyl groups at the head group of the
molecule tethers the two monomers.

12-2-12

Figure 1.4-2. The structure of DTAB and 12-2-12.

Clearly, the spacer length and flexibility are the most critical factors in

determining the shape of the aggregate. Published results?' show their unique

ability to form thread-like and tree-like micelles where the individual tails of one

monomer can conceivably be located in two separate micelles to form three
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dimensional networks. This is possible because the two tails have the ability to

kink at the spacer allowing them to pack in unique geometric arrangements.

However, it must be noted that any aggregates that differ from the preferred

packing order have a high bending energy and have low probabilities of

forming".

It is common to modify the packing parameter by increasing the volume

contribution. However, the head group area contribution in eqn. 1.5.3-1 is

another important factor in modifying the morphology of surfactant systems.

For example, double tailed surfactants are used to increase the hydrophobic

volume of the micelle by varying the lengths of the hydrocarbon tails. In this

case, the minimum in the area per surfactant molecule is found to be

independent of the alkyl chain lengths which places strong emphasis on the

volume contribution". However, for gemini surfactants where the hydrophobic

volume contribution is comparable, more drastic effects in morphology are

noted whenmanipulating the head group areas by altering the linking spacer.

Studies involving small angle neutron scattering (SANS) have shown that

the extent of growth and variation in micelle shape is strongly dependent on the

spacer length. Spacers comprised of 2 to 6 methylene units are thought to hinder

micelle growth in water and the effects are more pronounced as the spacer

becomes smaller". The lower spacer lengths are thought to promote lower

spontaneous curvatures upon micellization and, hence, the reason for the

observation that 12-2-12 and 12-3-12 form thread-like micelles while 12-4-12
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forms spheres even at high surfactant concentrations. Extending beyond this

range, the extent of micellar growth tends to decrease as the spacer length

increases. From other studies, it is found that as the length of the hydrophobic

tails increase, the mean aggregation number for that series of surfactants

subsequently increases. The introduction of the tether decreases the aggregation

number by approximately one-half compared to that of its monomeric cousin.

Interestingly, the mean aggregation number does not change appreciably as the

spacer length increases.

Predictions of micellar shape using the packing parameter equation may

not be valid for newborn micelles, as conformational changes upon micellization

are not taken into account". Theoretical models have been developed to

understand gemini surfactant behaviour at the air-water interface in order to

gain insight into the micellization process+". Monomeric surfactants conform to

specific orientations depending on many factors; but for the gemini surfactants,

the preferred orientation is altered due to the presence of the spacer. In many

cases, the spacer cannot be considered to be rigid and even at long spacer

lengths (20 carbon units) it is still too short to be considered as a polymer.

Intuitively, longer spacers should result in larger head group surface

areas. However, this is not the observed behaviour. When the area is larger

than the optimum value or when the spacer becomes long enough to impose an

area larger than optimum, the interactions between monomer tails become
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attractive forcing the spacer to bend. The three factors that govern the head

group area are:

1. Geometric effects. It is expected that larger spacers will create larger
head group areas.

2. Interaction among monomers. If the area becomes too large,
interactions between monomers will create an attraction thus forcing
the longer spacers to bend.

3. Conformational entropy of the spacer. Entropy increases rapidly with
increasing spacer length due to increased flexibility, thus enhancing
the second factor.

It is very important to note that the bending is not due to the spacer

seeking a more hydrophobic environment; but rather, it is the head groups

seeking an equilibrium distance with each other and with neighbouring

surfactant molecules=:".

One must be wary in the use of such a predictive equation as eqn. 1.3.4-1.

A common method to induce transformations in micelle systems is to add small

amounts of an additive that will preferentially locate within the micelle interior

thus increasing the volume contribution". Solutions of 12-20-12 containing small

concentrations of DTAB form large vesicles (3-5 urn) as shown through

microscopy". Oddly, no threadlike micelles appear even though their

occurrence is thermodynamically stable with an interfacial curvature between

micelles and vesicles. Clearly in this case the simple packing relationship does

not always hold as would be predicted from the progression of spheres,

cylinders, and lamellae.
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1.5. OBJECTIVE OF THE STUDY

,2Br-

Figure 1.5-1. General structure of compounds c12-s-c12.

In this study, a series of surfactants containing bulky "m" groups were

synthesized from tertiary amines, containing the desired surfactant tail group,

and a dibromoalkane of varying carbon chain length (n = 3 - 6), which was used

to link the surfactant head groups. The cyclododecyl group (m = 12) was used

as the primary tail group and the properties of the resulting surfactant were

compared to a similar series of n-alkyl gemini surfactants. Ideally, the

modifying group should have been a saturated, branched homologue of the

linear dodecyl group, which would allow more control over the structure of the

hydrophobic moiety of the surfactant'<". Unfortunately, the procedure to

produce the starting branched amines was well beyond our synthetic ability'":".

The bulky modifying group was selected on the expectation that there

would be pronounced effects on micelle size, shape and solubilization

characteristics of the micelle. These micelle features will be probed using surface

tension measurements, conductivity measurements, as well as density and

fluorescence quenching spectroscopy techniques. Surface tension will be used to
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study the monomer surface area at the air-water interface, while the other

techniques will be used to gain information pertaining to micelle formation such

as mean aggregation number and degree of counterion binding to the micelle

surface. Additivity schemes will be used to estimate the infinite dilution volume

of the surfactant monomer in aqueous solution as pre-micelle volumes of most of

the surfactants cannot be measured experimentally. The corresponding

micellization volume, which gives information regarding monomer packing

within the micelle, can be obtained as the difference between the estimated

infinite dilution volume and the experimentally measured post-micelle volume.

This work will make an important contribution towards the

understanding of the aggregation behaviour of the gemini surfactants. Most of

the literature reports focus on modifications in the spacer length and neglect

structural changes in the tail region of the molecule. For the n-alkyl type gemini

surfactants, changes such as increasing the carbon chain length do not

Significantly change the properties of the micelle. However, by modifying the

packing parameter through increasing the volume contribution from the

hydrocarbon tails, the properties of the surfactant can be changed dramatically.

These modifications have been overlooked in the current literature and the

research contained herein will contribute to this understanding,
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2. THEORETICAL BACKGROUND

2.1. THERMODYNAMICMODELS OF SURFACTANT MICELLIZATION

Micelles form from the self-aggregation of surfactant monomers. Under

dilute conditions, below the cmc, the monomers remain at the air-water interface

thus reducing the unfavourable interactions between water and the hydrocarbon

tails of the surfactant. As more surfactant is added the monomers are forced
,

into the bulk water due to crowding at the surface. In an attempt to reduce the

water-hydrocarbon interactions, the surfactant monomers aggregate to form

micelles. At low temperatures, this aggregation process is dominated by the

increase in entropy that is associated with the decrease in hydrophobic

hydration. At higher temperatures, hydrogen bonding becomes energetically

unfavourable, resulting in a dehydration of the surfactant monomers and the

aggregation process now becomes enthalpic in nature44•71•

There are many models describing the behaviour of the surfactant

monomers as they aggregate to form micelles. The first of which is the

isodesmic model where aggregation is assumed to be a continuous process and

is very successful in predicting the aggregation behaviour of large organic dyes.

However, when applied to surfactant systems, this model fails due to its

inability to predict a cmc and the rapid aggregation associated with micelle

formation. There are many models that can explain these phenomena quite well.>

and they are based on two main mechanisms of surfactant aggregation. The

pseudo-phase model and the mass action model represent two such models, and
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their attributes will be discussed in the following sections.

2.1.1. PSEUDO-PHASE MODEL

In the pseudo-phase model, the formation of micelles is thought to form a

separate phase differing from the bulk water containing surfactant monomers.

This stems from the idea that the interior of the micelle resembles an oil-like

environment that is analogous to the formation of hydrocarbon globules

surrounded by bulk water". In this model, micelle formation is a continuous

process and there is strong cooperativity in the aggregation of the surfactant

monomers. In other words, as more monomers are added to the micelle

aggregate, further additions to the micelle will become more and more

favourable. As a result, there is the assumption that micelles with large

aggregation numbers will dominate the size distribution.

Initially, this model was strictly applied to the formation of nonionic

micelles but with some modifications, it can be applied to ionic surfactants". For

nonionic cases, the chemical potentials for the surfactant monomer, Ils, and the

micelle, 11m are related by

[2.1.1-1]

and is true only when the monomers and micelles are in equilibrium with each

other.

The chemical potential of the surfactant monomers is given by

[2.1.1-2]
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Pm=Pm [2.1.1-3]

where J1� is the standard state chemical potential. A more appropriate

expression would require the use of chemical activities. However, if the

concentration of the surfactant monomers is sufficiently low, as in the case of

most surfactants, before and after the cmc, the use of mole fraction milts is

reasonable.

Since the micellar material is in its standard state upon formation, the

chemical potential is simply

and is related to the standard Gibbs energy, L\G:, by

L\GO = pO - pOIn m s [2.1.1-4]

With appropriate substitution, the final expression will become

�G� = RTlnxs. [2.1.1-5]

When micellization occurs, any increase in the surfactant concentration will only

form more micelles while keeping the monomer concentration constant. If this

assumption is true then eqn. 2.1.1-5 will become

�GO =RTlnx
m erne [2.1.1-6]

where

[2.1.1-7]

A simplification of this expression results from the assumption that the

concentration of the surfactant monomers is so low that it can be neglected in
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[2.1.1-8]

comparison to the concentration of water. This simplification results in

For the case of an ionic surfactant, the expressions become more complex

due to the presence and inclusion of the counterions. A gross simplification in

reducing the complexity is to assume that the micelle is composed of an equal

number of monomers and counterions, thus resulting in a neutral surface charge.

The derivation of the following expressions are similar to above but with the

addition of the degree of counterion binding, o: In this case, the expression for

�GB becomes
m

where Xs and Xx denote the mole fractions of the surfactant and the counterion,

respectively. Relating this to the cmc, the expression becomes

11GB =(2-a)RTlnx .

m erne [2.1.1-9]

When the formed micelles have large aggregation numbers, the pseudo-

phase model can predict the properties of the surfactant system. This assertion

gives validity to the underlying assumption that micelles are homogenous

entities giving the appearance of a pseudo-phase environment. However, this

model neglects the experimental evidence that the concentration of the surfactant

monomers in the post micelle region deviates as more surfactant is added to the

system. This is especially true for the case of ionic surfactants, where it is shown

that the monomer activity decreases above the erne":".
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[2.1.2-1]

2.1.2. MASS-AcrION MODEL

The pseudo-phase model describes, quite well, the starting process of

micelle formation; however, this model does not predict a termination of the

micellization process. The mass action model'" overcomes this by modeling the

micelles and monomers in terms of an association-dissociation equilibrium. For

the simple nonionic case,"

where the equilibrium constant expressed in mole fractions is given by

K =�
m

(xst'
[2.1.2-2]

As in the pseudo phase model, it will be assumed that the chemical activities can

be expressed in mole fraction units. �G: will then be given by

[2.1.2-3]

where

When n is large, the expression reduces to

�Ge = RT ln x
m erne [2.1.2-5]

resul ting in the same expression as in § 2.1.1-6.

When this model is applied to ionic surfactants, the equilibrium

expression becomes

[2.1.2-6]
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[2.1.2-7]

where x, is the mole fraction of the counterion.

In terms of �G8 it follows that
m

[2.1.2-8]

When n is large, and when data in the region of the cmc is considered, the

equation reduces to

�G8 =(2- P)RTlnxm

n
erne [2.1.2-9]

where p
= a, the degree of counterion dissociation. For the gemini surfactants,

n

where there are three ionic species present in solution, the same reasoning as

above can be used to derive the relation"

�G� =RT(3-2a)lnxcmc' [2.1.2-10]

This model is more realistic than the pseudo-phase approach as it

expands the possibilities for describing micelles with low aggregation numbers.

Also, being that this model is based on equilibrium, the changes in monomer

concentration relative to the formation of micelles gives a better description of

what is happening in solution. These two features alone result in a wider

-

acceptance of this model over the pseudo-phase approach. Unfortunately, this

model neglects the dispersity of micelle size and shape which limits its use in

certain situations.
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2.2. SURFACE TENSION OF SURFACE ACTIVE AGENTS

2.2.1. BEHAVIOUR OF THE SURFACE TENSION PROPERTY

Surface tension is a very sensitive property to measure the surface activity

of a solute dissolved in an aqueous solution. As in all cases, the hydrophobic

portion of the surfactant molecule will prefer to locate where the interaction with

water is minimized. This suggests, at the air-water interface, and at

concentrations just below the cmc, the hydrocarbon tails extend into air while

keeping the hydrophilic head groups exposed to the aqueous surface":".

As more surfactant monomers are added, the air-water interface will

begin filling with monomers until surface saturation is completed. At this point,

the monomers are occupying as little area as spatially allowed for that particular

molecule. As more surfactant is added, the monomers are forced into solution in

the form of micelles and any further addition of surfactant will not change the

area per head group at the air-water interface to an appreciable extent",

An extension of this idea relates the properties at the surface to those in

the bulk system. In this case, it is assumed that the interface between the bulk

water and the micelle core has the same characteristics as the air-water interface.

This implies that air is a hydrophobic environment, and this assumption will be

used to determine the surfactant packing parameter in the micelle.

2.2.1.1. SURFACE TENSION AS AN INDICATION OF PURITY.

The surface tension property is very sensitive to contamination making it
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a valuable tool for determining purity of a surfactant sample". Provided that

the impurity is surface active, it will preferentially adsorb at the air-water

interface along with the surfactant molecules. The presence of this impurity will

disrupt the packing of the monomers at the surface forcing premature micelle

formation at concentrations below the erne for the pure surfactant. As these

micelles are formed, the surface excess of impurity relative to the surfactant

monomers will increase and a corresponding decrease in the surface tension

value will occur before the plateau region. As more surfactant is added, the

impurity begins to solubilize with the surfactant forming mixed micelles. The

resulting surface tension value then begins to plateau to a value near the value

obtained for the pure surfactant. When there is a large amount of impurity

(�5%), the dip is very large and the aggregation process continues over a very

large concentration range. In these extreme cases, the value of the surface

tension property may never plateau.

2.2.2. PROPERTIES DERIVED FROM SURFACE TENSION MEASUREMENTS

The rate at which the surface tension decreases as a function of surfactant

concentration in the premicellar region gives a qualitative assessment of the

degree of hydrophobicity of the lipophilic portion of the surfactant molecule.

For example, surfactants with longer hydrocarbon tails will reduce the surface

tension at a faster rate than shorter chained surfactants of similar head group80.

This example gives no more than an estimate relative to other surfactants in a
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r-
1 (dy J2.303nRT a log c, T

[2.2.2-1]

series.

More important is to consider the region just before the plateau that gives

valuable information concerning the head group area of the surfactant. This is

where the slope is at its steepest decent and can be related to the head group

area at the air-solvent interface when the surface is saturated with surfactant":".

For these conditions,

where r is defined as the Gibbs surface excess, n is a constant, which is

dependent on the number of ionic species constituting the surfactant, and 'Y is the

value of the surface tension. All other variables have their usual meaning. The

area per head group is then determined from

[2.2.2-2]

where NA is the Avagadro number.

2.3. FLUORESCENCE PROBING OF SURFACTANT AGGREGATES

2.3.1. BEHAVIOUR OF FLUORESCENCE PROBES IN SURFACTANT SOLUTIONS

In order to take advantage of fluorescence spectroscopy, there has to be an

understanding of how solutes will distribute in a microheterogenous

environment45,82-87. This problem is simple when the solutes distribute in a

homogenous manner. However, in surfactant systems, at the microscopic level,

there are hydrophilic as well as lipophilic pockets and cavities within the micelle

33



core and in the surrounding bulk medium. In these situations, a homogeneous

distribution is unlikely due to solute molecules preferentially locating in

energetically favourable environments.

This heterogeneity strongly affects probe distribution and places a

restriction on the probe movement. These two qualities make fluorescence

measurements possible in micellar systems as it is assumed that the decay

process will happen on a time scale that is faster than the exchange rate with the

surrounding environment. The disadvantage is that heterogeneity promotes

excimer formation when the probe becomes sufficiently concentrated. Also, the

probe distribution at the charged interface may induce electrostatic effects that

will affect the behaviour of the probe and the micelle.

Consider the case,

[2.3.1-1]

where P, is the probe molecule in water and M; is the micelle containing n solute

molecules. In this case, k, and k, are the rate constants for the entry and exit of

the probe from the micelle and are assumed to be independent of the number of

probe molecules contained within the micelle. Also, there is no limitation on the

number of these solutes that can occupy any particular micelle. The exit rate

constant is given by nk, and is assumed to be independent of the occupation

number, n.

The distribution of these solute molecules follows Poisson statistics

and the probability of finding micelles that contain n solute molecules is given

34



[M,J
=
(nne-ii)

[M] n!
[2.3.1-2]

by

where [Mn] is the concentration of the micelles containing quencher, [M] is the

total micelle concentration, and n is the average number of solute molecules per

micelle which is expressed as

[2.3.1-3]

In terms of the total micelle concentration fi is defined as

K[P]
n=---

l+K[M]

[2.3.1-4]

k
where K = __±_ and the total concentration of micelles is given by

k

[M] = [5] - cmc

Nagg
[2.3.1-5]

where [5] is the total surfactant concentration, and Nagg is the micelle mean

aggregation number for the micelle.

2.3.2. DETERMINATION OF MICELLE MEAN AGGREGATION NUMBER

2.3.2.1. TIME-RESOLVED FLUORESCENCE QUENCHING METHOD

Consider the case when a micelle contains an excited probe with n

quenchers, the decay process will follow

M' ku+nkg M
11 11 [2.3.2.1-1]
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[2.3.2.1-2]

and will decay according to the expression.83•84

where

A]= 1(0)

A = k + kqk_n
2 0 �

-

q

[2.3.2.1-3]

[2.3.2.1-4]

i1k2
A = q

3

(kq+k_r
� = kq + k..

[2.3.2.1-5]

[2.3.2.1-6]

When it is assumed that the micelles completely immobilize the

quenchers, or in other words, when the exchange rate is within the time scale of

the excited state of the probe, eqn. 2.3.2.1-2 reduces to

1(t) = A, expl-ket + n(exp [-kqt] - 1)] [2.3.2.1-7]

The aggregation number, Nagg, for the micelle can be obtained from

computer fitting of the data to eqn. 2.3.2.1-2 and using the following expression

__
n(CT - cmc)Nagg [Q] [2.3.2.1-8]

where n is the occupancy number of the probe in the micelle and C, and [Q] are

the total surfactant and quencher concentrations, respectively.

2.4. DENSITIES OF AQUEOUS SOLUTIONS

The measurement of density is based on the principle that the natural

vibration frequency of a tube is proportional to the mass of the fluid flowing

through it. The densimeter contains a hollow tube that is attached to a vibrating
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[2.4-1]

reed. As fluid flows through the tube, the vibrational frequency of the reed will

vary as a function of the density of the circulating fluid'". By keeping a constant

flow rate, the oscillation period, r, of the reed is related to the density of the fluid

by

where Ad and Bd are constants which are characteristic of the instrument. They

are determined by measuring the periods, 'tI and 't2 of two fluids whose

densities, PI and 0, are known.

[2.4-2]

2.4.1. PROPERTIES DERIVED FROM DENSITY MEASUREMENTS

Density is a valuable tool in determining the solution properties of

aqueous micellar systems. As one would expect, the volume of the hydrated

monomers is smaller than the volume of those incorporated into a micelle. This

change in volume can be used to determine such features as the cme. The

apparent molar volume (AMV) of a solute is related to its relative molar mass

(M.W.), molality, and the densities of the solution (p) and solvent (p") by the

following equation".

AMV =

M.W.
__lO_O_O(_p_-_p_O)

P tivpp"
[2.4.1-1]

The error in AMV expressed in terms of the error in density is given as follows

MMV =-[M. w.+ l�OJ;. [2.4.1-2]
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3. EXPERIMENTAL

3.1. ApPARATUS AND PROCEDURES

Structural identity of the synthesized surfactants were confirmed using

NMR (Bruker, Model AM-300, 300 MHz), mass spectrometry (Varian, Model VG

70-2S0-VSE, double sector, analytical retrofit), in conjunction with carbon,

hydrogen, and nitrogen (CH&N) analysis (Perkin-Elmer, Model 2400)

3.1.1. CONDUCTIVITY MEASUREMENTS

3.1.1.1. ELECTRODE CONDITIONING

The glass/platinum electrode (Tacussel) was periodically resurfaced with

platinum black using a milliamp power supply. The plating solution was

prepared by adding 3.0 g of platinic chloride and 0.020 g of lead acetate to 100.0

mL of water. In order to obtain an even coating on both surfaces of the

electrode, the electrical leads were switched at regular time intervals until the

coating was complete. The cell constant was determined to be approximately

0.89 em".

3.1.1.2. BROMIDE CONTENT

The bromide content of the surfactant salts was determined by application

of the following reaction

S�:I) + 2Br(��1 + 2AgNO](aq) � 2AgBr(s) + S�a+q) + 2NO;(.,q)
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and the extent of the reaction was monitored by means of specific conductivity.

The symbol S, in this equation, denotes the surfactant monomer. Initially, the

addition of silver ions forces a drop in the conductivity due to the precipitation

of silver bromide. Beyond the equivalence point, the conductivity begins to

increase due to excess silver nitrate. The minimum in the plot indicates the

stoichiometric amount of ionic bromide present in the original surfactant sample.

All surfactant solutions were kept at concentrations below the cmc in order to

eliminate unusual conductivity behaviour due to surfactant aggregation. The

error associated with the dissociation of solid AgBr was neglected. The titration

vessel was maintained at 25.0 ± O.l°C using a circulating water bath (Haake

Model F3).

3.1.1.3. KRAFFT POINT DETERMINATION

The Krafft point was determined by measuring the conductivity of the

aqueous surfactant solutions at various temperatures. At the Krafft point, the

solubility of the surfactant increases dramatically due to the onset of

aggregation". Experimentally, a solution of surfactant was placed in a

conductivity vessel ensuring that an excess of solid surfactant was present in the

solution. The initial temperature was set well below the expected Krafft point

and was incrementally increased. The conductivity of the solution was

measured versus its temperature until a sharp increase in the conductivity was

.,...
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The critical micelle concentration was determined by using two

observed. The intersection of the slopes of the lines before and after the break

was used to estimate the Krafft temperature".

3.1.1.4. CMC DETERMINATION

techniques. When the cmc was unknown, a concentrated solution of surfactant

of known concentration was titrated with pure Millipore™ water. The

temperature of the conductivity cell was set to a minimum of SoC above the

Krafft temperature to ensure that micellization would occur. The specific

conductivity was measured as a function of surfactant concentration and the cmc

was determined from the break in the slope of the specific conductivity versus

surfactant concentration plot". The degree of counterion dissociation, a, was

determined from the ratio of the slopes before and after the cmc54,91.

A second method, to confirm a known cmc, was used when the Krafft

point was lower than room temperature. In this case, a concentrated surfactant

solution (-3 x erne) was titrated into pure Millipore™ water. A plot similar to

the one above was used to estimate the cmc. All conductivity measurements

.-

were carried out using a glass/platinum electrode (Tacussel) with a Wayne Kerr

Precision Component Analyzer (Model 6425) at 1.5 kHz. Temperature was

controlled to a.pc using a circulating water bath (Haake Model F3).
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3.1.2. DENSITY AND VOLUME MEASUREMENTS

Most of the density data had to be obtained at concentrations above the

cmc due to instrument insensitivity at very low concentrations. Note that the

cmc's for most of the surfactants studied in this work are very low « 3 mmol

C1). A Sodev temperature-controlling milt (Model CT-L) was used to maintain

temperatures constant to ± O.OOPe. The solution densities were measured using

a vibrating tube flow densimeter (Sodev, Models 020, 03D).

The vibration of the tube was measured as the output of an operational

amplifier using a digital frequency meter (Fluke 7261 Universal Counter) at 100

us resolution. An oscillation period of 2 ms requires an average of 104 period

readings to obtain a precision of 1 x 10-6 g em" in density. With the expected

error in the electronic circuitry and temperature regulation, this type of

instrument can give a density measurement with a reproducibility of (±) 2 x 10-6

g cm-392•

3.1.3. SURFACE TENSION MEASUREMENTS

When possible, all solutions for each concentration were prepared

individually to eliminate dilution errors as well as contamination. In some

circumstances there was insufficient material to make the number of solutions

necessary to cover the concentration range, so a dilution method was used. The

dilution technique has limitations due to the uncertainty in the final

concentrations, but this uncertainty is minimal for a narrow concentration range,
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as was the case in this study. As a check for errors in both the concentrations of

the solutions as well as instrument deviations, individual solutions of known

concentration were prepared and compared to the values obtained from the

dilution method.

The purity of the surfactants was confirmed by the absence of a minimum

in the surface tension plot in the post cmc region. The cmc was taken as the

intersection of the slope of the line just before the break with the line through the

plateau in the post cmc region. All measurements were made by using a Kruss

KlO ST digital tensiometer. Temperature was controlled to O.l°C using a

circulating water bath (Haake Model F3).

3.1.4. FLUORESCENCE QUENCHING MEASUREMENTS

Pyrene (Aldrich) was first dissolved in hexane. An aliquot of this solution

was then placed in a volumetric flask and the hexane was removed through

evaporation under a stream of nitrogen. The flask was then brought to volume

with the appropriate surfactant stock solution. The stock solution containing the

quencher, N,N-dibutylaniline (Aldrich), was prepared in a similar manner and

was brought to volume with the surfactant/probe stock solution. Solutions with

specific quencher concentrations were prepared by dilution from the appropriate

stock solutions. Each mixture was sonicated for one hour to ensure complete

dissolution of the fluorescence probe and quencher. The emission from the

surfactant and quencher alone, under the conditions of time-resolved
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fluorescence measurements, were found to be insignificant. To avoid the

possibility of excimer formation, the concentration of pyrene in the system was

kept below 1.0 x 10-6 mol L-1.

Fluorescence decay curves were obtained by using single photon counting

techniques. The excitation source was a synchronously pumped, cavity

dumped, frequency-doubled DCM picosecond dye laser which was excited at a

wavelength of 520 nm by an Ar/Ar" laser. (DCM == 4-dicyanomethylene-2-

methyl-6-(p-dimethylaminostyryl)-4H-pyran). The output from the dye laser

peaked at 607 nm, and a frequency doubler was used to obtain an ultraviolet

(UV) output". By simultaneously adjusting the dye laser and the angle of the

frequency doubler, UV output in the range of 340 nm was obtained. In the

present study, DCM (Exciton) was excited at a wavelength of 340 nm with a

pulse frequency of 800 kHz. An electronic delay generator was used to obtain a

500 ns delay period between two recorded pulses. The emission wavelength

was 385 nm. The slit width of the emission monochromator was in the range of

0.04 - 0.2 mm. All fluorescence decay curves were observed at the magic angle

(54.7°) and data were collected with a 512-multichannel analyzer. A minimum

of 8000 counts was recorded in the peak channel.

All surfactants used were purified as described in the following sections.

Pyrene was purified by repeated recrystallization in acetone. All other materials

were used as recei ved.
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All starting materials used in the syntheses of the surfactants were

3.2. MATERIALS

3.2.1. MATERIALS USED IN SYNTHESIS

distilled under vacuum before use and stored over molecular sieves (BDH, 4 - 8

mesh size). All other materials were used as received except when noted.

3.2.2. SOLVENTS

Chloroform was distilled once to remove any dissolved residue. When

required, water was removed from the solvents using the procedures described

in the following sections". Dehydration of absolute ethanol was achieved by

reaction with magnesium ethoxide prepared by placing 5 g of clean dry

magnesium turnings and 0.5 g of iodine in a 2 L flask, with 50-75 mL of absolute

ethanol. The mixture was then warmed until a vigorous reaction occurred and

the dry ethanol was collected through distillation. Diethyl ether (ACS) was

dried using molecular sieves (BDH, 4-8 mesh sizes).

3.3. SYNTHESIS

3.3.1. PREPARATION OF N,N'-BIS(ALKYLDIMETHYL)-1,3-PROPANEDIAMMONIUM
DIBROMIDES

The preparation of the m-s-m, 2Br- surfactants with saturated spacer and

linear alkyl chains has been well documented in the literature1.58-60.78.95-97. The

outlined procedures in the following sections follow the guidelines noted in the
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literature. However, some procedures were modified to better suit the needs of

the synthesis.

N,N'-Bis(octyldimethyl)-1,3-propanediammonillm Dibrornide (8-3-8);

The compound 8-3-8 was prepared by refluxing 3.0 g of 1,3-

dibromopropane (Aldrich) and 7.0 g of N,N-dimethyloctylamine (Aldrich) (1:3

mole ratio) in 150-175 mL of acetonitrile at 70°C under nitrogen purge for 48

hours. After 24 and 30 hours the solid was removed by filtration and the filtrate

was allowed to further react. This was done to minimize any impurities in the

product that could result from the decomposition of the amine during the

reaction. The product was purified using an acetonitrile:ethyl acetate (1:5, v Iv)

mixed solvent. The product was very hygroscopic and was dried under

vacuum. When handled for long periods of time, the surfactant was placed in a

dry box under a nitrogen atmosphere.

Alternatively, compound 8-3-8 was prepared in a similar manner as

above using dry ethanol as the reflux solvent. The products were filtered and

reconstituted in a minimum of methanol. The surfactant was further purified

by recrystallization in acetone. The final product was washed thoroughly in

anhydrous diethyl ether and then dried under vacuum for a minimum of 3 days

at 50°C.
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N,N'-Bis(hexadecyldimethyl)-1,3-propanediammonium Dibromide (16-3-16):

Compound 16-3-16 was prepared by reacting 7.5 g of N,N

dimethylhexadecylamine (T.C.L) and 3.0 g of 1,3-dibromopropane (Aldrich)

(2.1:1 mole ratio). The mixture was allowed to reflux at 70aC in 150-175 mL of

acetonitrile for 24-30 hours under a nitrogen purge. At 24 hours, the solid was

filtered off and the resulting solution was allowed to react for a further 6 hours.

After five recrystallizations in ethyl acetate, the yield was 73% of the theoretical

value.

3.3.2. PREPARATION OF N,N-DIMETHYLCYCLODODECYLAMINE

N,N-Dimethylcyclododecylamine (DMCA) was prepared from

commercially available cyclododecylamine (Acros) using the Eschweiler-Clark

methylation process'" and was repeated twice to insure complete methylation.

Aqueous solutions of formaldehyde (Acros, 37%(v Iv)) and formic acid (Acros,

88%(v Iv)) were used without further purification. The first reaction containing

27.5 g of amine, 25.0 g of formic acid, and 18.0 g of formaldehyde gave a yield of

approximately 50% of the fully methylated product, as indicated by TLC. Any

decomposition products were removed at this point by vacuum distillation at

l30aC. The distillate, containing the intermediate secondary amine, was reacted

for a second time using the same reaction conditions above. The product was

again distilled under vacuum at 130aC to remove any further impurity. It was

used in further syntheses without additional purification. When necessary,
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Compound c12-3-c12 was prepared by reacting 12.5 g of DMCA with 4.0

DMCA was further purified using silica gel flash chromatography with a mobile

phase of 88%CHCI3: lO%C�OH: 2%NH3(aq) (v Iv). The synthesis of N,N-

dimethylcyclododecylamine gave yields in excess of 80% of the. theoretical yield.

3.3.3. PREPARATION OF N,N'-BIS(CYCLODODECYLDIMETHYL)-a,(t}-ALKANEDI
AMMONIUM DIBROMIDES

N,N'-Bis(cyclododecyZdimethyl)-1,3-propanediammonillm Dibromide (c12-3-c12):

g of 1,3-dibromopropane (Acros) (3:1 mole ratio) in 150-175 mL of THF (ACS) at

90°C for 72 hours under a dry nitrogen purge. Dropwise addition of 1,3-

dibromopropane over the first 8 hours of the synthesis ensured a large excess of

amine in the reaction mixture. Every 8 hours, the progress of the reaction was

monitored by TLC, and a molar aliquot of amine was added once the reaction

rate appeared to decrease. This final addition of amine was used to force the

formation of more product. The yield after purification was 15-20% of the

theoretical yield.

N,N'-Bis(cyclododecyldimethyl)-1,4-butanediammonium Dibromide (c12-4-c12):

Surfactant c12-4-c12 was prepared from the corresponding amine and 1,4-

dibromobutane following the same procedure as above. The yield after

purification was approximately 500A) of the theoretical yield.
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N,N'-Bis(cycIododecyldimethyl)-1,6-hexanediammonium Dibromide (c12-6-c12):

7.5 g of 1,6-Dibromohexane (Aldrich) was added dropwise to a solution

of 3.7 g of DMCA over a period of 10 hours with heating at 70°C in 150-175 mL

of THF. To increase yields, the resulting mixture was refluxed between 90-95°C

for 5 days in THF under a nitrogen purge. Every 24 hours the product

(compound c12-6-c12) was removed to ensure minimal decomposition of the

resulting surfactant. The yield, after purification using a modified soxhlet

extraction in ethanol, was approximately 50% of the theoretical yield.

3.4. PURIFICATION

3.4.1. SURFACTANTS

Purification of the cyclic gemini surfactants was an involved process. As

previously mentioned, compound c12-6-c12 was purified using a modified

soxhlet extraction. The impure surfactant was placed in a cellulose extraction

thimble and was washed with 175 mL of absolute ethanol for 7 days. After this

time, the precipitate in the solvent reservoir was collected and further washed in

the thimble with fresh ethanol. The precipitate was then extracted 2 more times

using this procedure. In each case, the monoquaternized intermediate was

assumed to be very soluble in the ethanol and did not precipitate with

compound c12-6-c12.

Dissolving the impure surfactants in a minimum amount of methanol and

precipitating approximately 50% of the material with THF purified the other
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surfactants in this series. The solid material was then filtered and the

precipitation process was repeated until pure. This method was only effective

when there was a small amount of impurity present in the sample. When large

amounts of impurity were present, the mixture had to be separated using

chromatographic methods.

3.4.1.1. CHROMATOGRAPHIC METHODS

Surface tension was always used as the final determination of purity.

Unfortunately, the large quantity of material needed and the time required for

an experiment made surface tension inappropriate for routine testing. In this

case, chromatography allowed for a simple and efficient method to estimate

relative purity.

HPLC:

Initially, C-18 (Bio-Rad RP-318, column dimensions 250 x 4.6 mm)

reversed phase HPLC was used with mobile phases consisting of acetonitrile

and water99.100. Additives such as NaBr and NH4Br101 were used, but did not

result in good separation; however, cation exchange chromatography (Hamilton

PRP-X200 cation exchange column, dimensions 150 x 4.1 mm) yielded slightly

better results. A mobile phase composed of 7.5 mM HNOJ in 50:50 (v Iv)

water:acetonitrile resulted in separation of dodecyltrimethylammonium bromide

(DTAB) from N,N' -bis(dodecyldimethyl)-1,3-propanediammonium dibromide
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(12-3-12). In all cases, the chromatographic separation was performed on a

Gilson HPLC module system (Model 811 dynamic mixer, Model 302 solvent

pump, 20 J!L injection loop). Detection was achieved using a Shimadzu (Model

CDD-6A) conductivity detector.

The salts DTAB and 12-3-12 were chosen as the study compounds for the

chromatographic separation because they were the most suitable compounds to

mimic the possible impure surfactant mixture consisting of the monoquaternary

and gemini surfactants. Both model surfactants were determined to be pure

from surface tension measurements. Unfortunately, conductivity was the only

detection system available and sensitivity problems arose due to the high

background electrolyte concentration in the mobile phase. On a relative scale,

the peak height for DTAB was over 10 times the peak height for the 12-3-12

surfactant.

Increasing the concentration of acid in the mobile phase reduced peak

tailing. In turn, the analyte retention times decreased at the expense of their

separation. When the pH of the mobile phase was lower than 2.5, column

degradation occurred, which placed a limitation on the acid concentration that

could be used in the eluent. As a result, the peak broadening could not be

eliminated, which, coupled with the relative insensitivity of the gemini

surfactants, limited the use of this method as a quantitative measure of purity for

these mixed systems.
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Thin Layer Chromatography:

C-8 reverse phase TLC plates were used in the surfactant separation. The

mobile phase chosen depended On the surfactant to be purified. For example, in

the case of the surfactant 8-3-8, a mobile phase consisting of 0.025 M NH4Br in

50:50 (v Iv) methanol:water gave reasonable separation of N,N

dimethyloctylammonium bromide (OTAB) from compound 8-3-8. Other mobile

phases such as 0.05 M NH4Br in MeOH/CHCl3 (5:25 (v Iv)) worked but the

eluting bands had pronounced peak tailing. For a surfactant like 12-3-12, DTAB

was once again chosen as the model impurity and it was shown that the mixture

could be separated by using a mobile phase of 0.25 M NH4Br in MeOH:CHCI3

50:50 (v Iv). As a note, this mobile phase would not separate the surfactant 8-3-8

fromOTAB.

Due to the cost of reversed phase packing material, silica based plates

were used with some success. Initial studies using silica to separate the linear

normal chain surfactants yielded unfavourable results. However, the cyclic

geminis were separated, successfully.

Cationic surfactants bind strongly, and sometimes irreversibly, to the

silinol groups present on the silica surface'?'. Salts containing ammonium ions,

or analogues of the ammonium ion, compete for the same sites as the cationic

surfactants, and can be used as mobile phase additives to aid in separation!".

Unfortunately, the competition between the salts is poor and excessive line

broadening occurs during the migration of the analytes. When this happens, a
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counterion must be chosen in order to create a bias against site binding.

Surfactant counterions that weakly bind to the head groups, such as bromide,

will result in a larger degree of band broadening compared to a stronger binding

counterion.

Carboxylates are a good example of a strongly bound counterion and

their presence creates two distinct effects. The strong binding of these

counterions force the cationic surfactant out of the competition for sites on the

silica surface. As well, the ion pair formed is made more hydrophobic compared

to the original surfactant molecule, especially when large hydrocarbon groups

are attached to the carboxylate group. For this reason, ammonium benzoate

resulted in very good separation between the gemini surfactants and the

monoquaternized impurities, with minimal band broadening. A mobile phase

containing 0.025 M ammonium benzoate in methanol was used for monitoring

reaction progress and preliminary purity testing.

To obtain ultra pure samples for surface tension measurements and

fluorescence spectroscopy, the surfactants were purified using TLC plates. A

solution of 0.05 M ammonium bromide in methanol was used as the mobile

phase. Preference for ammonium bromide over ammonium benzoate eliminated

the unfavourable ion pair that would affect subsequent purification. Glass

plates, 10 cm x 20 em, coated with 250 11m of silica were eluted twice to ensure

complete separation of the analytes. The first elution was stopped after 5 cm.

The plates were then dried using compressed air, and further eluted to the 10 cm
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mark. Once dry, the separation band for the gemini surfactant was scraped from

the plate and the silica washed several times with fresh mobile phase solution to

extract the surfactant. The methanol was removed by using vacuum distillation

and the solid was reconstituted with a few milliliters of Millipore™ water.

Chloroform extraction removed the surfactant from the aqueous phase.

Estimated recovery in this procedure was 70% and the losses were attributed to

the irreversible binding of the surfactant to the chromatographic stationary

phase.
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4. RESULTS AND DISCUSSION

4.1. CHROMATOGRAPHIC SEPARATION

Figures 4.1-1 and 4.1-2 show the chromatograms for DTAB (model

impurity) and the surfactant 12-3-12, respectively, from cation exchange

chromatography. Comparison of the relative peak heights for the two

surfactants at equal analyte concentrations shows that the peak height of DTAB

(Figure 4.1-1) is approximately 10 times that of the 12-3-12 surfactant (Figure 4.1-

2) and tails beyond the elution time for 12-3-12. This peak tailing could not be

reduced and it limited the use of this method for estimating the purity of the

gemini salts.

Figure 4.1-1. Cation exchange chromatogram for DTAB (Relative Intensity (%) versus Retention
Time (minutes». Csllrf: 20 mmol L·I ,Tr: 4.70 minutes as measured from the maximum peak
height. Mobile phase: 7.5 mM HN03 in 50:50 (v Iv) H20:CH3CN, injection volume: 20 ul., flow
rate: 0.75 mL min-I, conductivity detection.
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Figure 4.1-2. Cation exchange chromatogram for compound 12-3-12 (Relative Intensity (%)
versus Retention Time (minutes)). Curf: 20 mmol L-I, Tr: 5.90 minutes as measured from the

maximum peak height. Mobile phase: 7.5 mM HN03 in 50:50 (v Iv) H20:CfuCN, injection
volume: 20 ul., flow rate: 0.75 mL min-I, conductivity detection.

For ease and convenience, TLC proved to be the most useful technique to

obtain a qualitative determination of purity. Table 4.1.1-1 gives the retardation

factor, rf, values for the surfactants of interest in several mobile phases that were

used to separate the surfactant analytes, and gives information on both normal

and reverse phase chromatography conditions. The mobile phases used were

surfactant specific and mobile phases that worked well for one system were

found not to be applicable to other surfactant separations. For example, the

Iitcrature'" describes the use of mobile phases consisting of methanol/ethyl

acetate; but from our studies, this mobile phase was found to be ineffective in

attempts to separate any of the compounds listed in Table 4.1.1-1. Also, by

simply changing the counterion in the mobile phase, one can create a significant
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Table4.1-1. Retention values for a series of surfactants using TLC.

Normal Phase TLC (Silica Coated Plates)
Mobile Phase OTAB 8-3-8 DTAB 12-3-12 c12-3-c12 c12-4-c12
0.05MNH4Br in MeOH N/A N/A 0.68 0.52 0.25 0.49
J '\0.05MAmmonium 0.55 0.12 0.49 0.18 0.10 0.25Benzoate in MeOH

Reversed Phase TLC (C-8 Coated Plates)
0.025MNH4Br in 50:50 0.33 0.01 0.30 0.00 N/A N/A(vIv)MeOH:Water
0.025MNH4Br in 5:25 0.39 0.60 0.25 0.50 N/A N/A(vIv)MeOH:CHCb
88%CHCI3:10% MeOH: 0.50 0.02 0.35 0.02 N/A N/A2%NH3(aq) (v Iv)



change in the retention time of the species, and in some cases, separation was not

achieved. For example, by changing the counterion from bromide to benzoate in

normal phase conditions, one can not effectively separate OTAB from the gemini

surfactant 8-3-8. For the other gemini surfactants, the presence of benzoate

increased separation by promoting elution of the impurities.

The cyclic gemini salts were strongly affected by the benzoate counterion.

The rf value for the salt c12-3-c12 is 2.5 times smaller than that of the surfactant

c12-4-c12. The impurities found in these surfactants were believed to be

monoquaternized salts having only one cationic head group per molecule. As a

result the benzoate ion could effectively neutralize the monocationic species,

thus increasing the rf values to be as high as 0.80. For the gemini salts, the

reduced rf values were the result of ineffective neutralization of the cationic

head groups, probably due to strong steric constraints of two benzoate ions

binding to the closely spaced head groups. Because of the large difference in the

rf values between the gemini surfactants and the impurities, the mobile phase

containing ammonium benzoate was very useful for quickly providing a

qualitative estimate of the purity of these surfactant salts.

4.2. CHARACTERIZATION OF NEW SURFACTANTS

NMR data (listed in Appendix AI) along with carbon, hydrogen, and

nitrogen analysis (CH&N) were used to identify and authenticate the surfactant
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Table 4.2-1. Elemental analysis of the synthesized surfactants in mass percent.

Theoretical
Surfactant M.W. %C %H %N %Br-* Percentages of

(g mcl+) CH:N:Br-
c12-3-c12 624.67 58.7 10.3 4.5 26.5 (25.2) 59.6:10.3:4.5:25.6
c12-4-c12 638.69 60.2 10.4 4.4 25.0 (25.3) 59.8:10.7:4.1:25.4
c12-6-c-12 666.74 61.3 10.3 4.2 24.2 (23.5) 61.6:10.2:4.2:24.0

8-3-8 516.46 53.4 10.1 5.4 31.1 (31.3) 53.5: 10.1:5.4:31.1
16-3-16 740.86 63.0 n.5 4.0 21.5 (21.0) 63.2:11.4:3.8:21.6

* Values in brackets are from AgN03 titrations.
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Figure 4.2-1. Determination of total bromide content of c12-3-c12 using conductivity. The

percent bromide was determined to be 25.2 ± 0.5% from the intersection of the regression lines.
The expected bromide content is 25.6%. CAgN03 = 2.351 X 10-3 mol L:', Curf'" 7.7418 X 10-4mol L-1.

compounds. Table 4.2-1 lists the theoretical as well as experimental mass

percentages for each element. The bromine content in this case was determined

by mass difference using the mass percent of all other elements. In all cases, the

values determined from the CH&N analysis are estimated to have an error of

±0.3!X} and the largest difference between the theoretical and experimental
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percent weight of an element was 0.9%, for example, in the case carbon in

compound c12-3-c12. The bromide content of each surfactant was confirmed by

titration of the salt with silver nitrate and monitoring the reaction using specific

conductance. This method provided a better, independent verification of the

bromide content of the salts. Figure 4.2-1 shows an example plot. The results of

the bromide determination are shown as bracketed values in Table 4.2-1.

Harsh ionization methods, such as electron impact, used in mass

spectrometry will not show the parent ion due to the complex nature of the

breakdown process for these types of molecules. So a relatively less energetic

ionization technique, fast atom bombardment (FAB), was used to fragment the

parent ion. However, this technique produces adducts through fragment

addition and the masses of these adducts can be up to three times the molecular

weight of the parent compound. Oddly, the molecular mass of the parent

compound is never present in the mass distribution, mainly due to the weak

association of the bromide ion. Therefore, the initial fragment has a mass

equivalent to the surfactant mass minus the mass of one bromine atom.

Fortunately, the fragmentation pattern for similar molecules has been

documented in the literature'I" and the fragmentation pattern for the surfactants

listed in Table 4.2-1 were found to follow similar patterns. As an example,

Appendix A2 shows the data obtained for the mass spectrum of compound c12-

3-c12: the low intensity adduct fragments have
been normalized for clarity.
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4.3. THERMODYNAMIC AND CONDUCTIVITY STUDIES

4.3.1. KRAFFT POINT DETERMINATION

The Krafft temperature (TKrafft) is defined as the temperature above which

the solubility of the surfactant increases rapidly. This property is important, as

micelles will not form below this point; rather, they form a variety of liquid

crystalline phases. A specific conductivity versus temperature plot was used to

determine the Krafft points of the cyclododecyl series of gemini surfactants

synthesized in this work. These plots are shown in Figures 4.3.1-1 to 4.3.1-3.

The Krafft temperatures as well as the solubility of these surfactants in water at

temperatures 5°C above TKrafft are listed in Table 4.3.1-1.

Table 4.3.1-1. Solubility and Krafft temperatures for c12-s-c12 surfactants.
TKrafft Solubility*

Surfactant (OC) (mol C1)
c12-3-c12 31.9 (± 0.5) 0.015
c12-4-c12 27.8 (± 0.5) 0.0040
c12-6-c12 38.9 (± 0.5) 0.0010

* The solubility data were determined at SoC above TKrafft.

Determining the Krafft temperatures for the saturated alkyl m-s-m

surfactants was not pursued, as they are lower than room temperature. Such a

difference in Krafft temperatures between these two series indicates that micelle

formation at ambient temperatures is more favourable in the n-alkyl series as

compared to the cyclic homologues. The higher TKrafft of the cyclic homologues

may be due to either more extensive hydrophobic hydration of the cyclic
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Figure 4.3.1-1. Krafft point determination of c12-3-c12 using conductivity. TKrafft determined
from the intersection of the regression lines is 31.9°C.
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Figure 4.3.1-2. Krafft point determination of c12-4-cl2 using conductivity. TKraff, determined
from the intersection of the regression lines is 27.8°C.
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Figure 4.3.1-3: Krafft point determination of c12-6-c12 using conductivity. TKrafft determined
from the intersection of the regression lines is 38.9°C.

surfactant monomers or to strong steric interactions between monomers in the

micelle phase due to the bulky cyclododecyl tail groups.

The variation in Krafft temperature as a function of spacer length appears

to support the latter interpretation for the cyclic alkyl chain series. The data

show a minimum in TKrafft as the spacer length is increased from 3 to 6 methylene

groups. This minimum may occur due to an optimum head group separation

when the spacer is an n-butyl chain. When the spacer is shorter, there may be a

larger steric component that is reflected by an increase in the Krafft temperature.

For longer spacers, aggregation may become less favourable due to the spacer

forcing the head groups to remain outside a favourable equilibrium distance to

form micelles". This idea was first suggested for the n-alkyl gemini surfactants,
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and by analogy, similar behaviour can be assumed to occur for the c12-s-c12

surfactant series.

Finally, the greater steepness of the curve in the post Krafft temperature

region (figs. 4.3-1 to 4.3-3) can be used as a qualitative indicator of whether the

aggregation process is more favoured. It is expected that a surfactant having a

higher mean aggregation number, thus an affinity for aggregation, will show a

curve with a much steeper slope". The magnitudes of the slopes obtained in the

post Krafft temperature region for the surfactants el2-3-el2, c12-4-el2, and el2-6-

el2 are approximately 19, 30, and 12 mS ccl, respectively. In the following

sections, it will be shown that the surfactant el2-4-el2 does appear to have the

highest affinity to form micelles in this series of compounds.

4.3.2. CMC DETERMINATION

4.3.2.1. CONDUCTIVITY

The conductivity property of aqueous surfactant solutions can provide

estimates of the cmc and the degree of counterion binding, a, to the surface of

the micelle. Figures 4.3.2.1-1 to 4.3.2.1-5 show plots of specific conductivity

versus surfactant concentration for the gemini surfactants synthesized in this

work. To check the performance of the electrode, the cmc of a known surfactant,

CTAB (cetyltrimethylammonium bromide) was determined. The values

obtained for the cmc and the degree of counterion binding of CTAB, as well as
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Figure 4.3.2.1-1. CMC determination of c12-3-c12 from conductivity measurements at 37.0°C.

The cmc determined from the intersection of the regression lines is 1.7 x 10.3 mol L-1 and a =

0.88.
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Figure 4.3.2.1-2. CMC determination of c12-4-c12 from conductivity measurements at 31.0°C.

The cmc determined from the intersection of the regression lines is 3.1 x 10-1 mol L-] and ex =
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Figure 4.3.2.1-5. CMC determination of 16-3-16 from conductivity measurements at 25.0°C. The

cmc determined from the intersection of the regression lines is 2.6 x 10.5 mol L-1 and a == 0.35.

Table 4.3.2.1-1. CMC data derived from conductivity.

Temperature CMC
Surfactant (OC) (mol L-l) ex

c12-3-c12 37.0 1.7 (± 0.3) x 10-3 0.88 (± 0.11)
42.0 1.8 (± 0.3) x 10-3 0.90 (± 0.10)

c12-4-c12 31.0 3.1 (± 0.2) x 10-3 0.61 (± O.OS)
42.0 3.S (± 0.2) x 10-3 0.66 (± O.OS)

c-12-6-c12 42.0 2.0 (± 0.4) x 10-4 0.81 (± 0.07)
8-3-8 25.0 0.OS4 (± 0.002) 0.28 (± 0.02)

(0.OS7t (0.27t
12-3-12 2S.0 (9.6 x 10-3)b (0.27)b
16-3-16 2S.0 2.6 (± 0.1) x 10-5 0.3S (± 0.02)

(2.6 x 1O-5)b (0.32)b
CTAB 25.0 9.2 (± 0.1) x 10-4 0.29

�9.0 x 10-4t (0.26t
a) Reference 58.

b) Reference 96.

c) Reference 105.
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for the m-s-m salts, are in good agreement with literature values58,96,lOS and are

listed in Table 4.3.2.1-1.

Two distinct break points occur for salt 8-3-8 when its specific

conductivity is plotted against concentration. Literature data confirms this

unusual behaviour". The first break, near 20 mmol C1, is attributed to an ion

pair association of one of the counterions to the surfactant head group; the

second break results from the formation of micelles. The OCCurrence of two

breaks is sometimes found in systems when there are morphological changes in

the micelle structure, e.g., during the transition from spheres to cylinders. In

these systems, the second break occurs at concentrations much higher than the

cmc. Other techniques were used to determine the cmc and the results will

show, vide infra, that the second break, at 54 mmol L-I, marks the cmc of regular

micelle formation for salt 8-3-8 and does not result from any morphological

change.

Similar to conventional surfactants, the cmc decreases for the n-alkyl

gemini surfactants as the hydrocarbon tail length increases. This results from the

enhancement of the interactions between monomers as the tail becomes more

hydrophobic. The value of a for the m-s-m series is comparable to the

monovalent surfactant eTAB (a large, well-defined micelle) indicating that the

counter ions in both systems are held close to the micelle surface and

compensate the repulsive interactions between the head groups.
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For a given spacer length, the change to a cyclic tail in these surfactants

reduces the cmc considerably. Neglecting temperature, a comparison of

surfactants 12-3-12 and c12-3-c12 shows that the cmc drops five-fold when cyclic

tails are incorporated into the molecule. Similar decreases are obtained from a

comparison of the erne's of the cyclic homologues with the normal chain 12-4-12

and 12-6-12 surfactants. These results indicate that the imposed structural

difference produces a more hydrophobic species. The cmc for the 12-4-12 and

12-6-12 salts is 10 and 12 mmol L-I, respectively".

The trends in the cmc and a for the surfactant series c12-s-c12 support the

minimum in Krafft temperature mentioned in § 4.3.1. The results (Table 4.2.2.1-

1) show that the cmc goes through a maximum while a has a minimum as the

spacer length changes from 3 to 6 methylene groups. It can be rationalized that

lower values of a correspond to a tighter, more compact micelle. This suggests

that the salt c12-4-c12 may produce the most stable micelle in this series.

Support for this stability is confirmed by application of eqn. 2.1.2-10, which

predicts a favourable decrease in dGmic as the spacer is increased from a propyl

to a butyl moiety. Beyond this length, dGmic remains constant. For the salt c12-6-

c12, any favourable gain in dGmic resulting from its lower cmc is offset by the

comparatively large a, which from eqn. 2.1.2-10 has the net effect of increasing

�Gmic. Clearly, further data is required to ascertain whether any free energy

stabilization occurs for larger spacer lengths. However, for the c12-4-c12

surfactant, the value of a relative to the other surfactants in the series suggests
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that the counterions are associated with a regular micelle structure rather than a

loosely aggregated system.

4.3.2.2. SURFACE TENSION

In § 2.2.1 it was stated that the onset of aggregation is characterized by a

plateau value in the surface tension (y) as the surfactant concentration is

increased. In cases where the amphiphiles do not aggregate, the surface tension

will continue to decrease in a monotonic manner. Figures 4.3.2.2-1 and 4.3.2.2-2

are typical surface tension diagrams for surface-active agents that form micelles.

Recall that measuring the change in surfactant concentration needed to reduce y

by a given magnitude gives a qualitative efficiency of the surfactant to reduce

the surface tension of water when comparing a series of surfactants. The results

show that the salt 16-3-16 is much more efficient at reducing the surface tension

compared to the salt 8-3-8, requiring a change in concentration of only 0.011

mmol L-I to reduce y by 5 mN m-I. For the salt 8-3-8 the same reduction in y

required a change in concentration of 15 mmol L-1, indicating that the increased

lipophilic character of the 16-3-16 surfactant has a dramatic effect on reducing

the surface tension of water.

In the case of surface-active agents that form small aggregates, e.g. n

butanol, the slope in the surface tension profile gradually decreases with

increasing concentration and does not reach a plateau value until phase

separation occurs'?" The monotonic decrease in Figure 4.3.2.2-3 provides
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evidence supporting the hypothesis that the aggregation number for surfactant

c12-3-c12 is sufficiently small that no significant aggregation occurs. This also is

reflected, to a degree, by the magnitude of a determined from conductivity

measurements.

This unusual behaviour is similar to that of a hydrotrope'?". This distinct

class of amphiphilic compounds are regarded as surfactants having too little

lipophilic character to display phase separation behaviour or too large of a

hydrophobic group to be considered purely hydrophilic. These unique

molecules do not form aggregates typical of those found for micelles but they do

enhance the miscibility of water insoluble compounds.

For the homologues of the c12-s-c12 series containing longer spacers,

aggregates are clearly formed. Figures 4.3.2.2-4 and 4.3.2.2-5 show a defining

plateau at the onset of aggregation. Also, the cmc is shown to increase with

temperature indicating that fewer monomers are present at this interface. In this

case, the monomer-micelle equilibrium begins to shift slightly to favour the

solubility of free monomers. This translates into an increased plateau value, i.e.,

at the higher temperature the efficiency of the surfactant to reduce the surface

tension (y) at the air-water interface decreases. The slopes of y versus log C

immediately before the plateau region can be used to estimate the minimum area

per head group at the air-water interface. Values of the slopes and observed

areas are given in Table 4.3.2.2-1. As temperature is increased, it is expected that

the area per head group should increase in response to relaxation of the tail
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Figure 4.3.2.2-5. Surface tension plot for compound c12-6-c12. Temperature: 42°C.

Table 4.3.2.2-1. Summary of surface tension data.

Temperature CMC Head group Area
Surfactant (OC) (mol L-1) Slope (nm/ molecule")
c12-3-c12 37.0 N/A N/A N/A
c12-4-c12 37.0 4.1 x 10-3 -84.8 0.35

42.0 4.8 x 10-3 -43.9 0.68

c12-6-c12 42.0 7.8 (± 0.2) x 10-4 -25.6 1.17

8-3-8 25.0 4.4 (± 0.2) x 10-2 -18.2 1.56

12-3-1278 25.0 9.1 x 10-3 -27.1 1.05

16-3-16 25.0 3.0 x 10-5* -23.5 1.21
* Value in units ofmol kg".

groups and extension of the linker spacer due to increased thermal energy. This

is the observed trend for compound c12-4-c12. This flattening of the tail groups

has been documented in the literature and has been suggested as the reason for
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the increase in head group area reported for sodium cyclododecylsulphate

relative to sodium dodecylsulphatc".

The data in Table 4.3.2.2-1 suggest that for the c12-s-c12 surfactant series,

the head group area increases as a function of spacer length for these two

surfactants. This has been observed in the literature for the m-s-m salt series for

spacer lengths less than 10-12 carbon units long", and is attributed to the

increased size of the head group spacer. Beyond this spacer length, the area per

head group tends to decrease at the air-water interface. This suggests that the

spacer is folding into the more hydrophobic environment (air), thus reducing its

contact with water. It is assumed that the same behaviour can occur at the

micelle-water interface".

It is puzzling that there is such a large difference in head group area

between salts c12-4-c12 and c12-6-c12. The difference is 0.49 nm+/molecule and

is almost double the difference in head group area obtained between the n-alkyl

salts 12-4-12 and 12-6-12. The difference in the latter series is approximately 0.27

nm2/molecule7s• The reason for this difference is unclear and it may result, in

part, from the temperature chosen for the study. A temperature too close to the

Krafft point may prevent fully established micelles from forming, which could

influence the interfacial properties observed for the monomer. Nevertheless, the

surface tension profile does indicate that micelles are being formed and this

suggests that there are other factors such as head group hydration and

counterion association that may be contributing to the measured area.
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Specific conductivity (Figures 4.3.2.1-2 and 4.3.2.1-3) shows that the pre

micellar slope in a plot of specific conductivity versus surfactant concentration

for salt c12-6-c12 is larger than that obtained for salt c12-4-c12. This suggests

that the c12-6-c12 gemini surfactant in the pre-micellar concentration range is

more dissociated relative to that of the c12-4-c12 salt. This means that at the

interface, fewer counterions are required for electrical stability for the salt c12-4-

c12 compared to the salt c12-6-c12, thus reducing the observed head group area

for that monomer. Recall that the conductivity data for salt 8-3-8 suggests that

there is some pre-micellar ion-pair association but no such evidence was

detected for the other surfactants in this study. The smaller change in head

group area as the spacer is increased for the n-alkyl m-3-m series suggests that

the counterions are contributing to the same degree throughout the series.

Clearly, a more detailed study of variation in spacer length in the cyclic gemini

surfactants is needed to confirm these arguments.

The data for the m-3-m series can be summarized as follows. At the

interface, the surfactant tails will orient in a manner to reduce their contact with

water. By radially extending away from the water surface, this contact can be

reduced. Conceivably, shorter tail groups can remain more rigid compared to

longer alkyl chains, which are more prone to collapse upon themselves or tilt

toward the water surface. This explains the observed increase in head group

area between salts 12-3-12 and 16-3-16. Using the same reasoning, the head

group area for salt 8-3-8 should be smaller than for both of these salts. This has

not been observed, and the area is in fact much larger than the other two salts in
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the series. It was discovered in this work that salt 8-3-8 is very hygroscopic and

this quality may be critical when ascertaining its interactions at the air-water

interface. For instance if the hydrocarbon tail is easily wetted, then the affinity

for the alkyl tail to lay horizontally at the water surface increases. The net result

of this will be to increase the observed head group area.

A comparison of the surface area per head group can be made between

the two series. For example, the head group area obtained for the surfactant c12-

6-c12 compares to the area obtained for the n-alkyl gemini surfactant 12-8-12

(1.17 nm? molecule')". The equivalent area between a shorter spacer in the c12-

s-c12 and a longer spacer in the 12-s-12 surfactant series suggests that the cyclic

tail group is contributing somewhat to the head group area. A similar

comparison was made between sodium cyclododecylsulphate (SCDS) and

sodium dodecylsulphate". The conclusion drawn from this latter study

suggested that the bulky hydrophobic tail is folding over the head group, thus

increasing the monomer coverage at the air-water surface. The same behaviour

could occur in the case of the surfactant c12-6-c12, giving rise to the larger

observed head group area compared to the 12-6-12 surfactant.

4.3.3. APPARENT MOLAL VOLUMES

Apparent molal volumes, V$, give important information relating to

solute-solvent and solute-solute interactions in solution. The surfactant volume

obtained at infinite dilution, V;, can be interpreted in terms of surfactant
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monomer-solvent interactions. The change in V� as the surfactant concentration

is increased quantitatively reflects the effect of solute-solute interactions on the

apparent molar volume of the surfactant. An abrupt volume change occurs at

the cmc where the monomer increases size, significantly, due to decreased

hydrophobic hydration and the self-assembly of the monomers to form a micelle.

The magnitude of this transition from a water-rich environment to that of a

lipophilic environment can be measured and used to assess the packing

efficiency within the micelle. For instance, a relatively small change in V� may

indicate a less hydrophobic environment where fewer monomers are willing to

reside compared to that of a surfactant that displays a larger change in V$.

The cmc can be estimated by plotting V� versus surfactant concentration

and a typical plot is given in Figure 4.3.3-1. The gemini salt 8-3-8 is unique

because it is the only surfactant in this study for which a complete volume

profile could be obtained through the pre-micelle to post-micelle region. The

cmc's for the other surfactants in this study were too low to obtain reliable

volume data in the pre-cmc region. In such instances, the infinite dilution

volumes, V;, had to be predicted from additivity schemes. Reliable volumes of

molecular fragments at these conditions can be used and tested against

experimental data?", and the results derived from such an approach are listed in

Table 4.3.3-1.
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Figure 4.3.3-1. Apparent molal volume of surfactant 8-3-8 at 25°C.

Table 4.3.3-1. Apparent molal volumes for a series of gemini surfactants.

Salt Estimate

(Post-cmc)

VO4>

Additivity
25°C

8-3-8
t

12-3-12
16-3-16
c12-3-c12 517.8 516.2

c12-4-c12 542.5 536.6

c12-6-c12 573.4

443.1
579.5

436.7 444.7
573.9

700.3
513.9

(525.9)*
530.6

(542.6)*
564.7

(576.7)*

702.2 - 708.1
512.4

532.5

564.2tt

All volume units in emJmol-I. t
Results obtained from S. Wenig. Unpublished data.

tt
Value determined

by assuming the same volume dependence as a function of temperature as for salts e 12- 3-e 12 and e 12-4-

e 12 versus spacer chain length. * Bracketed values result from Method I.

7S
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The additivity methods used are outlined in Scheme 4.3.3-1. Method 1,

applied to both the m-3-m and c12-s-c12 surfactant series, uses infinite dilution

volume data based on experimental results from Lepori and Gianni.'?". This

method relies heavily on the use of data for two large groups, mainly the volume

contribution from the head group (including the linker spacer) and the volume

contribution of the surfactant tail. Method 2 was used primarily for the c12-s-c12

surfactant series. The volume contribution of the cyclic surfactant tail was

determined by strict application of the additivity volumes, that is, each -CH2-

group and -CH- group contained in the fragment was summed to give the total

volume. It will be shown that this approach gives the more reliable data for the

cyclic series.

The applicability of the proposed additivity schemes could only be tested

in this work with the experimental V; for the 8-3-8 surfactant. The value of

436.7 crrr'mol' is lower than the predicted infinite dilution volume by 8 crrr'mol"

and the reason for the difference is uncertain. The experimental volume of

micellization, �Vmic- is 6.4 crrr'mol" (fig. 4.3.3-1) and this value can be compared

with the other volumes of micellization obtained in the m-3-m series. For

example, the estimated V; from additivity for salt 12-3-12 is 573.9 crrr'mol',

which gives a corresponding �Vmic of 8.2 crrr'mol'. Although larger, this value is

not unreasonable because of the increased length of the hydrophobic tail group.
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184.3

166.8

143.7 (m = 8)
208.3 (m = 12)
271.5 (m = 16)

30.7

156.9 (s = 3)
173.6 (s = 4)
207.7 (s = 6)

19.1

10.2

Scheme 4.3.3-1. Volume data calculated from additivity.
Method 1:

2 R-NH3+
+ (CH3)3N+(CHz)sN+(CH3)3 - 2 (CH3)NH3+

+ 2 Br"

R == (CH2)11CH, CH3(CHz)(m_I)NH3
+ (m = 8, 12, 16)

Method 2:

Table 4.3.3-2. Group contributions for the additivity scheme.

Group Contribution V$ at 25°C

(ern- mol+)
(CHZ)11CHNH3

+

(CHZ)l1CH

The post-cmc volume for the third surfactant, salt 16-3-16, is presented as

a range because its volume decreases as the surfactant concentration is increased

in the post-micelle region. This is unusual behaviour, but for a surfactant that

possibly changes morphology from a spherical to rod-like micelle, this is not

unreasonable. In this case, the post-micelle volumes were measured at

surfactant concentrations between 65 and 375 times the erne. Even with this

extreme concentration range, the data was bordering on the lower limits of

instrumental sensitivity. Coupled with this, sufficient sample flow through the
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instrument became a concern because at extremely high concentrations the

surfactant solution was too viscous for proper flow through the densimeter

tubing, which compromised reliability. (For reference, all other surfactant

solutions were measured in the concentration ranges of 0.02 to 5 times the cmc).

Using 708.1 crrr'mol' for V4> in the post-cmc region gives a predicted LlVmic for

salt 16-3-16 of 7.8 crrr'rnol'. This value is comparable to LlVmic obtained from the

other surfactants in this series, further supporting the additivity scheme.

The volume data for the c12-s-c12 surfactant series at 25°C is unavailable

due to Krafft temperature limitations. In these circumstances, the volumes were

estimated through extrapolation using the experimental data from higher

temperature measurements. The difference between the extrapolated V4> for salt

c12-3-c12 and the calculated V4> from additivity (Method 2) suggests that there is

no volume of micellization, i.e., no micelles are formed. This supports the

surface tension data that shows the absence of a plateau region in the plot of

surface tension versus the logarithm of concentration, and hence, the absence of

micelles. For this salt, the increase in apparent molar volume as a function of

increasing temperature mimics the volume changes of a regular electrolyte in

aqueous solution. The same reasoning could be applied to salt c12-6-c12 because

it also shows a very small or zero �Vrnic- However, it should be noted that there

may be a large error associated with the estimate of the post-micelle volume at

25°C because it assumes the same volume dependence on temperature as for the

other surfactants in the series. This error is most likely large enough to over
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shadow the value of /lVmic for the salt c12-6-c12 since other techniques in this

work have shown that this salt does form micelles.

Salt c12-4-c12 shows a small positive /lVmic and suggests that micelles may

be present (/lVmic
= 1.9 crrr'mol'). However, it should be noted that the relatively

small /lVrnic compared to the volumes obtained from the alkyl m-3-m series

suggest that a smaller ill-defined micelle is formed for salt c12-4-c12. Similar to

the c12-6-c12 surfactant, the micelle may take on a rather loose fitting cluster as

opposed to a regular micelle.

As a final note, it is interesting to compare the infinite dilution volumes

obtained from application of the additivity scheme for surfactant c12-3-c12 and

surfactant 12-3-12. It appears from these results that the presence of a cyclic tail

group rather than a normal hydrocarbon tail containing the same number of

carbon atoms diminishes the volume of the surfactant by 60.0 crrr'mol". These

data show that the presence of the cyclic groups provides for a more compact

monomer. This behaviour may be important when considering the packing

within the micelle interior and may provide alternative morphologies from those

found in traditional surfactants. This will be discussed further in § 4.5.

With the exception of salt 8-3-8, the additivity approach predicted the

infinite dilution volumes quite well for the m-3-m series using Method 1.

Unfortunately, for the c12-s-c12 surfactant series this method failed miserably.

This is most evident from the large error in the predicted volumes at infinite

dilution using Method 1 (bracketed values) in Table 4.3.3-1. It is evident that
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deviations in the additivity scheme become large when there is insufficient data

to reliably estimate a particular group volume contribution, such as in the case of

the large cyclododecyl groups. Note that the incremental volume change of a

-CH2- in an n-alkyl chain, as in the m-3-m series, is well documentedlll-ll3.

Literature values for the cyclododecylammonium ion'!' suggest that its volume

is approximately 183.4 crrr'mol'. With appropriate substitution and applying

the group contributions suggested by Gianni and Lepori!", the volume of the

amine can be estimated to be 186.5 crrr'mol'. From measurements obtained in

our lab at 25°C, the experimental volume of the amine should be lower than this

estimate by 7.9 crrr'mol'. However, even with this correction, the group

contribution still yields unreasonable pre-micellar volumes. For this reason, the

strict application of Method 2 was used to estimate the volume data. The values

obtained are still in error, but are far more reasonable than those obtained using

literature data and Method 1.

4.4. SPECTROSCOPIC STUDIES

4.4.1. FLUORESCENCE QUENCHING

Figures 4.4.1-1 and 4.4.1-2 show the fluorescence emission of pyrene in

aqueous surfactant solutions. By observing the variation in the relative

intensities of emission bands 11 (�372 nm) and 13 (�383 nm) in these figures, the

11/13 vibronic fluorescent intensity ratio can be used to determine the polarity of
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Figure 4.4.1-1. Fluorescence emission of pyrene in c12-3-c12 surfactant solution. Temperature:
42°C. !..excite = 340 nm.
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Figure 4.4.1-2. Fluorescence emission of pyrene in c12-4-c12 surfactant solution. Temperature:
42°C. !..excite = 340 nm.

As pyrene is transferred from an aqueous phase to the palisade layer of a

"micelle, the polarity surrounding the probe changes to that of a lipophilic

environment and the 1/13 ratio decreases accordingly. This transition is useful

in marking the erne, especially in cases where the micelle has a large aggregation

number and a well-defined shape. In cases where the aggregation number is

low, water will penetrate into the micelle core and will modify the polarity of

H4
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the microenvironment surrounding the pyrene solute in the micelle. For the

cyclic gemini surfactants with spacer length of s = 3, and 4, it is speculated that

the aggregation number should be low. As a result, there will be a large degree

of water penetration in the micelle and the 1dh ratio should reflect this!". This

is borne out by the values obtained for these systems (approximately 1.6 at

This value compares well to other systems with low aggregation number.

For example, the 11/13 vibronic intensity ratio for pyrene solubilized in the

gemini surfactant 8-3-8 (N = 12) is reported to be 1.6158. Sodium
agg

cyclododecylsulphate (SCDS) is a monovalent surfactant with a tail group

similar to that of the c12-s-c12 series of surfactants. This surfactant has a mean

aggregation number of 12 and solubilized pyrene has an h/h ratio of 1.739• For

all of the gemini systems studied in this work, the 11/13 of pyrene ratio is slightly

smaller for the gemini surfactants relative to that of SCDS and this suggests that

the tethered head groups of the gemini surfactants inhibit water penetration

relative to that of a monovalent surfactant. As well, the hydrophobic linking

spacer will contribute to the overall hydrophobic nature of the micelle. This

provides a further enhancement of the observed decrease in polarity of the

environment surrounding the pyrene solute.
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monomeric cousins. For example, the aggregation number of

4.4.1.1. MICELLE AGGREGATION NUMBER

Table 4.4.1.1-1 summarizes the mean aggregation numbers obtained from

dynamic fluorescence quenching studies of gemini surfactants in this project.

The results for the surfactants 8-3-8 and 16-3-16 are reasonable and are of the

expected magnitude when compared to other gemini surfactants and their

octyltrimethylammonium bromide is approximately 25119, double the

aggregation number of surfactant 8-3-8. Typically, the mean aggregation

numbers for the larger n-alkyl m-s-m surfactants near the cmc are approximately

25, and our results for the 16-3-16 salt do not differ significantly from this value.

However, when the surfactant concentration for the 16-3-16 salt is increased,

from 2 to 10 times the cmc, the aggregation number almost doubles. This change

is interpreted as a structural rearrangement of the monomers in the micelle to

form oblate or elongated structures.

Table 4.4.1.1-1. Mean Aggregation Number of Micelles Formed from Gemini
Surfactants in Agueous Solution.

Surfactant Temperature Aggregation
Surfactant Concentration {OC) Number

8-3-8 2xcmc 25.0 12

16-3-16 2xcmc 25.0 22

10 x cmc 25.0 40

10 x cmc 32.0 46

10 x cmc 42.0 43

c12-3-c12 3xcrnc 37.0 26

42.0 23
c12-4-c12 3 xcrnc 32.0 8

37.0 8

42.0 12

c12-6-c12 1.7 x erne 42.0 6
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Figures 4.4.1.1-(1-5): Lifetimes of Pyrene in m-s-m Gemini Surfactant Solutions Containing Quencher.
All concentrations in mol t.'. All data lotted in order of increasin uencher concentration.

T = 25_0 °C T = 25.0 °C T = 25.0 °C T = 32.0 °C T = 42.0 °C
[8-3-8} [16-3-16] [16-3-16] [16-3-16} [16-3-16]

6.46XlO-2 7.19XlO-5 3.59xlO-4 3.59xlO-4 3.59xlO·4
[Quencher] [Quencher] [Quencher] [Quencher] [Quencher]

0 0 0 0 0

1.99XIO-4 8.05xlO-7 4.03xlO-6 4.03XlO-6 4.03xW6
3.98xlO-4 1.61XlO·6 8.05XlO-6 8.05xlO-6 8.05xW6
5.97XlO-4 2.42xlO-6 1.21xlO-5 1.21xlO-5 1.21XlO-5
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concentrations in mol L-t• All data lotted in order of increasin

T = 37.0 °C T = 42.0 °C T = 32.0 °C T = 37.0 °C T = 42.0 °C T = 42.0 °C
[c12-3-c12] [c12-3-c12] [cl2-4-c12] [c12-4-c12] [c12-4-c12) [ c12-6-c12]
4.38xI0·3 4.38xlO-3 5.62xlO-3 5.62XIO·3 5.62xI0-3 9.05xlO-4
[Quencher] [Quencher] [Quencher] [Quencher] [Quencher] [Quencher]

0 0 0 0 0 0

5.37XI0-5 5.37xlO-5 7.56XI0-5 7.56xIO-5 7.56xlO·� 3.89xIO-6
1.07xl0-4 l.07xlO-4 1.51xIO·4 1.51xlO-4 1.51xw-4 7.78xlO-6
1.61xlO-4 1.61xlO-4 2.27xlO·4 2.27xlO-4 2.27xw-4 1.l7xlO-s
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The cyclic gemini surfactants form micelles with low aggregation

numbers. This is the expected behaviour if there are steric constraints imposed

by the large head groups of the surfactants. The mean aggregation number for

the salt c12-3-c12 is approximately 23 to 26, which is substantially higher than

the values found for the salts c12-4-c12 and c12-6-c12. This is unexpected from

steric arguments as Nagg for compound c12-3-c12 should be very low. Indeed, a

low aggregation number would confirm the observation from volume

measurements, surface tension, and 1/13 vibronic intensity ratios, all of which

indicate that very little aggregation is occurring.

However, in this case it may be argued that the presence of pyrene may

induce a cluster of monomers as opposed to a micelle. Conceivably, the

hydrocarbon tails of the c12-3-c12 surfactant may be too bulky relative to the

short spacer to associate side by side, but rather be staggered relative to one

another. In this conformation, the tendency to form non-micelle clusters may

increase. For the longer spacers, s = 4 and 6, the steric interaction may be

reduced enough to bring the tail groups together in a more eclipsed arrangement

reducing the interfacial curvature to the point where a micelle can form.

4.5. ANALYSIS OF THE SURFACTANT PARAMETER

Recall that the surfactant parameter, N; described in § 1.3.4 can be used

to predict the shape of the micelle in any concentration range above the erne.

However, the data obtained in this work refers mainly to the concentration range
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slightly above the cmc. Table 4.5-1 gives the surfactant parameters for the

surfactants studied.

Table 4.5-1. Values of the Surfactant Parameter at Concentrations Near the
CMC.

Surfactant Tail Surfactant Tail Head group Ns
T Volume Length* Area

ComEow1d (OC2 (nm3/molecule2 (nm/molecule2 (nm2/molecule2
8-3-8 25.0 0.436 1.166 1.56 0.24
12-3-12 25.0 0.650 1.675 1.05 0.37
16-3-16 25.0 0.864 2.183 1.21 0.33
c12-4-c12 42.0 0.620 0.785 0.68 1.16

c12-6-c12 42.0 0.620 0.785 1.17 0.67
*Assumes the diameter of the cyclic ring is the length of an n-pentyl group. The volumes listed
are for the contribution of one tail component.

The trends in the surfactant parameter mimic the data found in previous

sections. For the m-3-m salts, the surfactant parameter predicts spherical

micelles near the cmc. It is interesting however to observe the trend for salt 16-3-

16 as concentration is increased. At low concentrations, the micelles for salt 16-3-

16 are spherical and the traces in the fluorescence data adopt the typical parallel

characteristics found in many spherical systems (Figure 4.4.1.1-2). At higher

surfactant concentrations, the transition from spherical to another geometry is

evident from the deviations in the non-parallel nature of the traces120 (Figure

4.4.1.1-3). The increase in N, for the n-alkyl salt 12-3-12 is a direct consequence

of its small head group area relative to the other surfactants in the series. This

does not suggest that the micelle that is formed is any less spherical compared to

the other surfactants at low concentrations, but it implies that the 12-3-12
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surfactant may behave more like the 16-3-16 surfactant at higher concentrations

rather than like salt 8-3-8.

The surfactant parameter for the cyclic geminis reflects the expected

behaviour considering that for these surfactants, the tail group is large and

bulky. These facts, coupled with the small head group area, may drive the

formation of unstable, non-spherical micelles. Indeed, the small aggregation

numbers for the surfactants c12-4-c12 and c12-6-c12 indicate that there is some

instability in the micelle. Unfortunately, the low solubilities of these surfactants

in water prevented further study at higher concentrations.

If one were to use the trend in N, shown by the c12-4-c12 and c12-6-c12

homologues, then a value of N, > 1 would be predicted for salt c12-3-c12,

indicating that there is the possibility for the surfactant to form lamellae or

planar bilayers. While fluorescence quenching results show that there is an

anomalously high aggregation number relative to the other surfactants in this

series, the evidence from other measurements suggests that these amphiphiles

do not self-aggregate. Further study of this system will be required to clarify the

apparent anomaly between the results obtained using different teclmiques .

. -
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densities in and around the head group region are changed!" More

5. T1 MEASUREMENTS

5.1. INTRODUCTION

The structure of the surfactant plays a critical role in the morphology of

the micelle60,65,96,121-124. As a result, it is expected that there should be changes in

the solubilization properties of the micelle as the surface forces and charge

importantly, the addition of an additive to a surfactant solution can influence the

morphology of the micelle by either modifying the volume contribution of the

packing parameter mentioned in § 1.3.4 or by reducing the head group repulsion

on the micelle surface125-130.

The chemical nature of the additive plays a crucial role in solubilization.

For solutes that are sparingly soluble in water, the stoichiometric amount of

added solute may be totally partitioned into the micelle. However, for

compounds such as alcohols, this assumption is no longer valid and the relative

degree of interaction of the alcohol with the head group or core of the micelle

becomes increasingly importani-", To understand these systems, a quantitative

measure of the distribution of the alcohol between the micellar and aqueous bulk

phases must be known.

The original objective of this work was to carry out a study using nmr

techniques to determine the distribution of a series of ethoxylated (EO) butyl

alcohols, C4EOx, where 0 $ x $ 4 refers to the number of EO units in the n-butyl

alcohol, between micelles and the bulk phase. Kwak and coworkers132.133 had

- ,
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previously developed an runr technique that showed promise of providing

distribution coefficient data based on shorter time-scale measurements

compared to those of traditional thermodynamic methods. Their results and

those of a more comprehensive thermodynamic study by Huang!", had shown

that the distribution behaviour of these alcohols in anionic and cationic micelles

was quite different. It was intended that this project be a comprehensive nmr

study of the same systems previously investigated by Huang to determine

whether there was any significant dependence of the distribution coefficient

property on the time scale of the experimental measurement. As well, the

properties derived from the use of nmr were expected to provide independent

evidence about the suitability of the models used to analyze the thermodynamic

data. Regrettably, instrumental problems with the T, relaxation measurements

early on in the project forced a change in the research plan. Once the nmr

instrument became operable, a much abbreviated study was completed and

these results are reported here.

5.1.1. THEORY

Inversion recovery is a relatively simple technique compared to other nmr

experiments. In this experiment, the sample is placed in a static polarizing field

and the spin-assembly is observed as it relaxes back to thermal equilibrium with

the radio frequency (r.f.) field turned off. The restoration of the equilibrium

populations occurs through stimulated emission and this rate is expressed as R1,
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the inverse of the spin lattice relaxation time, T1. Any excess spin energy gained

during resonance is transferred to the lattice as motional energy due to coupling

via molecular motion. As a result, the T, value depends on the molecular

dynamics of the system, which is related to some extent to the macroscopic

viscosity of the sample. As a consequence, spin-lattice relaxation is a relatively

inefficient process and the value for T1 is usually large. However, when

paramagnetic agents are present in the system the transfer of spin energy to the

lattice increases dramatically depending on the efficiency of the paramagnetic

species. For this reason, it is important to remove any source of paramagnetic

impurities. Careful cleaning of glassware can diminish such contaminants but

species like molecular oxygen are not so readily removed. In the latter case,

degassing with pure, non-paramagnetic gases or freeze, pump, thaw procedures

must be utilized.

5.1.1.1. IMPORTANT RELATIONSHIPS

The observed magnetization is the sum of a noise free term and of the

noise itself and can be summarized by the following equation'i"

Mo(t) = M(t) + £(t) [5.1.1.1-1]

where £(t) is the noise contribution. In this case, the noise is assumed to be

uncorrelated, random, and unbiased. The signals relax individually as a
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[5.1.1.1-2]

dM (M - M)function of 't between Mo( -1",) and Mo(+1,,,). Integration of __z
= -

Z 0 for
dt TJ

the initial condition Mz,(t=o) = - M, leads to

where I is the intensity and M, is the equilibrium magnetization of the observed

nuclei, Computer fitting of the exponential data will give the value of the

relaxation time.

Assuming that there is a fast exchange of the solubilizate between the

aqueous and micellar phases, the observed IH spin-lattice relaxation rate of

solubilizate in an aqueous micellar solution can be expressed as the weighted

average of the contributions in the micelle phase and the bulk phase. This leads

R1,obs = P R1,mic + (l-p) R1,aq [5.1.1.1-3]

where R1,mic is the proton relaxation rate in the micellar phase and R1,aq is the

proton relaxation rate in the aqueous phase. In all cases, R, is the inverse of the

value for the spin-lattice relaxation time, T1·

In this two-site micelle/bulk water model, the degree of solubilization of

the solubilizate in the micellar phase is represented by

p = ns(mic) / [nS(miC) + ns(aq)] [5.1.1.1-4]

where ns(mic) and l1s(aq) are the number of moles of solubilizate in the micellar and

aqueous phases, respectively.
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Assuming that a small concentration of paramagnetic ion when added to

the aqueous micelle solution will remain exclusively in the aqueous phase, the

spin-lattice relaxation rate of the solubilizate in the aqueous phase will be

enhanced due to the paramagnetic relaxation. However, it is also assumed that

the same solute when located in the micelle phase will experience no change in

its spin-lattice relaxation. To ensure that the paramagnetic species resides

exclusively in the aqueous phase, positive paramagnetic ions are used for

cationic surfactants and negative paramagnetic ions are used for anionic

surfactants. The observed proton relaxation rate for the solubilizates in micellar

solutions in the presence of paramagnetic ions is given by the relation

Ri,ObS = pRi,m;c + (1- p )Ri,aq [5.1.1.1-5]

where the superscript "p" denotes the presence of paramagnetic species.

By subtracting eqn. 5.1.1.1-3 from eqn. 5.1.1.1-5 and rearranging, the

degree of solubilization becomes"

RP -R
P = 1 tobs I,obs

Ri,aq - RI,aq
[5.1.1.1-6]

Using this value of p, a distribution coefficient can be calculated if the

mole fractions of the solubilizate in each phase are known. Equation 5.1-7

describes how the mole fraction of solubilizate in the micellar phase can be

determined

lillie =

C CP s,t
+ surf.t

- cmc

pCs,t [5.1.1.1-7]
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[5.1.1.1-8]

where C, t is the total concentration of alcohol and Csurft is the total concentration. .

of the surfactant.

By a similar approach, the mole fraction of solubilizate in the aqueous

phase can be described as

with CD20 being the concentration of D20.

Knowing these two values, the distribution coefficient can be defined

[5.1.1.1-9]

5.1.2. OPTIMIZATION OF THE EXPERIMENT

The goal of optimizing an experiment is to obtain good quality results.

However, reproducibility does not necessarily mean good accuracy, which

depends strongly on many factors. When designing the T, experiment, there are

three approaches that can be followed:

1. fix the number of measurements and maximize precision;

2. choose the precision required and determine the number of
measurements needed;

3. choose the number of measurements that will maximize the instrument
time allotted.

A simple, but hard, fast rule, is that increased precision means increased

running time, and for the inversion recovery (IR) experiment this statement is
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especially true. Unfortunately, the possibility of sampling a large number of

data points, as required in the case of point 2, results in extremely long

experimental times, which for practical purposes is undesirable. Once the

acquisition parameters have been accounted for, any regression methods used

must be carefully considered, and their advantages and disadvantages must be

weighed accordingly136,137,138.

5.1.2.1. PULSE SEQUENCE

The major, but reasonable, assumption in the IR experiment is that the

value of T} is much longer than the observed fast induction decay (FID) time.

The equilibrium magnetization is first inverted by a 1800 n-pulse and is allowed

to recover during a period 'to The longitudinal magnetization M, is then

measured by acquiring the signal which follows a 1t/2 - pulse137,139.

tt
{1t - 't - - - t - T -}

2 A n [5.1.2.1-1]

In this pulse sequence, tA is the data acquisition time, T is the delay time to fully

restore the equilibrium magnetization, and n is the number of scans to reach the

desired signal-to-noise ratio.

Most literature sources emphasize the need of using mixing delay times

longer than five times the longest T] value to restore the magnetization132,138-140.

This mixing delay constitutes the majority of the acquisition time. Some

researchers!" suggest that such long delays are UIlJ1eCessary and, in order to
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reduce the experimental time, recommend using delay times approximately 2 to

3 times the T, value. Others rely on variable mixing times that change as the

delay time changes. For example, mixing times can be made shorter when the

delays become longer!".

If the time that is allowed for this restoration process is too short, the

measured signal intensities will not be an accurate representation of the

relaxation process. Ideally as the ratio of t /T. approaches infinity the best

results will be obtained due to the infinite waiting time between measurements.

Obviously, this is impossible and compromises must be made. However, as

mentioned above, it is possible to get away with using values less than the

recommended 5 x Tl, but simple relationships such as eqn. 5.1.1.1-2 are no

longer valid.

Progressive saturation is an alternative method for determining Tl. This

method is commonly used because the pulse sequence allows for a faster

experimental time due to the exclusion of the mixing period between pulse

sequences'V. In this type of experiment, the system is excited by a repetitive

series of equally spaced 90° pulses. Here, the loss of the longitudinal

magnetization (Mz) caused by the pulses is exactly balanced by the spin-lattice

relaxation within the interval 't between each individual pulse. It is important to

note that the effects of T2, the spin-spin relaxation time, can influence results if

the net transverse magnetization is not allowed to decay completely. As well,
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progressive saturation is more sensitive to miss-setting the flip angles than the

traditional inversion recovery experiment'V,

For our purposes, the inversion recovery method to determine T1 is better

than progressive saturation because the IR method is less subject to errors

resulting from noise. This is especially important when dealing with relatively

weak signals or, in our case, where the dynamic range resulting from the

relatively large surfactant resonance overshadows the smaller alcohol resonance.

5.1.2.2. FACTORS TO CONSIDER IN THE OPTIMIZATION

Optimization of the T} experiment is not a trivial matter and has been the

subject of many literature reports. Unfortunately, the relaxation time cannot be

measured directly so the experimenter has to rely on a series of recovery

experiments that measure the longitudinal magnetization after a r.f. pulse has

been applied to the system. This process requires that many experimental factors

such as determining the ideal pulse sequence as well as the individual pulse

widths (pulse angles) be dealt with. The delays between each pulse are of

primary importance'v+" but just as important, are the values of the pulse as well

as its frequency. For example, using inappropriate delay times and pulse widths

can drastically alter T}> even though there is very good reproducibility. All of

these factors will affect the reproducibility as well as the overall experimental

time.
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Individual TI values for a given system will vary from one laboratory to

another. However, TI values for the same sample in a single laboratory should

be self-consistent. It is for this reason that the shortcomings of the instrument

and its setup should be considered carefully in order to interpret the outcome of

the TI value. For example, intensity fluctuations in the r.f. pulse and signal

detection will give rise to errors in the signal intensities. As well, magnetic field

inhomogeneity and temperature drift can have a significant negative effect on

the reliability of the data':".

In most circumstances there are two major parameters that are unknown

at the outset of the experiment, and are fitted in the data analysis. They are the

equilibrium magnetization, Moo, at infinite delay time, which must be estimated

from measurements longer than 5 x TI and the value of TI, which is fitted to a

series of data points. In many cases TI must be estimated a priori and the

experiment must be performed many times in order to optimize the pulse

sequence to fit the experimental value of TI. A third parameter is the flip-angle

deviation, which in extreme cases can be corrected by using composite pulse

sequences. This deviation is usually insignificant, but mauy laboratories stress

the need of using composite pulse sequences':". This error has the most effect on

a miss-set 90° pulse rather than the 180° pulse due to the increase in error when

determining the pulse width!".

Ideally, if there are only two unknown parameters, then only two

measurements are required. In reality, this approach for determining T1 is
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unreasonable and any information extracted from this type of experiment has no

quantitative value. In every experiment, T1 must be estimated prior to

performing the experiment to determine delay times and other experimental

parameters. The obvious method would be to guess, but this is not always the

best alternative unless there is an intimate knowledge of the system of interest.

When T} is unknown, one should use a range where T, � T} � T, so that

the estimate of T1 will fall between two reasonable expectations'w'". If ex is

defined as ex = Tb/Ta' then this ratio should be somewhat larger than 1. It is

important to note that a smaller value of ex leads to greater increases in the

normalized standard deviation when T} lies outside of the estimated interval (Ta,

Tb). The greater the value of ex, the more one is protected from bad guesses for

T1 at the expense of greater analysis time. It is important to realize that the error

in T1 depends only on the measurement times, parameter estimates, and the

signal-to-noise ratio and not on whether the experiment has been optimized.

Uncertainty in In(5"" - 5('t)) increases with an increase in the 't/T1 ratio. In

this case, the noise contribution from the detector becomes a limiting factor. T1

becomes quite sensitive to changes in 5.." which is the signal amplitude at delay

values over 5 x T1. To reduce the influence of noise and spectrometer

instabilities, at least 12 to 15 delay times should be used with values ranging

between 0 < 'tIT, < 2. The most drastic improvements will be achieved by

optimizing quadratically spaced waiting times ranging between 0.2 - 0.4 T" as a

smallest value, and 0.8 - 1.3 T" as the largest value, with a recovery interval of
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approximately 5 x T1• More data points can be used; however, the increase in

precision may not match the much larger increase in the total experiment time.

An increase in the signal-to-noise ratio will improve results more than increasing

the number of data points134.136.144. Consequently, many accumulations are

required for each measurement.

When using eqn. 5.1.1.1-2, there is the implied assumption that there are

no noise contributions. Ideally, one should correct for the presence of noise and

the following equation should be used+".

When the noise is large, the measurement becomes more corrupted as the

mixing times are increased due to the multiplication of the exponential at longer

delay times.

The simplest set of measurement times are those that are equally spaced

from each other and cover an appropriate range for the T, value to be

determined. Problems arise when there are large differences in the estimated

value of a corresponding to a large uncertainty in the T, value obtained+", This

results in significant errors at long delay times. However, this method has the

advantage of providing a reasonable estimate of the initial curve for further

optimization. Ideally, the experiment should be set up to allow for as many data

points in the shorter delay periods to reduce errors from fitting in the lower
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regions of the curve. Spacing derived from quadratic and cubic functions can

compensate this and the resulting method is more precise at low values of a.

The simplicity of the pulse sequence is the most attractive feature of the

inversion recovery method to determine T1 values. In the data analysis, there are

two alternatives and the choice becomes one of semilogarithmic plotting versus

exponential fitting of the data. Logarithmic fitting is relatively simple to use, but

it is subject to errors stemming from noise at long delay times. Therefore, this

type of fitting is not recommended'Y'P"?". Modifications in the data analysis

can compensate any non-ideal pulse conditions, but it should be pointed out that

adding additional terms to fit the data does not guarantee improved quality of

the results. So it is for this reason that two parameters should be used whenever

possible':".

5.2. EXPERIMENTAL

5.2.1. r, ACQUISITION AND DETERMINATION

The inversion-recovery pulse sequence used is as described in eqn.

5.1.2.1-1. The delay times were dependent on the expected Tl and are listed in

Table 5.2.1-1. For example, the delay times for the four different sample sets

depended on whether or not the sample contained the paramagnetic ion or

surfactant molecules. At short delay times, the delays due to the electronic

switching in the instrument can significantly increase the total delay for that data

point. For example. a 20 ms delay with 5 ms instrument delay results in a 25 ms
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total waiting period. Fortunately. such delays are accounted for in the present

instrument software and any other errors due to the inaccuracy of delay times

can be considered negligible138. In all cases, the mixing period was at least 5 x

The IH nmr measurements were performed using a Bruker AM-300

spectrometer. The values for T1 were calculated using peak heights obtained

Table 5.2.1-1. Delay times used for different T1 values.
Estimated T1
Value (s) Delay Times Used (s)

6.5 0.001, 0.005, 0.010, 2.50, 3.25, 4.50, 6.00, 7.50, 10.0,20.0,21.0, 22.0
0.001, 0.002, 0.005, 1.50, 2.25, 2.75, 3.00, 3.50, 5.00, 9.00, 13.0, 13.0
0.001,0.001, 0.005, 0.32, 1.00,2.25,3.00,3.50,5.00, 10.0, 12.0, 12.0
0.001, 0.002, 0.003, 0.20, 0.55, 0.70, 1.00, 1.75,2.50, 7.00, 8.00, 9.00

2.75

1.25
0.70

from 12 variable delay times and a non-linear, three parameter least squares

fitting procedure provided by the instrument software. Due to the lack of

availability of considerable instrument time, most of the T1 measurements were

performed only once. The signal-to-noise ratio in all cases was greater than

The primary proton resonance that was used to monitor the relaxation

process is the proton of the methylene group on the normal hydrocarbon chain,

alpha (ex) to the ethylene oxide segments. The chemical shift for this proton is

different enough to allow complete isolation from the other proton resonances

on neighbouring -CHr groups as well as any surfactant resonance. The ethylene

oxide protons were used when available; however, as the number of EO
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Figure 5.2.1-1. Labeled proton nmr spectrum of C4E03 solubilized in

decyltrimethylammonium bromide surfactant solution.
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Figure 5.2.1-2. Labeled proton nmr spectrum of C4E03 solubilized in sodium

decanoate surfactant solution.

\



CH3CH2CH2CH2(OCH2CH2)30H
a b

CO2
-

-(CH2)gCH3
d e

b

a

e

____J U ) J '--
\ I
----..v,..---

d

iii iii ii' iii Iii iii iii' Iii ii' ii' ii' iii iii iii ii' iii iii Iii iii i

5 4 3 2 1 0
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segments increased the peak broadened due to overlap of the individual

resonances of each segment. In the anionic surfactant case, the terminal protons

on the butyl chain of the alcohol could be used even though they were not well

resolved from the surfactant protons. As a point of caution, when lines of

different relaxation time overlap, the derived TJ will fall between the two values

for each resonance introducing error into the measurernent'V. In the cationic

surfactant cases, the terminal methyl peak was not resolvable. Figures 5.2.1-1

and 5.2.1-2 show the assigned nmr spectra for the cationic and anionic systems,

respectively.

5.2.2. MATERIALS

The surfactants used in this determination are ionic in nature. Two

different head groups were chosen, one being a series of carboxylic acid salts

(anionic surfactant head group) and the other a series of trimethylammonium

salts (cationic surfactant head group). The additives used were a series of

ethoxylated alcohols having the general formula CH3CH2CH2CH2(OCH2

CH2)o_30H, with butanol being the first member of the series.

CH3

CH

Figure 5.2.2-1. 3-carboxy-PROXYL anion.
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Selection of the paramagnetic ion is important in order to ensure that it

resides exclusively in the bulk aqueous phase. For the anionic system, the

sodium salt of 3-carboxy-PROXYL (PROXYL: 2,2,5,5-tetramethylpyrolidine-N

oxyl) (Sigma) was used because of the negative charge of the 3-carboxy-PROXYL

ion. Its chemical structure is given in Figure 5.2.2-1. The paramagnetic ion used

in the cationic system was manganese(II) chloride tetrahydrate (Analar) with the

assumption that there would be no penetration of the manganese cation into the

cationic micelle interiorl32,148.

5.2.2.1. PREPARATION AND PURIFICATION OF REAGENTS

All alcohols were distilled in glass before use. Both the cationic and

anionic surfactants were purified by recrystallization (3 times) using 100%

acetone. The crystals were isolated using vacuum filtration and a medium frit

filter funnel and dried under vacuum at 50°C for 3 days before use. The sodium

salt of 3-carboxy-PROXYL was prepared by adding an equivalent molar amount

of NaOD in D20 and removing the excess water by freeze-drying. The product

was then recrystallized using absolute ethanol and dried under vacuum at 35°C

for 3 days. Manganese(II) chloride tetrahydrate was used without further

purification.

5.2.2.2. PREPARATION OF SOLUTIONS

Sample preparation is very critical to the outcome of the T, values. It is

lOt)
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very important to remove all paramagnetic impurities from the sample; the

major component of which is molecular oxygen. Oxygen was removed from the

sample using a freeze, pump, thaw cycle which was repeated at least five times

before sealing the nmr tube at atmospheric pressure using pure nitrogen as the

filling gas. To prevent excessive foaming of the surfactant, small pressures of

nitrogen (10 - 15 mmHg) were added during the thawing cycle.

5.3. RESULTS

The spin-lattice relaxation rate depends on many environmental factors.

By comparing the spin-lattice relaxation rates of alcohols in different solutions,

trends emerge and are shown in Tables 5.3-1 to 5.3-4. The relaxation rate of an

aqueous solution of alcohol and the paramagnetic ion (alc/P) yields the fastest

relaxation time. Also, the relaxation process was faster when manganese (II) ion

was used as the paramagnetic ion compared to the use of the carboxy-PROXYL

ion. Manganese (II) ions are more efficient quenchers compared to the carboxy

PROXYL anion and this is reflected in the concentrations of the species used to

give the desired effect. At much higher concentrations of Mn(II), the relaxation

time will be too fast to be observed". A sample series of spectra are given in

Figure 5.3-1. Note that the alcohol resonance becomes lost in the noise and in

some cases it becomes undetectable, especially in the presence of the

paramagnetic species. In most cases, this can be overcome by increasing the

number of scans with the expectation of increasing the small peak heights.
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System Solution E thoxy Proton a Proton yProton
ale Not Available 7.143 6.420

ale/P Not Available 0.540 0.663

ale/surf Not Available 3.513 2.208

alc/surf /P Not Available 0.784 0.855

ale 3.558 3.282 3.812

ale/P 0.494 0.678 0.702

ale/surf 2.455 1.909 2.176

alc/surf /P 0.730 0.913 0.888
ale 1.565 2.291 2.882

ale/P 0.494 0.620 0.661

ale/surf 1.159 1.498 1.697

ale/surf/P 0.591 0.754 0.841

Table 5.3-1. T} values for C/EO)n aleohols in decyltrimethylammonium
bromide.

C4(EO)o: Calc = 0.0502 m, Curf= 0.298 ill, CMn(I!) = 0.0011 m. C4(EO)}: Calc = 0.0505

ill, Curf= 0.305 m, CMn(!!) = 0.00098 m. C/EO)3: Calc = 0.0503 m, Curf= 0.304 m,

CMn(Il) = 0.00099 m. Temperature: 35°C.

Table 5.3-2. T} values for C4(EO)n aleohols in dodecyltrimethylammonium
bromide.

System Solution Ethoxy Proton a Proton 1 Proton

C4(EO)o Ale Not Available 6.420 7.143

alc/P Not Available 0.663 0.540

ale/surf Not Available 2.208 3.513
alc/surf/P Not Available 0.855 0.784

C4(EO)} ale 3.812 3.282 3.538

ale/P 0.702 0.678 0.494

ale/surf 2.176 1.909 2.455
alc/surf /P 0.888 0.913 0.730

C4(EO)3 ale 2.882 2.291 1.565

Ale/P 0.661 0.620 0.494
ale/surf 1.697 1.498 1.159

alelsurflP 0.814 0.754 0.591

C4(EO)o: Calc = 0.0502 m, Curf= 0.301 ill, CMn(II) = 0.0011 m. C4(EO)1: Calc = 0.0505

m , emf = 0.300 m, CMn(I1) = 0.00098 m. C4(EO)3: Calc = 0.0503 m, Cmf = 0.298 m,

CMn(ll) = 0.00099 m, Temperature: 35°C.
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Not Available

Not Available

Table 5.3-3. Tl values for C4(EO)n aleohols in sodium decanoate.

System Solution Ethoxy Proton ex Proton

C/EO)o Ale Not Available 7.382

Alc/P Not Available 0.387

ale/surf
alc/surf/P

3.484
0.494

ale

Ale/P
ale/surf

ale/surf/P

3.483

0.329
1.858
0.460

3.773

0.381
1.960
0.512

C4(EO)3 ale 2.421 2.473

Ale/P 0.288 0.290

ale/surf 1.474 1.089
ale/surf/P 0.436 0.403

C4(EO)o: Calc = 0.0502 m, Curf= 0.294 m, Cproxyl = 0.0151 m. C/EO)l: Calc = 0.0505
Ill, Csurf = 0.301 m, Cproxyl = 0.0149 m. C4(EO)3: Calc = 0.0503 m, Curf = 0.303 m,

CproxYI == 0.0151. Temperature: 35°C.

Table 5.3-4. T} values for C4(EO)n aleohols in sodium dodecanoate.

System Solution Ethoxy Proton ex Proton

C4(EO)o ale Not Available 7.280

ale/P
ale/surf

ale/surf/P
C4(EO)1 ale

ale/P
ale/surf

ale/surf/P

Not Available 0.375
Not Available 2.919
Not Available 0.560

3.305 3.602

0.316 0.364
1.540 1.645
0.541 0.587

C4(EO)3 ale 2.326 1.585

ale/P 0.278 0.280

ale/surf 1.240 0.904
ale/surf /P 0.498 0.441

Ct(EO)o Calc = 0.0502 m, Csurf = 0.301 m, Cproxyl = 0.0151 m. C4(EO)j: Calc == 0.0505
Ill, C�lIrf == 0.304 m, Cproxyl = 0.0149 In. C4(EO)3: Calc = 0.0503 In, Cllrf = 0.304 In,
C

I:>toXYI = 0.0151 In. Temperature: 35°C.
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Figure 5.3-1. Series of spectra to determine T1 .
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increases. It is also sensitive to environmental changes such as those

_ Unfortunately. this dramatically increases experimental times and in extreme

cases, the solution concentrations had to be modified to increase the alcohol to

micelle ratio.

T1 is longer in very viscous solutions and decreases as the temperature

encountered when the alcohol is transferred from the bulk phase into the micelle

interior. This is shown by the decrease in the T1 value in micellar solutions. For

example, a comparison of the values for the alcohol solution (ale) with those

where the alcohol is solvated into the micelle (ale/surf) shows a considerable

reduction in the T1 value.

When the paramagnetic ion is added to the solutions of surfactant

containing alcohol (alc/surf/P) there is considerable change in the T] value for

the different protons on the alcohol. For example, observing the trends for the

cationic systems in Tables 5.3-1 and 5.3-2, it can be seen that the protons in the

interior of the micelle have longer T} values compared to those residing near the

interface. It is believed that the y-proton of the alcohol chain resides deeper in

the micelle COre where it is most shielded from the influence of the paramagnetic

ion. The a-protons have intermediate T] values, indicating that their location is

in a less shielded environment. It is believed that they reside in the palisade

region of the micelle just beneath the head groups and counterions. The ethoxy

groups on the alcohol have the lowest T] values indicating that they extend into

the bulk where the effects of the paramagnetic ion are strongest. This is most
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[5.3-1]

noticeable when comparing the differences between 2-butoxyethaI1ol, C4EOb

and triethyleneglycolmonobutyl ether, C4E03•

The free energies of transfer, �G:an' were calculated from the distribution

coefficient, Kd, using the following expression

where Rand T have their usual meaning. The results are given in Tables 5.3-5

and 5.3-6. The free energy of transfer does not change appreciably for the

cationic surfactants as the EO content of the alcohol is varied, indicating there is

very little change in the driving force for solubilization of these alcohols in the

micelle. However, there in a definite decrease in �G:ans as a nmction of

increasing number of EO groups in the alcohol for the case of the anionic

surfactants. This suggests that the energies of interaction between the alcohols

and anionic micelles are more dependent on the EO segments of the alcohol.

The decrease in �G:"DS is more significant between butanol, C4EOo, and 2-

butoxyethanol, C4EO}, whereas additional EO segments have a less pronounced

effect.

Figures 5.3-1 and 5.3-2 show, graphically, the trends in �G:ans' As the
.

surfactant chain increases, alcohol solubilization is expected to be more

favoured. A comparison of the data in these two figures shows that the value of

�G�ans becomes more negative when the alcohol is solubilized in the C-12 chain

length surfactant as opposed to the C-IO chain length surfactant.
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Table5.3-5. L\G:,lIl> for C4(EO)n alcohols in ionic surfactants.L

-

Sodium Sodium DecTAB DTAB
Decanoate Dodecanoate

Alcohol a. EO a. EO y a. EO y a. EO
CiEO)Q -11.2 ± 0.5 N/A -11.6 ± 0.5 N/A -10.9 ± 0.5 -11.1 ± 0.5 N/A -12.3 ± -11.5 ± 0.5 N/A

(-9.8 ± 0.4)132 0.5 (-12.4 ± 0.4) 132

C4(EO)1 -12.5 ± 0.5 -12.3 ± 0.5 -13.2 ± 0.5 -13.0 ± 0.5 -l1.S±O.S -11.6 ± 0.5 -11.2 ± 0.5 -11.4± -11.9 ± 0.5 -12.1 ± 0.5

(-11.2 ± 0.5) 132 0.5 (-13.1 ± 0.5) 132

C4(EOh -13.1±0.5 -12.9 ± 0.5 -13.5 ± 0.5 -13.5 ± 0.5 -10.7 ± 0.5 -11.2 ± 0.5 -11.2 ± 0.5 -11.2 ± -11.2 ± 0.5 -11.1 ± 0.5

(-12.5 ± 0.5) 132 0.5 (-12.7 ± 0.5) 132

I
\.

ValuesforL\G:,ns in kJ mOrl. All other conditions are listed in Tables 5.3-1 to 5.3-4.

Table5.3.-6. Ki for C4(EO)n alcohols in ionic surfactants.

Sodium Sodium DecTAB DTAB
Decanoate Dodecanoate

Alcohol a. Literature a. Literature a. Literature a. Literature
(308 K) (298 K) (308 K) (298 K) (308K) (298 K) (308 K) (308 K)

C4(EO)o 1.4 0.95 ± 0.21132 1.7 N/A 1.4 N/A 1.6 2.3 ± 0.59132

C(EO)l 2.4 1.6 ± 0.32132 3.1 N/A 1.7 N/A 1.9 2.9 ± 0.59132

C4(EO)� 3.0 2.7 ± 0.67132 3.5 N/A 1.4 N/A 1.4 2.4 ± 0.74132

Note:Literature values have been corrected by 55.5, the mole fraction contribution of water.
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Figure 5.3-2. Free energy of transfer of an ethoxylated alcohol from the bulk water into sodium
decanoate micelles as a function of the number of ethylene oxide segments in the alcohol.
Solution conditions are listed in Table 5.3-3.
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Figure 5.3-3. Free energy of transfer of ethoxylated alcohols from the bulk water into sodium
dodecanoate micelles as a function of the number of ethylene oxide segments in the alcohol.
Solution conditions are listed in Table 5.3-4.
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Figure 5_3-4_ Free energy of transfer of ethoxylated alcohols from the bulk water into

dodecyltrimethylammonium bromide micelles as a function of the number of ethylene oxide

segments in the alcohol. Solution conditions are listed in Table 5.3-1.
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Figure 5.3-5. Free energy of transfer of ethoxylated alcohols from the bulk water into

decyltrimethylammonium bromide micelles as a function of the number of ethylene oxide
segments in the alcohol. Solution conditions are listed in Table 5.3-2. Literature reference 133.
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There are a number of problems with the use of eqn 5.3-1 to calculate

5.4. DISCUSSION

L\G�rans from K, results. It assumes that all mixed micelles formed are similar in

morphology and that any effects of the paramagnetic agent within the micelle

core can be ignored. This means that a high surfactant to alcohol concentration

ratio is preferred. It is estimated that for a micelle with 10-20 monomers, water

may penetrate up to 5 A into the core area". Small micelles such as those

formed from sodium octanoate and octyltrimethylammonium bromide (OTAB)

have been shown" to have a rather loose structure allowing for a large degree of

water penetration and, therefore, enhancing the possibility that the paramagnetic

ions penetrate into the interior of the micelle. In these systems, the distribution

coefficient values would be lower than expected because it is perceived that

more alcohol is in the bulk phase. Initial studies in our lab on the short-chain

surfactants reinforce this conclusion.

Ideally, the occupation number of a solute in a micelle should be such that

one or two solute species are present in the micelle at anyone time. This

number can be calculated from

N
agg [alcohoI]

occupation
[surfactant]-cmc

[5.4-1]

where Nagg is the aggregation number of the surfactant in the absence of alcohol.

If the solute concentration within the micelle core becomes too large, there is a

strong possibility that the micelle will either breakdown or change morphology

II9
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to accommodate the solute molecules. The experimental method used in the

present work required the alcohol concentration in the micelle to be

approximately 15 - 20 solutes per micelle. At concentrations lower than this, the

proton resonance was not detectable due to dynamic range limitations imposed

on the system by the high surfactant concentration, which is required when the

cmc of the surfactant is high. This is especially true in cases involving short

hydrocarbon chain surfactants.

5.4.1. COMPARISON TO THERMODYNAMIC STUDIES

The rather loose aggregate structure of OTAB allows for a large degree of

water penetration and the head groups in this type of system may be hydrated to

the same degree as a free monomer in the bulk aqueous phase. The insertion of

a highly hydrated solute will not change the micelle environment appreciably.

However, for a longer chained surfactant, a highly hydrated moiety may reduce

the electrostatic repulsion of the head groups. This in effect may enhance the

interaction between EO alcohols and anionic head groups149-153. In all cases, the

penetration of the alcohol opens up the head group region exposing more water

to the core and is independent of which type of micelle, whether it is anionic,

cationic, or nonionic.
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5.4.1.1. CATIONIC SYSTEMS

Even though ethoxylated alcohols are more soluble in water than n-alkyl

alcohols, they have a greater affinity for micelles and can be considered to be a

cosurfactant rather than a solute or cosolvent!". These alcohols reside primarily

in the palisade layer of the micelle as opposed to deep within the interior and, as

a result, there is shielding of the surfactant head groups leading to changes in

the aggregation number of the micells+". Due to this shielding, the head groups

can now occupy less area in the head group region of the micelle leading to

possible morphological changes!". As well, the alcohol chain contributes to the

hydrophobic interactions in the micellization process and both of these effects

are involved in reducing the cmc as the concentration of the alcohol in increased.

It is believed that the alcohol promotes a mutual salting-in of the

surfactant monomer in bulk solution, and the EO groups on the alcohol enhance

the hydrophobic hydration of the alcohol in water. This mutual salting-in the

premicellar region tends to increase the solubility of the surfactant monomers in

the bulk phasel54-156 and counteracts the micellization of the surfactant. In other

words, the alcohol dissolves almost ideally in the micelle and this ideality

becomes more pronounced with longer chained surfactants.

In the systems studied, the EO groups contained within the alcohol

behave much like poly(ethylene oxide) polymers and do not bind to the surface

of the cationic micelles':". This is shown from this data and the thermodynamic

studies of others!". Furthermore, the addition of ethylene oxide segments to the
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solute alcohol does not favour its solubility in the micelle. Table 5.3-5 gives

�GO for this solubilization and shows that there is no favourable decrease intrans

free energy as more ethylene oxide segments are added. In contrast, the

expected behaviour of increasing the micelle size does affect the magnitude of

the free energy of transfer. Even though this energy difference is expected to be

small, there is a slightly more favourable �G:ans for the longer chain DTAB

micelle. As a final note, the lipophilic portion of the alcohol determines its

distribution within these cationic micelles and the contributions from the EO

groups are shown not to favour solubilization.

5.4.1.2. ANIONIC SYSTEMS

For the case of anionic surfactants, the presence of EO groups in the

alcohol enhances the interactions between the alcohol and the micelles compared

to n-alkyl alcohols. The transfer of the EO alcohol from bulk water into the

micelle interior is more favoured, but the addition of more than one EO group

on the alcohol enhances this interaction to a lesser extent. This observation is

consistent with the results of other thermodynamic studies'!",

As in the case of the cationic surfactants, shorter chain surfactants do not

allow the penetration of the alcohol157. However, the strong electrostatic

interaction between the EO groups of the alcohol and the surfactant head group

suggest that a large part of the alcohol resides in the micelle surface region,

unlike the case of the cationic surfactants. This interaction tends to be stronger
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for larger, more compact micelles. Also, the surfactant counterion used in this

study, Na", can bind directly to the EO segments of the alcohol+" and may

induce an additional interaction bringing the two different groups together.

The carboxylate group has a strong affinity for water and is known to

hydrogen bond with the solvent. From hydration studies, it has been concluded

that there are 9 water molecules surrounding the head group", 5 of which are

hydrogen bonded to the monomer'". In this case, a hydrated solute such as the

ethoxylated alcohol will not affect the hydration of the surfactant monomers to

an appreciable extent. In contrast, the large cross-sectional area of the

trimethylammonium head group (29.8 A_2) with a low charge density has fewer

interactions with hydrated water (3 - 5 water molecules per head group)35,160.

One must always be cautious of where the alcohol locates within the

micelle interior, especially at high concentrations of alcohol. For example, nmr

spin-modulation studies':" show that for equivalent ratios of pentanol:micelle,

the alcohol resides in the palisade layer. However, the study concludes that at

very high ratios of alcohol, pentanol will distribute evenly throughout the

micelle. In this situation, direct comparisons to the more dilute system may not

give an accurate representation of �G�ans or the to other solubilization properties

of the micelle. For our studies, the ratio of alcohol to micelle was approximately

15-20 solutes per micelle, which may be high enough to cause a small swelling of

the micelle.
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This requirement imposes a limitation on the experimental method.

Ideally, the experiment should be performed at infinite dilution of alcohol in the

micelle. Unfortunately, as mentioned earlier, this is impossible due to the

limitations imposed by the instrument's dynamic range and sensitivity. When it

is impossible to obtain measurements at infinite dilution, it is a common practice

to rW1 many solutions in a series of concentrations and extrapolate to obtain the

desired value. At approximately four hours per data point, such an experiment

would be impractical for our proposed nmr method and would require an

exceedingly large amount of time. This is where conventional thermodynamic

experiments excel. A similar experiment, based on solution density, will only

require a few hours to obtain sufficient data for concentration ranges extending

over a large ratio of surfactant to alcohol. For our purposes, an intermediate

surfactant concentration was chosen to allow for a comparison between these

two methods.

As pointed out earlier, the trends in �Gtrans differ slightly between these

two methods. As the number of EO groups is added to the alcohol, the decrease

in �G is found to decrease linearly for a thermodynamically based
trans

experiment. Both our nmr data and similar data found in the literature132,133

conclude that there is a non-linear decrease in 6Gtrans' The difference may arise

from the time-scale of the experiment. Thermodynamic measurements, such as

those based on density, are considered to be long-term and can take several

seconds to minutes for a measurement. NMR techniques are more kinetically
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based and have time-scales in the range of milliseconds per scan. Although this

is still longer than the entry and exit rates for a monomer in a micelle (�O.OO1

ms), the "snapshot" during the experimental time frame may no longer give the

true average behaviour in the system. This sensitivity would be most evident

when using the shorter delay times in the IR experiment, where there are rapid

shifts in the equilibrium populations.
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6. CONCLUSIONS AND FUTURE WORK

6.1. GEMINI SURFACTANTS

While the solution properties of gemini surfactants containing n-alkyl tail

groups have been well studied in the literature, the focus has been primarily on

examining the effect of spacer length and head group on these properties.

Studies involving the changes in the hydrophobic tail have been relatively

overlooked. This study was designed to probe this deficiency and to investigate

the effect of changing an n-alkyl tail to a cyclic tail in a gemini quaternary

ammoniurn series.

Gemini surfactants having linear n-alkyl tail groups of 8 to 16 carbon

atoms have been compared to new surfactants containing bulky alkyl

cyclododecyl tail groups. The results of this study show that the solution

properties were markedly different with respect to Krafft temperature, cmc, and

a, the degree of counterion binding to the micelle. For example, the surfactant

c12-3-c12 has a emc that is more than five times larger relative to that of the 12-3-

12 surfactant. This trend has also been documented previously in a comparison

of sodium cyclododecylsulphate and SDS, where the substitution of a cyclic

twelve-carbon chain in place of a linear twelve-carbon chain had a similar

effect".

The infinite dilution volumes derived from additivity schemes were used

to estimate the volume of micellization for the series of cyclic c12-s-c12 gemini

surfactants. Additivity approaches have been widely used to estimate infinite
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dilution volumes for a broad range of surface-active molecules; and in this

study, such an approach appeared to work well for both series of salts. The only

exception was for gemini surfactant 8-3-8, and the experimental infinite dilution

volume was lower than the calculated value from additivity. The reasons for

this deviation are unclear, but it was shown that for the c12-s-c12 salt series that

significant deviations in the additivity results were the result of poor volume

estimates of the ringed hydrocarbon tail group associated with the c12-s-c12

surfactants.

Due to the structure of the c12-s-c12 surfactants, the resulting micelles

were found to be very small and loosely associated, as shown from the

fluorescence emission and aggregation number studies. Typical mean

aggregation numbers were in the order of 6 to 12 monomers per micelle. The

highest mean aggregation numbers were obtained for the surfactant c12-3-c12,

but the results of other techniques such as surface tension and conductivity

showed that very little aggregation occurred in this system. It is suspected that

the quencher used in the fluorescence measurements, N,N-dibutylaniline, may

have induced a clustering of the surfactant monomers rather than a proper

micelle. In contrast, the micelles formed from the m-3-m gemini series, were

well defined with mean aggregation numbers that were approximately half of

what is obtained for a monocationic surfactant.

The surfactant parameter, N; can be used to predict the preferred

morphology of self-aggregating surfactants at concentrations close to the cmc.

Theoretically, the compound c12-3-c12 should provide the potential to form
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other micelle geometries such as cylinders, or possibly lamellae.

Experimentally, this does not appear to occur, at least in aqueous solution. As

the spacer is increased in size, the tendency for the micelle to form spherical

micelles is enhanced. The surfactant parameter for surfactant cl2-4-c12 suggests

that the micelles may be elongated, whereas spherical micelles are predicted for

surfactant c12-6-c12.

6.2. 'r, MEASUREMENTS

The distribution coefficient, Kd, and corresponding �Go of transfer of

ethoxylated alcohols from the bulk to the interior of the micelle was determined

from nmr T1 relaxation measurements. This study served to compliment

previously published thermodynamic data119,153, as well as to provide additional

data to support the nmr results published by others132,133. Anionic surfactants

having carboxylate head groups, and cationic surfactants containing

trimethylammonium head groups, were compared and studied against the

solubilization properties of ethoxylated alcohol solutes.

Previously, it has been shown from thermodynamic work that the C4EOn

alcohols have little effect on the micellization process of cationic

alkyltrimethylammonium bromide surfactants. However, the solubility of the

alcohol in the micelle is enhanced as the surfactant tail length is increased. An

increase in K, and a corresponding decrease in �Gtrans reflect this.

In



In contrast, the solubilization of the ethoxylated alcohols in anionic

surfactants is enhanced when more ethylene oxide segments are added to the

alcohol. The difference between the cationic and anionic surfactant series

originates from the interactions involving the head groups of the surfactant, the

alcohol, and the water on the surface of the micelle. Some of the difference

results from the larger size of the trimethylammonium head group compared to

the carboxylate head group. This contribution is small, but still it is suspected to

impede the incorporation of the alcohol into the micelle. Hydration in the

palisade layer of the micelle seems to be the dominant interaction. The

carboxylate groups are more hydrated compared to the cationic head groups

studied making them more suitable to accept the readily hydrated ethoxylated

alcohol monomers. The hydrogen bonding capability of the carboxylate groups

would share the solvent sheath surrounding the alcohol making the alcohol

surfactant interactions more favourable. This implies that the ethoxy groups on

the alcohol solutes remain flat on the anionic micelle-water interface. In cases

where there is little interaction, such as found for the cationic surfactants, the

ethoxylated segments would extend radially into the bulk solution.

6.3. SUGGESTIONS FOR FUTUREWORK

An extension of the work presented in this thesis would be to expand the

study to include other gemini surfactants in both homologous series. For

example, the apparent molar volume of the 10-3-10 gemini salt needs to be
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measured and compared with the other n-alkyl members of the gemini series to

assess the validity of the results obtained for the 8-3-8 salt. The 10-3-10 salt is not

likely to be as hygroscopic as the 8-3-8 salt and, therefore, should be less difficult

to recover in pure form. The cmc for salt 10-3-10 is sufficiently large so that a

complete apparent molar volume profile can be obtained, which would span

from below the cmc to the post-micelle concentration range. Infinite dilution

results from additivity schemes could then be compared to the experimental

values to determine if the difference for salt 8-3-8 is unique to that one surfactant

in the series. If the apparent molar volumes at low concentration for the 10-3-10

surfactant show a deviation from the additivity estimate, then the additivity

approach will have to be re-evaluated to determine the correct group volume

contributions for these salts.

The cyclic gemini surfactants studied in this work are unique in that they

have the potential to form non-spherical and, possibly, inverted micelles,

provided that there are suitable conditions for their formation. Such behaviour

has been well documented in the literature16,17,161 for surfactants such as

didodecyldimethylarnrnonium bromide (DDAB), which exemplifies the most

common characteristics required, i.e., having a small interfacial surface area

coupled with a large lipophilic tail volume.

For ternary oil-water-surfactant systems, lamellar phases usually

dominate the shape distribution when using DDAB, especially when water

concentrations are kept low. However, as the amount of water in the system is

i'
," .,.
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increased, inverted spherical micelles form. This behaviour is attributed to

water becoming a microscopic pocket surrounded by an oil phase. In these

micelles, the DDAB head groups locate at the oil-water interface, allowing the oil

to penetrate between the n-alkyl chains of the surfactant. This promotes an

increase in the interfacial curvature for the micelle causing the micelle to swell.

Ideally, for these types of studies, the surfactants used should be

sparingly soluble in water, thus increasing their preference for the water/non

polar interface. The work in this thesis has provided surfactants that are

excellent candidates for adsorbing at such interfaces. In our proposed system,

the bulky tail groups on the surfactant are not attached to the same head group

like the tails in DDAB molecule. Therefore, the interfacial curvature of this type

of molecule can be modified to suit a particular application by simply varying

the linking spacer joining the two head groups. This is one important area to

study because an increase in the interfacial curvature will promote oil

penetration.

The disadvantage to this approach will be to overcome the decreasing

solubility of the salt in solution. In this case, saturated structural isomers of 12

carbon units may be more appropriate to study. This would allow for the most

control over tail structure. Key placement of small groups such as methyl, ethyl

or propyl substituents could effect micellization considerably, without

compromising monomer stability in aqueous medium. With less drastic, but

more effective modifications to the tail moiety, the solubility of the surfactants

may increase and still provide the desired steric interaction.
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An excellent candidate would be a class of salts like N,N'-bis(isododecyl

dimethyl)-a,ro-alkanediammonium dibromide, where each tail moiety is joined

to the nitrogen head group at the 6th carbon position (This salt would be similar

to breaking the cyclic rings on the c12-s-c12 surfactant series to form four equal

length tails). With this arrangement, the surfactant tails will not be bound at two

points like in the c12-s-c12 surfactant series and the result of fewer tail

constraints will provide for a more favourable environment for an oil cosolvent.

The chosen tail length may still be too short; but if the solvating hydrocarbon in

the oil-water mixture is of intermediate length, i.e., similar to that of hexane, the

potential for microemulsion behaviour will greatly increase.
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8. ApPENDICES

ApPENDIXAI: NMR assignments for the synthesized surfactants in deuterated
solvents.

8 (ppm)
GroupCompound

8 (ppm)
Group

c12-3-c12
Solvent: DMSO

1.34
1.49
1.74
1.85
2.15
3.05
3.41
1.42
1.88
2.35
3.20
3.45
3.60
1.40
1.87
2.36
3.22
3.47
3.58

c12-4-c12
Solvent: Methanol

c12-6-c12
Solvent: Methanol

A
A'
D
E
C
B
F

A,A'
D

C
B
E
F

A,A'
D
C
B
E
F

21.15
24.25
26.66
63.32
74.75

A,D
A,A'
C
B
F
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APPENDIX A2: Results for the mass spectrum of c12-3-c12 using FAB.

m/z Relative Intensity m/z Relative Intensity
(%) (%)

Series 1 Series 2

55.0 2.91 603 2
58.1 78.70 615 12
59.1 2.78 616 12.5
69.1 1.65 617 100.00
70.1 4.61 61R 52.00
72.1 3.82 630 5.00
82.0 1.29 631 2.00
83.1 10.32 632 6.00
84.1 35.83 633 0.50
85.1 46.89 694 0.50
86.1 55.94 696 14.00
87.7 3.21 697 7.00
97.1 5.32 698 12.00
131.1 1.78 699 6.00
210.2 11.09 708 1.00
211.2 3.46 711 6.00
212.2 4.40 713 2.00
226.2 2.21 769 4.50
232.2 9.77 771 4.50
232.8 3.89 783 2.50
238.2 1.70 784 1.00
250.2 3.61 847 0.50
252.2 100.0 848 1.50
253.2 18.54 849 4.00
254.2 1.70 850 3.00
268.2 1.47 851 6.00
28l.3 1.32 852 2.50
295.3 4.36 853 0.50
296.3 3.38 869 0.50
297.3 85.27 870 0.40
298.3 18.22 871 2.00
299.9 1.64 873 4.00
332.2 4.00 924 l.00
334.2 3.64 925 1.00
337.2 1.03 934 0.80
449.4 6.12 935 0.50
450.4 1.79 936 1.50
510.4 1.37 949 1.00
541.3 1.43 951 0.30
543.4 30.05 952 0.30
544.4 10.55 960 1.50
545.4 29.30 973 1.50
546.4 10.18 982 1.50
617.5 4.13

Note: Series 1 and 2 represent the same spectrum. Due to the weak signal intensity in the second

series, the spectrum was split and both series were normalized with respect to each. other.

141



8-3-8 16-3-16

Temperature: 25.0°C Temperature: 25.0°C
Csurf 1( Csurf 1(

(mol L-t) (mS) (mol L-t) (mS)
0 1.1266 0 1.0842

0.00777 1.2806 3.39 x lO-6 1.7334

0.0126 2.0351 7.73 x lO-6 2.546
0.0172 2.5653 1.23 x lO-5 3.3859

0.0236 3.3176 1.85 x lO-5 4.4896

0.0287 3.8816 2.23 x lO-5 4.9867

0.0334 4.3543 2.96 x lO-5 5.6636

0.0379 4.8292 3.54 x lO-5 6.1694

0.0421 5.2318 3.93 x lO-5 6.4504
0.0460 5.5784 4.42 x lO-5 6.7984

0.0498 5.9098 4.87 x lO-5 7.0692
0.0531 6.1852 5.32 x lO-5 7.3468
0.0569 6.4086 5.76 x lO-5 7.6192

0.0600 6.5690 6.08 x lO-5 7.8600

0.0631 6.6574 6.44 x lO-5 8.0976
0.0671 6.7820 6.72 x lO-5 8.3362

0.0724 6.9270
0.0774 7.0605
0.0819 7.1920
0.0861 7.3105
0.0900 7.4136
0.0936 7.5206
0.0975 7.6406

ApPENDIX A3: Specific conductivity data to determine the cme and ex. for the m-

3-m gemini surfaetants.
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ApPENDIX A4: Specific conductivity data to determine the cmc and a for the c12-

s-c12 gemini surfactants.

c12-3-c12 c12-4-c12 c12-6-c12

Temperature: 37.0°C Temperature: 31.0°C Temperature: 42.0°C

Csurf 1( Csurf 1( Csurf 1(

{mmol L·1} (mS) {mmol L·1} (!:_!S} {mmol L·1} {!:_!S}
0.512 0.1511 4.06 425.7 2.85 116.26
0.542 0.1583 3.86 417.9 2.81 114.8

0.576 0.1660 3.71 407.7 2.77 112.9

0.615 0.1749 3.57 403.2 2.73 111.3

0.659 0.1849 3.44 398.7 2.67 109.2

0.709 0.1969 3.34 394.5 2.62 107.4

0.768 0.2105 3.25 388.6 2.57 105.9

0.823 0.2232 3.14 380.3 2.53 104.7

0.887 0.2373 2.98 368.9 2.47 104.6

0.922 0.2457 2.85 355.0 2.43 102.6
0.961 0.2540 2.72 338.2 2.37 100.5
1.00 0.2641 2.61 326.4 2.33 98.94

1.04 0.2738 2.51 317.8 2.29 97.32
1.09 0.2852 2.38 302.3 2.25 95.80
1.15 0.2970 2.29 292.6 2.21 94.53
1.21 0.3096 2.16 276.8 2.17 92.67
1.29 0.3284 2.07 264.9 2.12 91.30
1.41 0.3540 1.98 255.5 2.09 89.99
1.53 0.3799 1.90 245.4 2.05 88.34

1.64 0.4039 1.79 231.7 2.01 86.78

1.80 0.4370 1.70 220.1 1.97 85.62
2.00 0.4808 1.58 205.6 1.94 83.65
2.14 0.5064 1.48 192.9 1.90 83.41
2.30 0.5391 1.35 176.0 1.87 82.24

2.41 0.5763 1.84 81.02
2.53 0.5803 1.81 79.72

2.67 0.6085 1.77 78.31

2.82 0.6391 1.74 76.81

2.98 0.6689 1.71 75.89
3.16 0.7075 1.69 74.86
3.29 0.7313 1.66 73.68
3.42 0.7579 1.63 72.36
3.54 0.7829 1.60 71.22

3.62 0.7964 1.57 70.07
3.88 0.8439 1.54 69.08

4.23 0.9145 1.52 67.66
4.35 0.9360 1.50 66.58

4.54 0.9738 1.4R 65.88
1.46 64.95
1.44 64.15
1.42 62.28
1.38 61.88
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ApPENDIX AS: Surface tension data for the m-3-m gemini surfactants.

Csurf
(mmol L-!)

16-3-16

Temperature: 25.0°C

Csurf Y

(mmol kg-I) (mN m')

8-3-8

Temperature: 25.0°C

0.603
11.9
17.6
23.1
28.5
33.8
38.9
43.9
48.8
53.5
62.6
67.0
71.3
75.5
79.6

59.4
52.2
48.3
45.9
44.8
43.2
42.4
40.7
40.5
40.7
40.6
40.7
40.5
40.6
40.7

0.00131 44.1
0.00195 39.7
0.00255 37.3
0.0295 36.4
0.0377 35.4
0.0456 35.3
0.0524 35.3

ApPENDIX A6: Surface tension data for the c12-s-c12 gemini surfactants.

cl2-3-cl2 cl2-4-cl2 cl2-6-cl2

Temperature: 37.0°C Temperature: 37.0°C Temperature: 42.0°C Temperature: 42.0°C

Csurf Y Csurf Y Csurf Y Csurf Y

{mmol L-I} (mN m") {mmol L-I} (mN m") {mmol Cl} (mN mol) {mmol L-I} (mN mol)
1.28 62.4 3.32 57.7 4.00 57.5 0.0961 41.9
1.41 60.4 3.60 57.0 4.14 57.3 0.113 40.7
1.51 59.6 3.72 56.4 4.28 56.9 0.175 45.5
1.78 58.5 3.86 55.3 4.33 55.4 0.226 38.2
2.02 57.1 3.93 54.7 4.40 55.2 0.488 35.6
2.17 56.8 3.98 53.8 4.44 56.8 0.563 37.9
2.35 55.9 4.06 53.1 4.51 56.2 0.705 30.6
2.57 55.3 4.12 53.1 4.52 56.2 0.773 29.3
2.82 55.5 4.18 52.7 4.85 56.7 0.846 32.7
3.19 52.8 4.24 53.1 4.86 55.6 0.851 29.0
3.66 52.0 4.88 55.4 0.895 29.3

4.30 50.0 4.95 55.8 0.930 29.3
4.71 50.5 0.941 29.9

5.21 49.6 0.977 29.2

5.82 48.7 1.04 29.3
6.18 48.3 1.48 31.0
6.59 47.5
7.07 46.9
7.61 46.2

H.24 45.6
8.99 45.0
9.89 44.8
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ApPENDIX A7: Apparent molar volume data for the gemini salt 8-3-8.

Csurf d V4>
(mol kgl) (g cm+) (Cm3 mol+)

do = 0.997049 T = 25.00 °C

0.01247 0.997212 436.0 ± 0.2
0.01514 0.998286 436.1
0.05399 1.001300 436.7
0.07059 1.003130 438.6
0.07922 1.003202 439.6
0.1628 1.008359 443.1
0.20727 1.011053 443.8 ± 0.01

ApPENDIX A8: Apparent molar volume data for the gemini salt 16-3-16.

Csurf d V4>
(mol kgl) (g em") (em- mol+)

do = 0.997049 T = 25.00 °C

0.001907 0.997115 708.1 ± 1
0.002971 0.997124 706.0
0.004146 0.997205 705.3
0.005038 0.997158 707.6
0.006107 0.997296 702.2
0.011639 0.997507 703.2 ±0.2

ApPENDIX A9: Apparentmolar volume data for the gemini salt c12-3-c12.

Csurf d V4> Csurf d V4>
(mol kgl) (g cm-') (em" mol') (mol kgl) (g cm+) (em" mol+)

do = 0.993331 T = 37.00 °C do = 0.991449 T = 42.00 °C

0.001752 0.993530 514.0 ± 1.1 0.001752 0.991648 514.2 ± 1.2
0.002091 0.993567 514.4 0.002091 0.991682 516.6
0.002630 0.993621 517.1 0.002630 0.991740 517.4
0.004796 0.993855 518.0 0.004796 0.991974 518.4
0.005636 0.993949 517.5±0.4 0.005636 0.992064 518.7 ± 0.4
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ApPENDIX AlO: Apparentmolar volume data for the gemini salt c12-4-c12.

Csurf d v� Csurf d V�
(mol kgl) (g crrr-) (ern- mol+) (mol kg-I) (g cm=) (cm'' mol+)

do = 0.995030 T = 32.00 °C do = 0.991449 T = 42.00 °C

0.002764 0.995318 536.9 ± 0.8 0.002699 0.991716 543.4 ± 0.7
0.003297 0.995438 536.8 0.003359 0.991783 542.6
0.003450 0.995386 537.6 0.004232 0.991871 542.5
0.003783 0.995431 534.6 0.004444 0.991897 541.3
0.004100 0.955461 535.5 0.005530 0.992002 542.2 ± 0.4
0.004302 0.995470 538.3
0.005101 0.995568 535.2
0.005403 0.995603 534.5
0.005807 0.995616 539.7±0.3

ApPENDIXAll: Apparentmolar volume data for the gemini salt c12-6-c12.

Csurf
(mol kg-I)

v�
(ern" mol")

do = 0.991449 T = 42.00 °C

0.00085917

0.0009489

0.991530
0.991533
0.991534
0.991536
0.991531
0.991540
0.991540
0.991542

576.1 ± 2.4
573.4
572.1
569.4
575.1
574.3
574.4
572.3 ±2.1

146


	Book
	Front Matter
	Title
	Copyright
	Abstract
	Acknowledgements
	Contents
	Tables
	Figures
	Glossary

	Body
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6

	Back Matter
	Bibliography
	Appendix



