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Abstract

ALKYLDIMETHYLAMINE OXIDE/ALKYL SODIUM SULFATE

ACTION, INTERACTION AND SOLUBILISATION

by

David L. Chang

Advisor: Professor Henri L. Rosano

Alkyldimethylamine oxide (CxDAO) aqueous solutions alone and in combi-
nation with alkyl sodium sulfate have been investigated as model surfactant
systems. At any pH the amine oxide is in equilibrium with its protonated form.
The solution viscosity depends strongly on the degree of ionisation (8) with a
maximum at B=0.5 due to formation of elongated structures. At at high and
low pHs spherical micelles are present with low solution viscosity. C-13 nmr
reveals downfield chemical shif1s for all carbons upon micellisation, and is attri-
buted to the rotational isomerisation about the C-C bonds (gauche to trans),
reflecting a more extended conformation of the chains in the micelle which max-
imises paraffin-paraffin interactions. Ionisation of the head group causes upfield
shift of the first 3 carbons in the chain due to increased water penetration into
the micelle with increasing cationic character. Monolayers of the C18 homolog
show that the nonionised amine oxide produces a more expanded film and that
minimum film expansion and maximum surface potential are obtained for
B=0.5, suggesting closer packing because of hydrogen bonding. Progressive addi-
tion of SDS to C,, or C,,DAO leads to pH and viscosity increases and the max-
imum is reached at 3C,_DAO/SDS molar ratio, while lowest surface tension is

observed in the equalmolar mixture. The C,, or C, ;DAO/SDS mixtures are tur-

iv



bid with filament formation when the amine oxide is in excess. Their difference
in behaviour, which illustrates the importance of chain compatibility, is attri-
buted to the adsorption of protons on the micelle surface in the former, and
protonation of amine oxide leading to complex formation occurs in the latter.
When the solution is sufficiently acidic, precipitation of a 1:1 complex takes
place for the .compatible chain mixtures. Mixed monolayers of the C,, homologs
show marked contraction at all subsolution pHs, indicating strong interaction
between these species. Addition of an 0il to the 1:1 mixed monolayer causes film
expansion, provided that the chain lengths match, such that optimum penetra-
tion by the oil into thé film is achieved. In some cases an increase in the collapse
pressure is also observed, indicating greater stability of the film. This
phenomenon can be treated as a restriction in the duplex film model for the for-

mation of microemulsion.
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CHAPTER ONE

INTRODUCTORY REMARKS

1.1. SURFACTANT ACTION

Substances possessing both hydrophilic (water-attracting) and hydrophobic
(water-repelling) parts are generally termed amphiphilic.  One of the most
well known propertiesyof these substances is their ability to aggregate into col-
loidal particles as an alternative to minimise the unfavourable paraffin-water
contact.  McBain (1) introduced the term micelle (from Latin micella meaning
small bit) 1o describe these aggregales.  Hartley (2) at some forty years ago
introduced the idea that micelles are roughly spherical in shape in solution,
aithough the general acceptance was a much later occurence.  Micelle forma-
tion is always accompanied by a peculiar concentration dependence, and this
notion was esiablished very early on. A1l low concentrations, an aqueous
solution of an ionic amphiphile behaves essentially as any strong electrolyte.
At high concentrations it is usually assumed that an increase in amphiphile con-
centration leads 10 a corresponding increase in the amount micellised while the
rﬁonomer concentration remains unchanged. Many physico-chemical proper-
ties of the solution such as osmotic pressure, surface tension and conductivity,
undergo drastic alterations upon micellisation. The chénges in the
conceniration-dependence of a large number of properties in the region where
micelle formation starts lead to the concept of critical micelle concentration

,CMC (4).

Practical applications of amphiphilic substances which trace back long in



history, are generally either directly or indirectly based on their lowering of
surface or interfacial tension; thus the names surface-active-agent and surfac-
tant. At an interface, the non-polar part tends to stretch into the gas phase or
into an adjacent non-polar liquid, in order to minimise paraffin-water interfacial

area.  Soaps, the alkali salts of fatty acids, are classical examples.

1.2. SURFACTANT INTERACTION

Solutions containing more than one type of surfactant species can show
marked alterations in solution properties when compared with the single com-
ponent system, if their mutual influence takes place to a significant extent. In
the bulk mixed micelles are formed, while mixed films are formed at the surface
(interface).  Generally, the surface activity of the mixed surfactant solutions
is often greater than that of the single surfactant solution.  This synergistic
effect, defined as the lowering of CMC and surface tension reduction (5), is of
obvious importance in a wide range of surface activity-based phenomena, such

as foaming, emulsification, detergency, etc..

In general, mixtures of cationic/anionic surfactant solutions show the most
pronounced synergistic effects, while jonic/nonionic mixtures show appreciable
synergism, but the synergistic effects are negligible for nonionic mixtures. = The
enhanced surface activity can be best explained by ion-ion or ion-dipole interac-
tions among the constituent species, in addition to the hydrophobic interaction

among the non-polar hydrocarbon chains.

1.3. SURFACTANT SOLUBILISATION

One immediate consequence of micellisation by surfactant molecules is the
ability of the micelle 10 solubilise an otherwise insoluble or only slight soluble
compound in water (i.e. hydrocarbon in water) into the micellar core, and

thereby increasing the apparent solubility of the compound in water.  This



phenomenon is attributed to the accepted view that the interior of micelle
resembles pure hydrocarbon, which provides energetically favourable sites for
interaction with non-polar compounds. In detergency, solubilisation plays a
vital role. The solubilising power of micelle has many other practical applica-
tions, such as in pharmaceutical preparations, in polymerisation procedures, and
photographic processes.  The pronounced catalytic effects of micellar solutions

as reaction media are also under intense research (6).

One phenomenon closely related 10 the micelle solubilisation process is the
formation of the so-called microemulsion.  The term was first introduced by
Hoar and Schulman (7) to describe transparent or transluscent systems formed
spontaneously when oil and water(brine) are mixed with relatively large
amounts of surfactant and a cosurfactant (usually a medium chain length
alcohol).  These systems are dispersions of very small drops of oil-in water
(O/W) or water-in-oil (W/0) type with radii of the order of 5-50 nm.
Microemulsions differ from ordinary emulsions (macroemulsions) in 1wo main
aspects, namely their lack of turbidity and their thermodynamic stability,

although the latter point is still under discussion (8,9).

Since their discovery. microemulsions have attracted much interest.
However, it was only after their likefy use in enhanced oil recovery was demon-
strated that a considerable research effort was undertaken in many countries.
But inspite of the advances made in recent years in the theoretical bases of
explaining the physics and chemistry of microemulsions (10), the science of
their formation has not reached the point of their exact formulation.  The
mechanics of microemulsion formation differ somewhat from those used for
macroemulsions.  The most significant difference lies in the fact that puttling
(mechanical)work into a macroemulsion or increasing surfactant concentration

usually improves their stability. This is not the case with microemulsions,



which appear to be dependent for their formation on specific interactions among
the cohstituent molecules and the interface. If these interactions are not
achieved, neither work input nor increased surfactant concentration will produce
a microemulsion (11).  On the other hand, once the conditions are right, spon-
taneous formation occurs and no mechanical work is req.uired. Thus the cru-
cial step in formulating the required microemulsion lies in the choice of
emulsifiers.  In other words, the nature (whether O/W or W/0) and structure
of microemulsions depend 1o a large extent on the structure and chain length of

the surfactant and cosurfactant used in their preparation (12).

1.4. THERMODYNAMICS OF SURFACTANT ASSOCIATION

The molecular organisation of micellar systems depends on the delicate
interplay between hydrophobic and hydrophilic interactions. The balance
between these forces is also related to a significant degree related to the struc-
tural organisation in living systems, such as biomembranes. A thermo-
dynamic description of micellar solutions thus has much wider implicétions

than just the understanding of micellar system itself.

The first quantitative attempt in the treatment of micellisalion was made
by Debye (13,14). Many refinements of different types have been made since,
for example, Reich (15), Overbeck and Stigter (16), Hoeve and Benson (17),
Poland and Scheraga (18) and more recently by Tanford (19), Ruckenstein and
Nagarajan (20) and Israelachvili er al (21). Essentially four different
approaches have been used: 1) the (pseudo)phase separation model; 2) the mass
action model: 3) the small system model and 4) the multiple equilibrium

model.  The main features of these models are summarised below.

1.4.1. The Phasc Separation Model

The onset micellisation process is considered as a transition into a two



phase region. The CMC is the concentration at which the system enters the
two phase region. When the micelle is treated as a separate phase the chemi-

cal potential of the surfactant in the aqueous phase is

Pog = 1+ KTInf 1 X, [1.1]

where u is the standard chemical potential per molecule, f, is the activity
coefficient and X, the monomer mole fraction. At a certain critical concentra-
tion, X_. the chemical potential in the aqueous phase equals that of the micellar

pseudophase

/“Lach = M [1'2]

and a phase separation occurs. The critical concentration is then the CMC.
Below the CMC only the monomers and possibly non-micellar aggregates exist,
while above the CMC the non-micellar surfactant concentration remains con-

slant.

1.4.2. The Mass Action Model

The micelle is described by an aggregate M_ with an aggregation number

m. The aggregation process in the solution is

mM M, [1.3]

and the equilibrium constant is given by

A= Jmdm [1.4]
m (X))

where {_ and X are the activity coefficient and mole fraction of the micelle,
respectively.  For large value of m (m 2 50) this model is similar to the phase

separation model. If it is assumed that the activity coefficients equal the



concentrations, i.e., an ideal solution, the CMC can be expressed by

InK

InCMC =-221 [1.5]
m

1.4.3. The Micelle as a Small System

This method represents a refinement 1o the models discussed previously,
which takes into account the changes in micelle size and shape. = The model is
based on a theory, the thermodynamics of small systems, developed by Hill
(22).  The micelle, treated as a small system, is considered to be surrounded
by a bath which is defined by the environmental variables.  Hill showed that
the maximum number of independent variables is one more for the small sys-
tem than for a corresponding macroscopic system. A dynamic equilibrium
exists between micelles of different sizes.  The intensive environmental vari-
ables include the temperature, pressure, and the chemical potential of the molec-
ularly dispersed molecules. It is these variables that determine properties
such as micelle size distribution.  Hill adapted this formulism to micellar sys-
iems as an illustration to his theory.  Hall and Pethica (23) further elaborated
this model and derived a large number of formal thermodynamical relations.
They were able to show for example that the mean aggregation number increases

strictly with total surfactant concentration.

1.4.4. The Multiple Equilibrium Model

An extension of the mass action model is 1o introduce the equilibrium
between aggregates of different sizes.  The equilibrium is being considered as a
stepwise growth of the micelle:

My+Myy 2 M,, n=234.. [1.6]

with an equilibrium constant given by



SnXa y, (F1XX) [a1Xno

= 1.7
K, = (=—=)i — [1.7]
and the values of K_ determine the aggregation process.
The chemical potential of aggregate M_ is
X
Mn =0, + kT 1n(f"n") [1.8]

where u_ is the standard chemical potential per molecule in the micelle. ~ The
chemical potentials of the monomer in the micelle and in the solution are equal
at equilibrium such that

X
kT ln( fn n

My + —

= ~ )= pgy + KT Inf 41X, [1.9]

for all n.  The mole fraction of aggregate n is

A

n

n
= ‘IIX,exp[(;uag— wp ) KT | [a (1.10]
and the expression for the total surfactant concentration is

Equation [1.10] determines the size distribution of aggregates in solution.

Egs.[1.7] and [1.9] are related:
—kT ¥ InkR; =n(u, — pg,) {1.12]
i=2

Application of these equations enables the description of the aggregation

processes.



1.5. THE RESEARCH PROJECT

The goal of this thesis research is to provide a better understanding of the
physico-chemical properties of surfactant systems. The aim is ambitious and
the the topic is of enormous complexity.  Therefore it is necessary to restrict
the scope to certain aspects of these systems.  Two classes of surfactants are
used as model systems: alkyldimethylamine oxides and sodium alkyl sulfates.
The former was chosen because it can be both cationic and nonionic, depending
on the pH of the aqueous solution.  The sulfates, which are an anionic surfac-
tants, are used because of their popularity; it is almost the standard in surfac-
tant research. These two compounds thus allow the study of the three general

surfactant types, namely nonionic, cationic and anionic.

Owing 1o the nonionic-cationic duality of amine oxides, many papers have
been published on its behaviours for various purposes set forth by different
investigators. A general review of the characteristics of amine oxide would
necessarily be long, hence it is omitted for the time being. = Rather, relevant
research on this substance is incorporatled inio this thesis as the latter develops.
The lay-out of this thesis therefore follows the order: surfactant action (charac-
terisation of alkyldimethylamine oxide, Chapters 2 and 3); surfactant interac-
tion (amine oxide and alkyl sodium sulfate in combination, Chapters 4 and 5);
and fnally surfactant solubilisation (formation of microemulsion with amine
oxide and the sulfate in combination based on the duplex film model, Chapter
6). Also included (Appendix C) is an alternative approach to the theoretical
treatment of the energy of formation of a cylindrical micelles.  Since most
micelles are more or less spherical, the energy associated with the formation of
cylindrical micelles has been largely ignored thus far.  The same approach was
first used by Hall and Mitchell (24) to formulate an expression for the free

-energy of formation of a spherical micelle.
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CHAPTER TWO

CHARACTERISATION
OF
ALKYLDIMETHYLAMINE OXIDES

ACID-BASE TITRATION

2.1. INTRODUCTION

The solution behaviour of alkyldimethylamine oxide is cc;nsidered in this
chapter. The aggregation characteristic of long chain amine oxides (LDAO),
especially the C;, homolog, in agueous solution has been a subject of consider-
able interest to many researchers (1-6), owing to the nonionic-cationic nature of
this class of compounds.  Goddard and Kung (7) have investigated the mono-

layer properties of docosyldimethylamine oxide.

‘Thermodynamic properties including the freezing points, enthalpies of dilu-
tion, volumetric heat capacities, densities and sound velocities of butyl, hexyl,
octyl and decyl dimethylamine oxides have been measured, and the osmotic
coefficients and the apparent as well as the partial relative molar enthalpies, heat
capacities, volumes, compressibilities, and expansibilities were calculated by
Benjamin (3,8) and Desnoyers er al (9).  Desnoyers er al further derived the
isochoric heat capacities and isothermal compressibilities from the data obtained.
They found a gradual change in trends of these funclions when going from the
lower homolog. which behaves like a medium size alcohol, to the higher one,
which is typical nonionic surfactant.  They also tested the applicability of the

mass action model of micellisation and concluded that in the case of amine

11
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oxide, the concentration dependence of various functions can be accounted for

with this approach.

LDAO, a weak base having about the same basicity as the acetate anion
(10), can exist in both the nonionic and cationic forms depending upon the pH
of the solution. At any particular pH, an equilibrium is established between

the cationic and nonionic forms,viz.,

LDAOH* T LDAO +H? [2.1]
—

According to Kolp et al (11), K,. the molecular equilibrium constant as

determined by potentiometric titration is

_ [H*I(LDAO ] _ g-a0

" T1LDAOHT] [2.2]

a

where the quantities in brackets are the activities of the indicated species rela-
tive 10 a standard state such that, at infinite dilution, the activities equal the

molar concentrations.

Tokiwa and Ohki (4) have shown that 1) the K_ value of the micellised
LDAOQ is ‘diﬂ'erem from the molecular form, viz., 1073? and 2) while the value
of K_ is independent of 1he degree of protonation (B) below the critical micelle
concentration (CMC), it is dependent on B at concentrations above the CMC.
These authours did not explain why the micellar pK (=5.9) at B=0 is different

from the molecular value (pK_=4.9).
2.2. EXPERIMENTAL

2.2.1. Material

Dimethyldodecylamine oxide was prepared from dimethyldodecylamine

(Eastman-Kodak).  The long chain amine was first fractionated under reduced
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pressure. The fraction taken had a boiling point of 88°C at 1 torr. To a
solution of dimethyldodecylamine in ethanol kept at 65°C in a constant tem-
perature bath, 1.2 equivalents of 35% H,0, were added slowly over a period of
one houf, while constant stirring was maintained with the aid of a mechanical
stirrer.  As the mixture thickened, more ethanol was added. @ The tempera-
ture was then raised to 80°C, and an equal volume of distilled water was added.
After approximately 4 hours at that temperature, the solution gelled. A large
amount of ethanol was added to dissolve the gel.  Excess peroxide was des-
troyed with MnO2 in catalytic amount. MnO2 was used instead of the usual

choice of sodium sulfate as the reducing agent because it was re;;orted (9) that
the latter is more difficult to eliminate during recrystallisation; thus traces of it
are present in the final product as contaminant.  After filtration, the solvent
was evaporated under reduced pressure in a rotary evaporator.  The resulting
solid was recrystallised several times from acetone and once from ethyl ether.
The hygroscopic final product was dried and stored over P,O in vacuo. The

surface tension versus concentiration plot did not show a minimum.

Dimethyltetradecylamine oxide was a commercial sample (Onyx Chemical
Company, Jersey City, N. J.). After evaporation of the solvent in a rotlary
evaporator under reduced pressure, the solid was purified by repeated recrystal-
lisation from acetone. The final product was dried and stored in the same

manner as the C,, homolog.

2.2.2. Surface Tension Measurements

Surface tension of amine oxide solutions was measured with a Rosano Ten-
siometer (Arenberg-Sage), equipped with a sandblasted platinum blade.  The
surface tension was determined at both pH 11 and pH 2, by preparing stock
solutions al these pHs with the addition of concentrated NaOH and HCI, respec-

tively.  Subsequent dilutions were made by adding 1x1073M NaOH solution
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or HClI solution at 1x102M.  All glassware was cleaned with freshly prepared
potassium dichromate/sulfuric acid solution. Freshly deionised-distilled

water was used in all preparations.

2.2.3. Viscosity Measurements

A Brookfield Viscometer (model LVT, Brookfield Engineering Lab.) was

employed for the measurement of relative viscosity.

2.2.4. Acid-Base Titration

For the titration of amine oxide, solutions were made up with their pH
adjusted 1o about 1] with NaOH and titrated with standardised HCI solution
with a microburet.  The pH was monitored continously during the titration
with an Orion Research lonalyzer (model 801A). - Titration of dimethyldode-
cylamine oxide was done by first purging the solution with N, gas for 15
minutes, and then titrated under N, atmosphere.  Titration of dimethyltetra-
decylamine oxicie was done in open atmosphere.  Constant stirring was main-
lained with a magnetic stirrer.  The temperature of the solution was main-

tained at 25°C.
2.3. RESULTS

2.3.1. Surface Tension

Figure 2.1 .shows the surface tension variation as a function of surfactant
concentration at pH 11.3 and pH 2.  The higher pH corresponds 10 the nonionic
form of dimethyldodecylamine oxide (CIZDAO), while the lower corresponds to
cationic amine oxide (C 12DAOH.“). Surface tension decreases rapidly with
increasing surfactant concentration and reaches a break, above which no further
change results. The break corresponds to the critical micelle concentration

(CMC).  In the case of C,,DAO, the CMC is 1.58x107M, and the ionised
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Figure 2.1 Surface tension vs. concentration plots of dodecyldimethylam-
ine oxide (C;,DAO) at pH 11.3 (nonionic) and pH 2 (cationic).
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CIZDAOH+ has a value of 6.92x10°3M.  The difference is probably due to
higher solubility of the cationic species. = From the slope of the curve, the

apparent surface excess of the surfactant can be calculated, viz.,

- _ 1 dy
T 2.303 RT d logC [2.3]

where T’ is the surface excess, 7y is the surface tension, R and T have their usual

meanings, and

-i_-= area per molecule = o [2.4]
At the CMC, the value of o of the nonionic form is ~43.18%, and that of

the cationic species is ~40.78%. 1t is of interest that the limiting surface ten-

sion of the two forms is equal (35 dyne/cm).

2.3.2. Acid-Basc Titration and Viscosity

Figure 2.2 represents the titration curves of C;,DAQ at various concentra-
tions at 25°C. For comparison these curves are plotted in pH against the
degree of protonation (B8).  Below the CMC (5x10*M) a typical buffering
action region is observed. = Above the CMC the titration curves are slanted
toward lower pH with increasing degree of protonation, 0.1M having a steeper

slope than 5x 1073M.

The titration curvés of C

~,4DAO are shown in Fig.2.3, plotted as pH against

equivalent HC! scale.  These curves have the same appearence as those of the
C,,DAO in general. The CMC of C,,DAO is about 1x1073M at 25°C.
Below the CMC, again a typical buffering action region is observed, and above
the CMC the curves are more slanted with increasing concentration.  However,
when compared with the titration behaviour of the C,, homolog, it is clear that

the value of pH at any particular value of 8 is somewhat higher in the case of
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Figure 2.2 Acid-base titration curves of C,,DAO at 25 °C and under N,
atmosphere, plotted as pH vs. degree of protonation (B).
Amine oxide concentrations: 1-5x104M, 2-5x10'3M, 3-1x102M,

4-0.1M.

10 |
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Figure 2.3 Acid-base titration curves of C,,DAO at 25 °C and in open atmo-

sphere, plotted as pH vs. HCI equivalent added. = Amine oxide
concentrations: 1-4x10"°M, 2-8x10M, 3-02M.  Curve 4 is the
viscosity (n) variation of the 0.2M C,4DAO solution as a func-
tion of acidity.
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C,,DAO; this is probably due to the presence of bicarbonate ions and/or dis-
solved CO, in the solution of C,,DAO, since the titrations were carried out in
open atmosphere in this case. It is well known that the presence of CO, in

alkaline solution can cause a shift in the apparent pH value of the solution.

Also plotted on Fig.2.3 is the viscosity variation with HCI added for 0.2M
C,4DAO. Maximum viscosity is observed when half of the amine oxide
molecules are in the cationic form. However, in the absence of initially added
NaOH, the change in viscosity with HC] added is less pronounced (by about an
order of magnitude). C,,DAO shows the same behaviour but to a lesser
extent. The increase in viscosity of the solution at a one-to-one
cationic/nonionic mole ratio of the amine oxide molecules suggests possible com-

- plex formation between the two species, and may be similar to that observed in

an acid-soap (12,13).
2.4. DISCUSSION

2.4.1. Molecular Area

An unusual f eéture of long chain amine oxides is that the ionised molecule
occupies a slightly smaller surface area than the nonionised species.  With a
formal positive charge on the nitrogen, a substantial repulsive interaction among
the head groups is expected, which results in a larger area occupied per molecule.
Goddard and Kung (7) have investigated the monolayer properties of C,,DAOQ,
and found that C,,DAO yiclds a less expanded film in the jonised form than in
the nonionised form.  They suggested the cause of this might be a diminished
repulsive force in the ionised case; the quaternary ammonium group in the ion-
ised amine oxide is unusual in possessing a hydroxy group, and the strongly
electron-attracting, positively charged nitrogen substantially augments the

polarisation of this OH group. = With increased proton character, the H has an
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increased tendency 1o hydrogen bond.  Even though direct H bonding to neigh-
bouring head groups would be difficult, augmented H bonding through sur-
rounding water molecules is certainly likely.  This may explain the slightly
smaller area occupied by ihe ionic species as observed in the surface tension

study.

2.4.2. Acid-Base Equilibrium and Viscosity

The amine oxide (LDAO) micelle surface can develop a surface charge as a
result of protonation of the head groups. = We can write a local equilibrium

reaction and equilibrium constant for this ionisation process of surface sites, i.e.,
LDAOH™ :_" LDAO + H/* [2.5]
where the subscript s indicates the surface and the equilibrium constant is given

by

_ [ LDAO 11H,*]

°~ TTLDAOH"] 2]

The concentration of protons at the surface is related to the bulk proton

conceniration by the Boltzmann distribution,

[HY=[Hexp( —e Yy kT ) [2.7]

where W_ is the electrostatic potential at the surface.  Hence

_ [ LDAO 1 1% ) exp( —c Wy AT)

[2.8]
[ LDAOII*]

0

Since the total oxide concentration remains constant during the ionisation

process, Eq.[2.8] can be written as
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Ko=( 1;3‘3)[H+]exp( —e Wyl kT ) [2.9]

where B is the fraction ionised of the surface sites (degree of protonation), and is
determined experimentally from the titration curve.  Rearranging and express-

ing in negative logarithmic form,

eVY,

53T [2.10]

— D E B y_
pH = pK g IOg(l—B)

where pK  is the intrinsic dissociation constant of the cationic acid conjugate.
The value of pK can be obtained by plotting pH + log(B/1-B) as a function of
B. Extrapolation to zero degree of protonation (zero surface charge and poten-
tial), yields the intrinsic dissociation constant PK,. Ideally, the plot should
yield a straight line for sufficient low surface potential.  Eq.[2.10] is identical
to the one obtained in the theoretical treatment of the potentiometric titration
of polyelectrolytes having a uniform distribution of ionisable groups of one

kind (14,15).

Figure 2.4 is a plot of pH + log(B/1-B) vs. B at different CuDAO concen-
trations. The extrapolated pK_  value varies with concentration; the
monomeric species has a pK  value of 4.95 while the micelles have pK | values
greater than the pK  of the monomer, up to a final value of 5.95.  Both of
these values are in good agreement with the reported data (4).  In the micellar
region, the apparent pK values decreases from 5.95 to about 4 with increasing
degree of protonation. This implies that the micelle is less favoured as a pro-
ton acceptor with diminishing nonionic character. The difference in pK
values between micellar and molecular forms may then due to the surface
charge effect. Protonation of the micelle is favoured for small values of 8,
and only when B exceeds a certain value, depending on the total concentration,

does protonation of the monomer become predominant.  As can be seen in the
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Figure 2.4 pH + log (B/1-B) vs. B plot for C,,PDAO.  Aminc oxide concen-
trations: 1-5x10°*M, 2-5x1073M, 3-1x102M, 4-0.IM.  Extrapo-
lation to B=0 yields pKO, the intrinsic apid dissociation constant.

pH + log(B/1-8)
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titration curves, the buffering region of the monomeric solution occurs for the

most part, at a higher pH value than for concentrations above the CMC.

Difference in micellar and molecular pK_ values have been reported for
other systems (16,17). However, no explanations were provided. In the
case of ClzDAO, Mille (18) concluded on a theoretical ground that a smeared
surface charge model alone, or a model whig:h calculates ApK using only the
electrostatic potential at a given charge due to the electrostatic potential of all
other charges, is insufficient to explain the difference observed in the pK values
at a (micelle)surface, and an analogous nonaggregating molecule in bulk solu-
tion. It was suggested that additional attractive interaction must be included,

such as hydrogen bonding formation, in the interpretation of the data.

Another feature revealed in Fig.2.4 is the occurrence of nonlinearity in the
plot, except for concentration below the CMC, because the last term in Eq.[2.10]
is zero; therefore no electrical work is required to protonate the amine oxide.
Above the CMC, a change in the micelle shape with increasing charge can cause
the nonlinearity, as in the case of a protein (19).  For amine oxides, 1ﬁe change
in shape is accompanied by an increase in the viscosity of the solution, indicative
of the formation of elongated structures.  The light-scattering data obtained
by Ikeda ez al (20) suggest the formation of large rod-like micelle of C,,DAO at
B=0.5 in the presence of NaCl, while at high and low pl values, the micelles are
small and are probably spherical. = There is a transition in shapes going from
spherical— elongated— spherical of the amine oxide micelles as 8 is varied from
0 to 0.5 and then t0o 1.  As was pointed outl by Nagarajan and Ruckenstein
(21), transition from spherical 1o cylindrical micelle is favoured by factors
which contribute to an increase in the atiractive component or a decrease in the
repulsive componént of the free energy of micellisation.  In the case of ionised

amine oxide, the ionisable proton is capable of hydrogen bonding to the neigh-
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bouring oxygen, the average disiance between adjacent head groups decreases
effectively.  As a result, the tail groups have to readjust spatially, thus lead-
ing to a breakage of the spheroid.  Protonation of the monomer can also lead
to the breakage of the spheroid if the assumption is made that the concentration
of the monomer remains constant above the CMC (22).  Both mechanisms

contribute to the production of elongated structures.

2.4.3. Micelle Aggregation Number

Long chain dimethylamine oxide micellar solutions are viscous between pH
7 and pH 2. The number of amphiphiles per aggregate reaches a maximum
value when half of the constituent molecules in the micelle are protonated.
That leads to the formation of elongated or nonspherical structures due té) an
effective decrease in the area occupied by the head group, caused by the dimin-
ished repulsion between the polar heads and hydrogen bonding between adjacent
molecules. We adapted to amine oxides a theory developed by Persoz and
Rosano (23) which relates the surface area per molecule to optimum aggregation

numbers.

This theory assumes a bileaflet disc-like micelle shape whose thickness is
therefore equal to twice the length of the surfactant molecule. The disc laces
are occupied by the amine oxide groups while the paraffinic 1ails constitute the

interior of this bilayer.

Let us consider first the energy liberated by the addition of.one molecule
from the bulk solution to the micelle.  This eﬁerg}' has two origins: [1] chain-
chain interaction energy (positive), and [2] head groups interaction energy (nega-
tive).  The first is constant and independent of the number (2N) of molecules
already in the micelle.  The second energy term increases with increasing 2N.
Therefore, for a certain value, N_, of N, the free energy becomes zero. ~ Beyond

that value, energy would need to be provided to add one molecule to the
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micelle.

The formulation for the calculation of chain interaction energy for a half
micelle (containing N molecules) can be found in Appendix A.  Accordingly,

the addition of one molecule liberates the energy

Wo=IN —a(33VN ~2.7)w, [2.11]

Head group interaction energy for a half micelle (Appendix B) represents
the total electrostatic energy needed in order to add one dipole to the half

micelle and is given by

'we=3%+53j%(2§’_+ I )~ N ___ 4 + 2 [2.12]

V3~ 2JN 2JN  3zN

The total energy liberated when adding one molecule is therefore

d(WoW,) InN
— ) Tt =y — 2.4 : +
=N Wy — 2.4698 + 0.58 TR

1.3338 — 1.65awy _ 0.21228

" 57 [2.13)

Consider an adsorbed monolayer as being formed by bringing in one
molecule at a time (similar 1o the addition of one molecule 1o the half micelle).
The formation of that monolayer allows one therefore to determine the energy
that was just formulated, except that in this case N is very large.. Under this

condition, Eq.[2.13] reduces 1o

d( “"0_' “’e)

-7 = o, — 2.4698 [2.14]

Traube (24) has determined the value of w_ 1o be 4.4%10714 ergs per CH,

group in the hydrocarbon chain of a fatty acid for the free energy of adsorption.
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Rosano (25) has shown that the free energy of adsorption al a water-paraffin
interface is generally larger than at a water-air interface of the order of 10%.

In the present model calculation, the Traube value is used.

If Ay is the surface tention reduction due to the surface pressure exerted by

the monolayer, the same energy given by Eq.[2.14] can be expressed by -cAy :

~ oAy = woy— 2.4698 [2.15]

o being the cross sectional area per molecule.  This allows substitution in

Eq.[2.13] of

Wy + OA')/

R= —3a59—

[2.16]

A1 equilibrium, the energy required to add one molecule is zero; and there-

fore
¥ + 0.2025 inN -, 0.54 — 1.65«¥ _ 0.086 _ [2.17]
VN VN N
where
y=__% [2.18]
wy + oAy

Knowing ¥ and o, the number 2N_ of molecules in one micelle can be cal-
culated from Eq.[2.14]. Fig.2.5 is a plot of the micelle aggregation number
(2N) as a function of « at different values of o(¥) for C,,DAO.  Assuming
the CH, adjacent to the head group lies within the hydration sphere and does
not enter into the formation of the hydrophobic core, the number of carbon
atoms (N_) that determines the maximum radius (R) is therefore one less than

the total number.  Using Tanford's relationship (26), the maximun radius is
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Figure 2.5 The calculated micelle aggregation number (2N) as a function of
arca/molecule of C,,DAO for a given value of a, the fraction of
molecules remained in contact with the aquecous phase. o
values: 1-0.00, 2-0.05, 3-0.10, 4-0.15, 5-0.20.
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given by

R =( 1.5+ 1.265N,)d’ [2.19]

4

and for a C;, alkyl chain, R = 17.9453. It is generally accepted (27) that
the radius (r) of a spherical micelle is about 80-90% of the maximum extended
length, which sets an upper limit in the micelle aggregation number for any par-
ticular value of surface area per molecule.  From the present theory, if the
possibility of water penetration into the core is ignored (28) such that «=0.0,
the calculated aggregation number will not exceed the limiting value for
0>4042, if r=0.85R. Reduction in surface area below 40%% will not only
increase the aggregation number, but will have to be accompanied by a change in

the shape of the micelle.



29

2.5. REFERENCES

10.

11,

12.

13.
14.
15.
16.
17.

18.
10.

20.

Herrmann, K. W., J. Phys. Chem. 66, 295 (1962).

Ibid., 68, 1540 (1964).

Benjamin, L., J. Phys. Chem. 68, 3575 (1964).

Tokiwa, K., and Ohki, K., J. Phys. Chem, 70, 3437 (1966 ).

lkeda, S., Tsunoda, M. A., and Maeda, H., J. Colloid Inzerface Sci. 67,
336 (1978).

Ibid., 70,448 (1979).
Goddard, E. D., and Kung, H. C.,  J. Colloid Interface Sci. 43, 511 (1973).
Benjamin, L., J. Phys. Chem. 70, 3790 (1966 ).

Desnoyers, J. E., Caron, G., DeLisi, R., Roberts, D., Roux, A., and Perron, G.,
J. Phys. Chem. 87, 1397 (1983).

Nylen, P.,  Z. Anor. Aligem. Chem. 246, 227 (1941).

Kolp, D. G., Laughlin, R. G., Krause, R. P,. and Zimmerer, R. E., J. Phys.
Chem. 67, 51 (1963).

Rosano, H. L., Briendel, K., Schulman, J. H., and Eydt, A. J., J. Colloid
Interface Sci. 22, 58 (1966).

Eagland, D., and Franks, F.,  Trans. Faraday Soc. 61, 2468 (1965).
Katchalsky, A., and Gillis, J.,  Rec. Trav. Chim. 68, 879 (1949).
Arnold, A., and Overbeek, J. Th. G.,  Rec. Trav. Chim. 69, 192 (1950).
Tokiwa, F., and Ohki, K.,  J. Phys. Chem. 71, 1824 (1967).

Corkill, J. M., Gemmel, K. W., Goodman, J. F,, and Walker, T., Trans.
Faraday Soc. 1 66, 1817 (1981).

Mille, M.,  J. Colloid Inierface Sci. 81, 169 (1981).

Tanford, C., Swanson, S. A., and Shore, W. A., J. Am. Chem. Soc. 77,
6414 (1955).

lkcda., S., Tsunoda, M. A., and Maeda,‘H.. J. Colloid Interface Sci. 70,
448 (1979).

. Nagarajan, R., and Ruckenstein, E., J. Colloid Interface Sci. 71, 580

(1979).



22.

23.
24,

25.
20.
27.

28.

30

Huchinson, E., Sheaffer, V. E., and Tokiwa, F., J. Phys. Chem. 68, 2818
(1964).

Persoz, B., and Rosano, H. L.,  J. Chim. Phys. 51, 534 (1954).

Adam, N. K.,  "The Physical Chemistry of Surface Films", 3 ed.Oxford
University Press (1941).

Rosano, H. L., Mem. Serv. Exar. 36, 335 (1951).
Tanford, C.,  J. Phys. Chem. 76, 3020 (1972).

Israclachvili, J. N., Mitchell, D. J., and Ninham, B. W., J. Chem. Soc.
Faraday Trans. 11 72, 1525 (1976).

Tanford, C., Proc. Nat. Acad. Sci. 71, 1811 (1974).



CHAPTER THREE

CHARACTERISATION
OF
ALKYLDIMETHYLAMINE OXIDES

C-13 NUCLEAR MAGNETIC RESONANCE

3.1. INTRODUCTION

It has been demonsirated in recent years that C-13 nmr studi& of surfac-
tant solutions can provide a wealth of information on the conformations of sur-
factant molecules (1-6).  The advantages that C-13 nmr offers are (1] no
labeling of the surfactant is required, [2] the resolution of C-13 nmr is consider-
ably better than that of proton ninr because of the large chemical shiftl range;
making it possible to differentiate the carbon atoms in an associating colloid, (3]
the smaller magnetic moment of the carbon atom makes C-13 nmr less suscepti-
ble 10 line broadening due to magnetic dipole interactions which may be impor-
tant at high surfactant concentrations, and [4] with the use of Fourier transform
technique the low natural abundance (1.1%) of C-13 does not present a severe
restriction.  For example, detailed studies of the concentration dependence of
the chemical shifts of the carbons in an alkyl chain can be used to deduce quan-
titative information on the micelle aggregation number, and the shift change on
passage from the intermicellar solution 1o a micelle gives gqualitative informa-

tion on any accompanying conformational change of the alky! chain.

The interpretation of the C-13 nmr data on surfactant sclf-assembly may

be achieved without prior knowledge of the cause of the shift changes.

31
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Nevertheless, such knowledge is of obvious interest since it may shed light on
the micelle structure.  Two principal mechanisms are mainly responsible for
the origin of chemical shift changes on micelle f ormatioﬁ. The first of these is
the medium effect, i.e.,, the direct efflect of the environment, and the second
mechanism may be termed a conformation effect, i.e., the chemical shift may
change as a result of a change in the conformation of the alkyl chain.  Several
different observations seem to rule oui a sizable contribution from medium
effects to the chemical shift values of methylene and methyl groups. The
variation of chemical shift along the alkyl chain does not seem to correspond to
the variation in the bulk environment to a large extent. Therefore conforma-
tional effects must play a dominant role in determining the chemical shift of
carbon atoms in a chain. In this chapter, the average conformation of the ali-
phatic chain, as well as the effect of charging the head group on the chemical
shifts of dodecyldimethylamine oxide (C12DAO), are investigated with this

technique.

3.2. EXPERIMENTAL

3.2.1. Chemicals

The synthesis and purification of C,,DAQO have been described in Chapter
2. Solutions of C,,DAO were made in D,0. Deuterium oxide and deu-
terium chloride were supplied by Stohler Isotope Chemicals ( Waltham, Mass. ),

ihe former was 99.8% enriched and the latter was a 38% DCI soluiion in 1)2().

3.2.2. C-13 Measurement

C-13 nmr spectra were obtained using an IBM WP-200 SY Fourier
Transform spectromet r at 50.33 MMz, Complete proton decoupling was
used and the deuterium signal from D,0 was employed as the internal lock sig-

nal.  The external reference was tetramethylsilanc (TMS) contained in a
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coaxial capillary inside a 10-mm tube with the sample solution. = The carbons
in TMS are all equivalent and are highly shielded as the protons, theref oré it
makes an ideal reference for carbon spectra, being shifted to the extreme upfield
end of the spectrum for most compounds. Typical nmr parameters were :
spectral width 5 KHz, pulse width 14 microsec (90 degree), relaxation delay 30
sec., and number of transients 1500 to 5000. The core memory was 32K

resulting in the resolution of 0.305 Hz for a 5 KHz spectral width.
3.3. RESULTS

3.3.1. Assignment of Chemical Shift

Figure 3.1 shows the complete C-13 nmr spectra of dodecyldimethylamine
oxide (C]?_DAO) in the nonionic form (B8=0, where B is the degree of ionisation)
at two concentrations, 0.1 M (1op) and 1)(]0‘~3 M (bottom).  Since the CMC
of nonionic amine oxide was found 1o be 1.6x1073 M (Chapter 2), these spectra
correspond 1o concentrations above and below the CMC.  The poor signal to
noise ratio in the dilute solution is purely a concentration factor.  Tentative
assignments of the 14 carbon atoms are made by comparison with similar com-
pounds (1. 5, 6, 7}, and are listed in Table 3.1.  Consider the micellar solution
first.  The chemical shift of the two equivalent N—methy‘l carbons, Cl', is con-
siderably more downfield than the corresponding carbons in dodecyldimethy-
lammonium chloride (DDAC), at 44ppm(5), and n-alkyltrimethylammonium
ions, at 52-53ppm(!).  The chemical shift of the Cl carbon of C,,DAO is
about 70.6ppm, which is again morc downfield than DDAC (59ppm) and the
n-alkyltrimethylammonium ions.  However, it is closer to the corresponding
carbon in octylphosphate ion (6). The C2 carbon has a shift value of
26.6ppm, which is about Ippm more upfield than the carbon in DDAC. The

C3 carbon is also upfield shifted, by about 2ppm.  The carbon atoms near the



Figure 3.1 50.33 MHz C-13 nmr spectra of C,,DAO in D,0 at 0.1IM (top)

and 1x1073M (botiom). The assignment is made relative to
-external TMS without any susceptibility correction.  CI: N-
mcthyl carbons, Cl: methylene carbon adjacent to nitrogen,
C12: methyl carbon at chain end. :
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Table 3.1 — Chemical shift and chemical shift changes for various forms
of dodecyldimethylamine oxide (C;,DAO).

Grant & Chemical Shift (8) 4 Micelle

Paul B=0 B=1 charging
Carbon Monomer effect
atom Hydro- | Micellar (8,)) | Monomer (3,) | charging
number c:;:ionn 0.1M 1x10-3M effect o_’;-jﬁ'; B
1 — 57.24 57.11 —1.63 -0.71 —1.19
1 — 70.62 — — —1.12 ~1.52
2 — 26.60 25.66 —0.45 —0.39 —0.57
K] — 23.48 2291 -—0.56 —0.64 —0.76
4 299 29.48 28.32 —0.20 —0.01 —-0.02
5 " 29.86 28.51 —0.15 —0.14 —0.14
6 " 29.93 28.74 —0.03 +0.05 +0.06
7 * 29.89 28.62 -—0.07 +0.09 +0.11
8 ! 30.03 28.76 —-0.02 —0.02 +0.00
9 ! 29.61 28.51 -0.02 +0.02 +0.04
10 32.4 32.05 31.21 —0.01 +0.04 +0.06
11 23.0 22.70 22.07 —0.01 +0.01 +0.02
12 13.9 13.84 13.43 —0.01 | +0.03 +0.04

*B= degree of protonation.
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chain end, C10-C12, have shift values of 32.0, 22.7, and 13.8ppm, respectively,
while the corresponding carbons in DDAC have values of 33.2, 23.8, and
15.1ppm. The assignments of carbon atoms in the middle of the chain,
namely C4-C9, are made by comparing them with the respective carbons in
sodium dodecy] sulfate (9).  Setting the chemical shift of the C12 éarbon as
the reference, the agreement in frequencies from the C4 carbon to the C12 car-

bon is excellent.

Since the effects of various substlituents on a particular carbon are always
nearly additive in C-13 nmr, the chemical shifts can be predicted. = Grant and

Paul (10) have proposed an empirical formula for normal alkanes,
8, =-21+Ln, A,

where 8_ is the chemical shift of the k'® carbon, and A, is the amount to add for
each substituent in the i position relative to carbon k.  The values of A, were
obtlained from a lincar regression analysis of some 30 chemical shift observa-
tions in normal alkanes (11).  Aliphatic carbons are generally observed in the
region of 2-50ppm from TMS.  The more substlituted the carbon, the further
downfield is its chemical shift, this is called the (x—éffcct. and it amounts to
+9.1ppm for each carbon added. Additional carbons substituted 8 to a given
carb'on also cause downfield shift by +9.4ppm cach and is called the B-effect.
Another effect is observed on the chemical shift of the carbon once removed
from that successively substituted and is referred to as the y-effect, but it
causes an upfield shift by -2.5ppm.  The calculated values are listed in Table
3.1. It can be seen that they agree with the experimental values for the
monomer within 1.6ppm and for the micelle within O.4ppm. This is a direct

evidence that the interior of micelles resemble bulk hydrocarbons (12).

Comparing the chemical shifts of the equivalent carbons in the micelle and
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in the monomer, it is seen that downfield shifts occurred for all carbon atoms
upon micellisation, with the largest change being observed in the central part of
the alkyl chain, C4-C9. This phenomenon has been explained in terms of a
steric effect (3,13).  Downfield shifts indicate an increase in the population of
trans conformer upon micellisation, while upfield shifts are indicative of an
increase in the gauche conformer for the corresponding carbons.  The former
corresponds 10 a more extended configuration of the chain in the micellar core,
maximising the hydrophobic interaction between the chains. The latter
results in a more contracted chain configuration of the molecularly dispersed

species, thereby minimising the unfavourable paraffin-water interfacial area.

3.3.2. Effect of lonisation

The ionic form of amine oxide, CIZDA()H*, was obtained by acidifying the
solution. C-13 nmr spectra were obtlained at a concentration of 0.1 M for
B=0.5 and B=1, as well as 1x103M at B=1.. The difference in the chemical
shif't for respective carbon atoms in micellar C]2DA0H+ vs. micellar C,,DAO is
given in the last column of Table 3.1. Protonation of the head group results in
a formal positive charge on the nitrogen. It is expected that this positive
charge can polarise(deshield) the electron density on neighbouring carbon atoms
substantially, and the expected charging effect is then a downficld chemical
shift.  From Table 3.1. it is seen that only the carbons near the head group
region, C1' and C1-C3, experience significant effects due to the chgrging process.
However. the observed shift is in the opposite direction to what was expected,
viz., an upfield shift, which secms to suggest that these carbon atoms are even
more shielded in cationic amine oxide molecules. It is also seen that the
change in chemical shift for the respective carbons is not linear: larger shift
changes are observed when going from 8=0 to B=0.5. while further protonation

to B=1 produces changes that are smaller in magnitude.  Table 3.1 also lists
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the chemical shift change of carbon atoms in ionised amine oxide monomer as
compared to the noninised species. It appears that protonation only affects
carbon atoms near the head group, and the largest upfield shif't is observed for

the two equivalent C1’ carbons.

3.4. DISCUSSION

3.4.1. Conformation Analysis

C-13 chemical shifts of resonances arising from carbons in a hydmcarbon
microenvironment, such as that for most of the carbons in the interior of a
micelle, are appreciably different from the values obtained for the molecularly
_dispersed surfactant species in an aqueous envionment.  Batchelor et al (14)
have shown that in the case of bilayers, the only sizable factor affecting the
shifts is linked 10 rotational isomerisation about the carbon-carbon bonds, while
the solvent effects on methylenes are negligible, and that the shift variations due
1o temperature dependent solvation or electric field effects for most methylenes
in the sheltered microenvironment are also insignificant.  For C-C bonds in
liquid hydrocarbon solutions and in the hydrocarbon portion of a fully
saturated lipid bilayer, the trans conformer is usually the low energy form.
Thus a downfield shift is expected when the trans state is more populated, as is
observed when surfactant molecules undergo self-assembly.  Another way of
explaining the obscrved shift is to consider the chéin/waler interface.  The
energy of cohesion of water molecules, 144 er’gs{cmz, is larger than the energy
of adhesion of paraflin/water, 45 ergs/cmz.( 15). . Therefore the chain will take
a conformation to minimise the paraffin/water interfacial area when it is molec-
ularly dispersed. However, when the hydrocarbon chains are in the core of
the micelle, the paraffin/paraffin cohesion energy is maximised (~ 56 ergs/cm?),

favouring a more extended conformation.  Basically, these considerations can
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acoount for the downfield C-13 chemical shifts of the carbons upon micellisa-

tion.

One of the most significant features of the C-13 chemical shift is the so-
called vy effect observed in alkanes (16,17).  An upfield shift is produced by
steric compression of hydrogens in alkanes when the 1,4 carbons (y carbons) are
in the gauche conformation.  Using the semiempirical formula which has both
angle and distance dependence, proposed by Grant and Cheney (13) to describe
the magnitude of the y-effect, a 4.8ppm shift is predicted for a 100% gauche
rotamer, while the vy shift for a trans rotamer is negligible. Based on this shift,
the percent change of these rotamers upon micellisation (gauche to trans) of
amine oxide is calculated to be in the order of 25% for the central carbon atoms
in the chain (C4-C9), for an averaged value of 1.2ppm for the upfield chemical
shift ‘changes of these carbons.  From the statistical calculations of Flory (18),
the eq\blilibrium rotamer population about the C-C bond of a polyethylene chain
is 46% gauche.  Using this percentage for the amine oxide monomer, it can be
seen that the amount of gauche rotamers in the amine oxide micelle is about

34%.

3.4.2. Effect of Surface Ionisation

The direction of chemical shifts of carbon atoms near the head group region
upon charging is probably caused primarily by a change in the solubility of the
surfactant in the solution. It is well known that the CMC of surfactant
decreases with increasing salt concentration (salting-out).  In the case of amine
oxide, increasing degree of protonation increases the solubility of the surfactant
in water; the CMC of the cationic micelle is 6.92x10-3M, slightly higher than
that of the nonionic species. With increasing affinity for water, higher degree
of water penetration into the micelle is achieved; the carbon étoms near the head

group region become more hydrated as the micelle becomes more cationic in
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character.  With increasing water penetration, the unfavourable paraffin-water
interaction is increased, resulting in an upfield C-13 nmr chemical shift of these
carbons. It is interesting to note that in the present case, water molecules can

penetrate up to three carbons in depth of a fully ionised micelle.

Modifications in the packing of molecules in the micelle upon charging may
also influence the chemical shifts of carbons near the head group. From the
study of the monolayer properties of docosyldimethylamine oxide (19) and
octadecyldimethylamine oxide (Chapter 5), it is shown that long chain amine
oxides characteristically undergo film condensation upon ionisation; the cationic
species exhibits a more condensed film than the nonionic species. =~ However,
Davies (20) has demonstrated that the presence of an assembly of ionised head
groups in a monolayer results in a substantial repulsive electrical contribution
to the surface pressure of the film, and is usually readily evident from the
expanded nature of the compression isotherms of ionised films. The unusual
behaviour of amine oxide has be‘en attributed to the ability of the hydroxy
group in the ionised amine oxide to hydrogen bond, thus leading to a reduction
in repulsive forces among the head groups, thereby decreasing the average dis-
tance between them.  The condensing effect is therefore a reflexion of a closer
packing in the molecular assembly. As a result, the carbon atoms near the
head group become more shielded due to surface crowding, giving rise 10 the
observed shifts upon ionisation.. The possibility of hydrogen bonding is
confirmed by the C-13 nimr data as well.  Batchelor ¢z a/ (21} have demon-
strated in their study of fatty acids that solvent effects can make large contri-
butions to the C-13 chemical shifts.  When the solvent molecules donate
hydrogen bonds, hence directly changing the head group dipole, downfield shift
may be observed. Since the ionised amine oxide molecules are capabie of

donating hydrogen bonds 10 the solvent, chemical shift in the reversed direction,
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i.e., upheld shift, is expected. = The present results clearly support the earlier
interpretation.  Packing effects on C-13 nmr chemical shift have been shown
in hexadecyldimethylammonium micelles in the presence of 1-methyl
naphthalene (4), and in the phytol-lecithin bilayer structure (22).  Schilling
et al (23) have also reporied upfield shift for the olefinic carbons in the 1,4-
trans-polybutadiene lamella, and suggested that the obser\{ed shift may be

attributed to the crystalline packing effects.

The monolayer results also showed that the most condensed film
correspond to B=0.5, and exhibits the highest surface potentiai as well. In
Chapter 2, it was shown that the solution viscosity approaches its maximum as
B goes to 0.5, due to the formation of elongated structures. Furthermore,
Ikeda er al (24) have shown that in the case of amine oxides, the largest micelle
is obtained at half ionisation, and the shape of which is rod-like, while at B=1,
the micelle assumes a spherical shape.  This geometrical factor may affect the
chemical shift of the carbon atoms near the hcad group region as well. In
addition to affecting the CMC value of the surfactant, inorganic salt also induces
micelle shape changes in surfactant solutions. Maeda et al (5) have measured
the chemical shift of dodecyldimethylammonium chloride at fixed concentration
but various concentrations of sodium chloride.  They found that at high salt
concentration (>0.8M), downfield chemical shifts were observed.  Their
resultls can be correlated with the light scattering data of this compound which
showed a change of the micelle structure at the same salt concentration.  The
change was interpretated as a transition from spherical to rod-like micelle.
Therefore it was concluded that a downfield chemical shift corresponds to a
change of micelle structure from sphere to rod-like, and a upfield shift signifies
the reverse.  In the case of amine oxide, such a trend is observed in the chemi-

cal shift in going from B=0.5 to B=1, although the structural change is brought
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about by acidifying the solution.  Also, a direct hydrogen bonding between
amine oxide molecule and the N-hydroxyammonium ion is possible as well.
This direct bonding between neighbouring head groups would not only reduces
the average distance between them, but also deshield the eleciron density
effectively, thus alleviating the shielding effect brought about by the packing
constraint.  This type of complex formation is known for other half ionised
. molecules such as fatty acid soap (25-27). At B=I1, hydrogen bonding is only
possible through solvent molecules, and the effect of which in terms of electron
density deshielding, is probably less significant than in the half ionised amine

oxide.

In the case of nonionic amine oxide (8=0), the micelle is also spherical,
upfield shifts are then expected for the respective carbons when compared to the
half ionised micelle. = However, the present results show that large downfield
shifts are observed. In addition 1o the decrease in solubility of the nonionic
species, this observation may also be caused by the strong dipole which has been
shown 10 exist in the nonionic molecule (14), and is the primary cause of the
expanded nature of the ilm.  The presence of a strong dipole in the molecule
thus favc;uxs the adsorption of counterions on the surface of the molecular
assembly. From the study of the interactions between amine oxide and
eletrolytes using Na-23 and H-2 nmr measurements, Rendall er af (28) have
~ shown that significant concentrations of ions can penetrate bctween the head
groups, leading 10 a reduction in micelle size apd shape, because the ions occupy
space between the head groups.  Thus a decrease in the shielding of carbon
atoms near the head group is likely, resulting in a downfield chemical shift of

these carbon atoms when compared to the half ionised species.

From the C-13 nmr results the extent of water penetration near the head
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group at the micelle surface may be determined quite accurately (3 carbons in
the case of cationic amine oxides). These results when coupled with informa-
tions obtained from monolayer studies, can provide a better understanding as to

the way the surfactant molecules are associated in a micelle.
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CHAPTER FOUR

INTERACTION
OF
ALK YLDIMETHYLAMINE OXIDE
WITH
SODIUM DODECYL SULFATE

4.1. INTRODUCTION

Considerable atiention has been given to the study of mixed surfactant
solutions (1-4). Aqueous solutions of these systems .may exhibit striking
changes in their physical properties, owing to their ability 1o form mixed
micelles in the bulk and mixed films at the (air-solution) interface.  In this
respect, study of these systems is of obvious importance, both for practical and

theoretical reasons (5-7).

The surface activities of mixed surfactant solutions is often greater than
would be expected in the absence of any mutual influecnce between the surfac-
tants.  Generally, such éynergistic effects seen 10 be negligible for mixtures of
nonionic surfactants (8,9). lonic/nonionic mixtiures can show appreciable syn-
ergism (10). The largest however, are the synergistic effects in
cationic/anionic mixtures.  In this chapter, the interaction betwecn alkyldi-
methylamine oxide (LDAQO) and sodium dodecyl sulfate (SDS) is investigated.
The former has becn well characterised in previous chapters; the latter com-
pound, an anionic surfactant, is almost the "standard" of surface chemical

fnvestigations (11).
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SDS has been shown to interact with a variety of compounds of either
cationic or nonionic nature.  For example, Lucassen-Reynders et al (4) have
shown that upon mixing dilute solutions of SDS and dodecyltrimethylam-
monium bromide, the surface pressure can increase by more than 40 dyne/cm,
resulting from an additional adsorption of the double long chain salt consequent
of mixing. At the solubility limit of the mixed system, micelles or crystals of
equimolar composition are f orméd. When the overall bulk composition is not
equimolar, the formation of an equimolar second phase shifts the solution com-
position in favour of the surfactant in excess. At high concentration the phase
of equimolar composition is solubilised in the micelles of the surfactant in
excess. Kung and Goddard (12) as well as Abe and Ogino (13) studied the
interaction between SDS and long chain primary alcohols.  They reported the
formation of a complex and/or a liquid crystal of molar ratio of 2:1 of SDS to
alcohb], while Jones (14) investigated the interaction of SDS with polyethylene
oxide and found an enhancement in solution viscosity. Since amine oxide
shows the cationic-nonionic duality, and judging from the studies done with
SDS, it seems that SDS is a well suited candidate with which large interaction

between the two classes of compounds is possible.
4.2. EXPERIMENTAL

4.2.1. Material

Alkyldimethylamine okides with the long chain containing 12, 14, 16, and
18 carbon atoms (Onyx Chemical Co. Jerse.y City, N.J.) and laboratory grade
~ sodium dodecy! sulfate (Fisher Scientific Co. Fairlawn, N.J.) were used without
further purification.  Another sample of SDS of 99% purity (Sigma Chemical
Co. St.Louis, MQ.) together with dodecyldimethylamine oxide prepared in this

laboratory (see Chapter 2) were also used in some experiments.  The results
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with different samples did not show large discrepencies in their values.  The
impurities in the commercial samples did not seem to pose any difficulties.
Since fairly concentrated solutions were used in most cases, the impurities prob-
ably were solubilised in the micelles.  This impurity solubilisation by micelles
has been shown to be the cause of elimination of the minimum in surface

tension-concentration plot at high surfactant concentration (15).

4.2.2. Solution Preparation and Measurements

Binary mixtures of amine oxide (LDAO) and SDS solutions were prepared
by mixing different volumes of the surfactant solutions at equal molar concen-
tration.  In one experiment, the amount of LDAO was held constant while an
increasing amount of solid SDS was dissolved into several beakers containing the

amine oxide solution for the purpose of comparison.

For the acidometric titration of surfactant mixtures, pH was monitored
with an Orion Research lonalyser (model 801A, Orion Res. Inc. Cambridge,
Mass.).  The mixture were initially adjustied in pH to about 12 with‘ concen-
trated NaOH and then titrated with standardised HCI solution.  All other pH
measuremenis were made with a Photovolt pH meter (Photovolt Corp. New
York, N. Y.)  The instruments used for the determination of surface tension
and viscosity have been described in Chapter 2. The percent light transmis-
sion was monitored for each of the mixture at 490nm utilising a Spectronic 20
spectrophotometer (Bausch & Lomb Co. Rochester, N. Y.). In some cases,
especially for viscous mixtures, it was necessary to cenirifuge the solution

before the percent light transmission was taken.

4.2.3. Wettability Test of Glass Surface

A glass surface in water is negatively charged. @ When the corner of a

cleaned and water covered microscope cover slide touches the surface of a solu-
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tion containing cationic surfactant just below its CMC, instantaneous dewetting
occurs; the positive charge of the surfactant interacts electrostatically with the
negative charge of the glass surface. The solid surface is then covered by a thin
layer of the surfactant molecules with their hydrophobic tails pointing out-
ward, thus the surface is no longer wettable.  This effect is not observed with
anionic and nonionic surfactant solutions, although exception can occur in the
latter case (16).  This method provides a rapid test as part of surface charac-

terisation.

4.2.4, Viscoclasticity

Viscoelasticity of solution was deterfnined visually by the simple method
of swirling a vial containing the solution and observe the recoiling of air bubbles
entraped in the solution (17).  Although this method of detecting viscoelasti-

city seecms primitive, it is a highly sensitive method nonetheless.
4.3. RESULTS

4.3.1. Surface Tension, Viscosity and pH

Mixtures of C,, or C,,-DAO with SDS show surface tension reduction
upon mixing, and a minimmum is observed at a I:1 molar ratio, as shown in Fig.
4.1 for C,,DAO at a total surfactant concentration of 0.15M.  Also shown is
the variation in pH for different mixing ratios.  The increase in pH of the
mixed solution seems to indicale that the addition of SDS to an amine oxide
solution favours the protonation of amine oxide, water molecules being the pro-
ton donor, thus producing an excess of hydroxide ions in the bulk solution, giv-
ing rise to the observed increase in' pH.  The change in viscosily of the mixture
at different compositions is plotted in Fig.4.1 as well, the maximum of which
corresponds to a 3C, ,DAO/SDS associétion. These sizable increases in viscos-

ity suggest a change in micellar structure.  Similar behaviour is observed for
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Figure. 4.1 Relative viscosity (n:0), surface tension (y: O) and pH (0) varia-
tions at different C,;DAO/SDS mixing ratios. Total surfac-
tant concentration equals 0.15M.
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the Cl 2DAO/SDS mixtures.

Minimum surface tension at a 1:1 cationic/anionic surfactant mixing ratio
has been reported in the system containing SDS and dodecyltrimethylam-
monium bromide (3). In addition, 1:1 associalion has been observed for
C,,DAO with sodium dodecyl benzene sulfonate and with potassium dodecane
sulfonate (1,2), both in dilute solutions. In these two cases, hydrogen bond-
ing between the protonated amine oxide and the anionic sulfonate was shown to
exist in the solid state. = Double dodecyl salt may separate out in crystalline
form, as reported in (1,2,18), but no precipitation was observed in this work
when the pH of the solution was kept above 9. It is probable that the cry-

stalline solid is readily solubilised by the surfactant in excess in the solution.

The 3:1 C,, and C,,-DAO/SDS mixtures exhibit non-Newtonian fuid
characteristics.  Fig.4.2 shows the viscosity at different shear rates as a func-
tion of time of shearing for a 3:1 C, ,DAO/SDS mixture. A decrease in viscos-
ity with increased shear rate is observed. = At high pH (~12), adjusted by
adding NaOH, the mixture is still non-Newtonian and its viscosity is enhanced
by about an order of magnitude (at high shear rate) to two orders of magnitude
(at low shear rate), when compared to the values at its natural pH (~10).
The solution also exhibits birefringence when shaken.  Upon cooling, the solu-
tion become milky, indicating possible crystal formation; this behaviour is
reversible when the temperature is raised.  These observations suggest that the

mixed solution can probably be categorised as a liquid crystal.

Figure 4.3 is a plot of viscosity vs. concentration for a C,,DAO/SDS mix-
ture.  The viscosity varies strongly with concentration, and the shape of the
curve indicates that the micelles are not spherical, but they may be rod-like, as
in the case of concentrated cetyltrimethylammonium bromide solutions (19), or

disc-like.  The 3:1 mixture becomes viscoelastic and rheopectic when a small



.52

Figure 4.2 Relative viscosity (n) vs. time of shcaring plot of the
3C,4DAO/SDS mixture at a total surfactant concentration of
0.2M.  Shearing rate: 1-6rpm, 2-12rpm, 3-30rpm, 4-60rpm.
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Figure 4.3 Relative viscosity/concentration (n/C) vs. concentration plot of

the 3(31 4DA0/SDS mixed solutions at 25 °C and constant shear-
ing rate.
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amount of NaCl is added. = Rheopectic solutions are defined as solutions exhi-
biting a reversible increase in shear stress with time at a constant shear rate
under isothermal conditions. It has been correlated with the onset of micellar
growth (17).  The rheopectic behaviour is probably due to long thread-like
micelles that are aligned parallel to the flow in weakly bound clusters, as in the
case of cetyltrimethylammonium bromide and mono-substituted phenol mixed

solutions (20).

Figures 4.4 and 4.5 show the interactions between C,,DAO and C,gPAO
with SDS at a total surfactant concentration of 0.05M and 0.005M, respec-
tively.  For amine oxide/SDS ratio greater than 1, these mixed solutions are
turbid and birefringent. The birefringency is determined visually by placing
the samples between two cross-polarised plates.  Addition of SDS results in
production of filament-like structures. = When the molar amount of SDS is
equal 1o or greater than that of the amine oxide, the solutions then become clear
and isotropic.

At 3:1 C, .DAO or C;,DAO/SDS molar composition, the change in pH
reaches its maximum and levels thereafter until the amount of SDS is in excess,
and then decreases, reaching the pH of pure SDS solution. Minimum surface
tension is reached when the LDAO content is still in excess, unlike the cases of
C,, and C,,-DAO. - This observation indicates that the surface of the solution
has already been saturated with a mixed species, formed between C,. or C, -
DAQO with SDS. although the bulk concentration of the individual species are
different, and that the composition of this mixed species may be the same
throughout the low surface tension region. If indeed a new species is formed,
then surface tension lowering will be expected. since the double chain surfactant
is less water soluble and therefore more surface active. Enhancement in

viscosity is still observed with'C, DAO.  However, C,;DAO shows a rapid



Figure 4.4 Relative viscosity (n:0), surface tension (y: O) and pH (O) varia-
tions at different C; DAO/SDS mixing ratios. Total surfac-
tant concentration equals 0.05M.
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Figure 4.5 Relative viscosity (n:0), surface tension (y: O) and pH (O) varia-
tions at different C;3DAO/SDS mixing ratios.  Total surfac-
tant concentration equals 0.005M.
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decrease in viscosily upon mixing SDS, the value of which reaches that of the

SDS solution at equal molar composition.

4.3.2. Titration of LDAQO/SDS Mixtures

Figure 4.6 shows the titration curves of a 0.2M C, ,DAO solution and a 3:1
C,4DAO/SDS mixture, at a total concentration of 0.2M. A iarge shift in the
titration curve from the pure C,,DAO curve is observed for the mixture. At
pH 9, a small but significant plateau is observed, and crystal formation takes
place thereafter.  After filtration and recrystallisation from ethanol, the pre-
cipitate was analyzed for its composition using spectroscopic techniques.  The
ir, (proton)nmr and mass spectra of the precipitate reveal that its structure is
CH3(CHz)]3N(CH3)2+OH'O3SO(CH2-)]ICH3, with the proton of the cationic
amine oxide involved in hydrogen bonding with the sulfate anion.  Similar
structural features were also detected in the double Jong chain salts formed
between dodecyldimethylamine oxide and dodecyl benzene sulfonate or dode-

cane sulfonate anions (1,2).
4.4. DISCUSSION

4.4.1. LDAO/SDS Interaction

Mixing of cationic and anionic surfactant solutions results in the formation
of a mixed species that is more surface active than the individual component.
The enhanced synergistic effect has been explained (2,3) by showing that the
adsorption of a close-packed electroneutral R*R™ complex takes place to a very
significant extent (R* and R~ represent the long chain cation and anion, respec-
tively).  In the case of C,,- and C,,DAO, a 1:1 LDAO/SDS molar ratio pro-
duces a minimum in surface tension and is accompanied by an increase in the pH
of the bulk solution; the association seems 10 be of the type R*R”, in which the

protonated amine oxide plays the role of the cation, and the absence of visible
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Figure 4.6 Titration curves of the 3C,,DAO/SDS mixture at 0.2M (curve 1)
and C,,DAO at 0.2M (curve 2).  Titrations performed at 25 °C

and in the presence of atmospheric CO,.
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precipitate may be attributed 1o the solubilisation of the R*R" complex in the
solution.  In Chapter 2, it was shown the amine oxide molecules are pro-
tonated in acidic medium, and that above pH 7, all the molecules are practically
in the nonionic form. However, an acid-base equilibrium shift may be induced
by the addition of long chain sulfate (21). From the Gouy-Chapman theory
of the electric double layer (22,23), a diffuse layer of counter ions builds up
near a charged surface. When the surface is negatively charged, one well
known consequence is the adsorption of protons at the surface, leading to a
lower surface pH value than the bulk. The acid-base equilibrium state of
amine oxide can be significantly modified due to the presence of long chain sul-
fatle in the molecular assembly; the equilibrium is shifted toward the cationic
side even when the bulk pH is higher than 7.  In the region where LLDAO is in
excess, the association is probably [cationic (LDAOH*) anionic SDS] nonionic
(LDAO), while [cationic (LDAOH*) anionic (SDS)] anionic (SDS) is formed
when SDS is in excess. Equal molar concentration results in [cationic
(LDAOH") anionic (SDS)] complex, and since there is no excess surfactant
present, precipitation should be observed. = However, there is no indication of
precipitation even when the total solution concentraﬁon is as high as 0.35M.
Only when the pH is adjusted to below 9 does precipitation take place.

Therefore alternative explanations must be considered.

The second possibility is that the interaction occurs between neutral amine
oxide and SDS, with adsorption of H3O+ jons on the aggregate surface.  This
type of association not only explains the increase in the pH but also the absence
of visible precipitation for any given mixing ratio in the concentration range
studied. = This interpretation 'is supported by the titration behaviour of, for
example, the 3:1 LDAQO/SDS mixture (see Fig.4.6): above pH 12, addition of

HC! neutralises the excess OH™ ions in the bulk. When more H* ions are
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added, the concentration of H* ions increases in the bulk until surface néutrali-
sation occurs below pH 10, and around pH 9 precipitation of the 1:1
LDAOH*/SDS complex takes place.  Since the amine oxide is in excess, below
pH 7 when all the long chain sulfate molecules have been consume& in the pro-
duction of the complex, protonation of amine oxide occurs, reminiscent of the

titration of pure LDAO solution.

Although it may be argued that the ciloice of the words proronarion and
adsorption in the present contexli is probably somewhat semantic, in the sense of
the distance of the proton from the micelle surface, nevertheless they are
different.  For amine oxide the former implies an actual covalent bond forma-
tion between the oxygen and hydrogen atoms, while adsorption only indicates
the presence of hydrogen ions near the vicinity of the head groups without the
covalent bond being formed. It is by necessity that the difference between
them be realised in the present case in order to achieve a satisfactory interperta-

tion of the results.

4.4.2. Liquid Crystalline Phasc

Another feature of surfactant-water systems in addition to their ability to
form micellar solutions, is that they can also aggregate into lyotropic liquid cry-
stalline phases when intermicellar interactions are significant. Typically,
non-Newlonian and highly viscous behaviours are usually found for these
liquid crystalline solutions.  There is a multitude of such liquid crystalline
structures (24), and preference of one siructure over another is usually deter-
mined by the characteristics of the surfactants forming the system.  For the 3
C,, or C,,-DAO/SDS mixed system, all evidence including X-ray diffraction
patterns (not published dala) suggesis that they do form liquid crystal phases.
It is also interesting to note that increasing basicity of the solution results in a

corresponding increase in the relative vicosity, which suggests that the
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association between nonionic amine oxide and the sulfate favours an enhanced
solution viscosity.  Therefore, it seems that in the absence of added base, the
nonionic form of amine oxide is also responsible for producing viscous mixture,
with adsorption of protons at the surface, leading to an increase in the bulk pH

value.

4.4.3. Chain Compatibility

The difference in properties when the aliphatic chain of amine oxide con-
tains more than 14 carbons is atiributed, in part, to the mismatch of the hydro-
phobic chain with that of the SDS.  The extra terminal segment resulis in a
disruptive effect on the packing of the surface active molecules.  The observed
association behaviour in the case of Cl , or C,,DAO with SDS is then also due to
the maximum cohesive interaction between hydrocarbon chains, in addition to
the reduced electrostatic repulsion in the head groups.  Chain length compati-
bility effects in different systems have been discussed by other investigators
(25-27). Solubilisation of the 1:1 amine oxide/SDS complex is also deter-
mined by this chain length compatibility effect which may contribute to the
absence of visible precipitation in C,,/C,, and C,,/C,, mixtures; however, a
closer look at the results of the C,¢ Oor C,5-DAO/SDS mixtures seems to rule
out this possibility.  For example, consider the C,gDAO/SDS systems in the
reginn where SDS is in excess. Since the total surfactant concentration is
5x1073M, the amount of excess SDS is much less than its CMC, ~ 8x1073M
(28); therefore there is no micelle available 1o solubilise the complex ‘fomied
between the protonated amine oxide molecule and the sulfate anion, if it is
indeed formed.  Furthermore, incompatible double long chain salts are usually
less soluble in the component in excess; hence visible precibitation should be
observed in the region under discussion, but experimentally the mixtures are

“clear and isotropic. This simplc reasoning seems 1o suggest again that



62

adsorption of protons on the mixed micelle surface is responsible for the increase

in bulk pH value, a possibility raised previously.
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CHAPTER FIVE

MONOLAYER PROPERTIES
OF
OCTADECYLDIMETHYLAMINE OXIDE
AND
'SODIUM ALKYL SULFATE

5.1. INTRODUCTION

In the previous chapter, results were presented on the micellar properties of
binary mixtures of surfactant solutions consisting of alkyldimethylamine oxide
(C]:,_ to C,g alkyl chains) and sodium dodecyl sulfate. It was reported that
upon mixing, striking alteration in physical properties was obsérved, most not-
ably in the viscosity, surface tension, and bulk pH values. These changes
'were attributed 1o 1) formation of elongated structures, 2) protonation of amine
oxide molecules, and 3) adsorption of hydronium ions on the mixed micelle sur-
face. In addition, possible solubilisation of a less soluble 1:1 complex, form
between the protonated amine oxide and the long chain sulfate was also con-
sidered.

In this study, the monolayer technique is used to investigate the surface
properties of octadecyldimethylamine oxide and sodium octadecyl sulfate, as
single component films and in combination.  The interpretation of the results
provides a direct understanding of the mechanism of interaction between these

two surface active agents.,

Goddard and Kung (1) studied the surface characteristics of docosyldi-

65
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methylamine oxide alone and in mixed films with nonadecylbenzene sulfonate.
The amine oxide single component film showe;d large variations with the pH of
the substrate, but the mixed films did not reveal evidence of pronounced
interaction. However, these autuours indicated that a differential thermal
analysis study of the shorter chain homologs, dodecyldimethylamine oxide and
sodium dodecylbenzene sulfonate, did show interaction between these com-
ponents, in accord with results obtained from studies of agqueous solution con-
taining similar materials (2).  They suggested that the choice of more. suitable
spreading solvents, 1o effect more complete mixing of the components would
enable the detection of interaction between tlhese two species. As will be

shown in this work, mismatch of the long chains may account for their results.
5.2. EXPERIMENTAL

5.2.1. Chemicals

Octadecyldimethylamine oxide (C,;DAQ) was a commercial solution sam-
ple from Onyx Chemical Company, Jersey City, N. J. (25% active).  After
evaporating the solvent in a rotary evaporator under reduced pressure, the crude
product was recrystallised several times from ethyl acetate.  The final product
was dried and slore in vacﬁo over P,0,. Sodium octadecyl sulfate (SODS) was
a sample prepared in this laboratory previously, and was recrytallised from
ethanol before use.  Sodiwm dodecy] sulfate (SDS) was obtained from Aldrich
Chemical Company, and was of 98% purity. It was further purified by
repeated crystallisation from ethanol followed by ether extraction. Benzene
and methanol were gold-label reagent grade, purchased from Aldrich Chemical

Company (Metuchen, N. J.).
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5.2.2. Solution Preparation

The spreading solutions were prepared as follows: C,;DAO was dissolved
in 45/5, the SODS in 25/25, the SDS in 40/10, benzene/methanol mixture.
The concentrations of these solutions were 1.157x10°3M.  For mixed mono-
layers, mixtures at different volume ratio were made from stock solutions prior
to spreading.  The aqueous subsirates used were unbuffered, and the experi-
ments were performed in the presence of atmospheric CO,. Deionised-

distilled water was used to prepare the substrate.

5.2.3. Apparatus

The experimental apparatus employed was described elsewhere (3).
Briefly, surface pressures were determined continuously from surface tension
measurements using a sand blasted platinum blade, suspended from a
transducer-amplifier (Sandborn, model 311A).  The transducer signal was fed
1o a X-Y recorder.  Surface potential was measured with an electrometer
(Keithley, model 610B) using an air electrode coated with 22Ra and an

Ag/AgCl electrode in the subsolution.

The surface of the subsolution was cleaned by first dusting it with Talc
powder and then sweeping the surface with a Teflon slide from one side of the
trough to the other.  The Talc powder along with the impurities (if any) were
then removed using suction from an aspirator.  This was done several times to
make sure no impurities remained on the surface. The monolayers were
.spread evenly on the surface using an Agla microsyringe. A time interval of
ihree minutes was allowed for spreading solvent to evaporate from the mono-
layers. Three 10 five monolayers of each solution were made, and the results

reportied are average values.
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5.3. RESULTS

5.3.1. Single Component Systems

Surface pressure-area (7-A) and surface potential-area (AV-A) isotherms of
C,3DAO on 0.01M NaCl subsolution at various pH values are shown in Fig.5.1.
At the highest pH investigated, pH 10.9, the amine oxide is in the nonionic form
and gives rise to the most expanded curve as well as a lower collapse pressure.
Reduction in bulk pH results in contraction of the film. At pH 2.2, pro-
tonated amine oxide predominates and resulted in a less expanded curve.
However, the least expanded film is obtained at an intermediate bulk pH
value,viz.,, pH 5.5. The film is expected to be composed of both nonionic and
cationic forms of the amine oxide molecules at approximately a 1:1 mole ratio,
as suggested by the acid-base titration behaviour of its C,, homolog {Chapter
2).  These results are in agreement with the monolayer properties of docosy!-
dimethylamine oxide reported by Goddard and Kung (1); however in their case
the amine oxide also shows a phase transition from expanded to the condensed
states, and that the film condensation upon ionisation is mofe pronounced than
in the case of C;gDAO. The surface potentials of amine oxide films vary
strongly with the bulk pH of the subétrate, and hence the cationic/nonionic
ratio of the constituent molecules in the film.  With a formal positive charge
on the nitrogen in the cationic species, it is expected that the cationic film has
the highest potential. = However, the mixed film of cationic and nonionic amine
oxides exhibits an even higher potential than the completely ionised film, while
the nonionic species (_pH 10.9) shows the lowest potential.  This behaviour is
also seen with the C,, homolog which shows a maximum in surface potential in

the vicinity of pH 5.6 under identical experimental conditions.

In Fig.5.2 the #=-A and AV-A plots for SODS on 0.01M NaCl subsolutions

having different pH values are shown.  In all cases, phase transitions from
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Figure 5.1 Effect of pH on 7-A and AV-A isotherms of octadecyldimethy-
lamine oxide (le)AO) at 25°C, 0.01M NaCl subsolutions (NaOH

or HCI/NaCl).  Substrate pH: 1-10.9, 2-5.5, 3-2.2.

60

401

Surface Piessure dynescm

AV

~1600

-400

~200

|pljudjo4 9304NG

AI.LI

20 40 60 80
2
X / Molecule



70

Figure 5.2 Effect of pH on 7-A and AV-A isotherms of sodium octadecyl
sulfate (SODS) at 25°C, 0.01M NaCl subsolutions (NaOH or
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liquid-expanded to liquid-condensed state are evident (4).  Acidification of the
subsolution .increases the transition pressure but the transition is less pro-
nounced at the lowest pH studied. This is also acdompanied by an expansion
of the condensed part of the the curve.  Small negative surface potentials are
observed over most areas.  The highest potential is obtained for film spread on
the pH 2.2 subsolution.  For small areas, the surface potential attains a posi-
tive value.  This may be related to reorientation of the dipole moments of The
molecules which occur once a threshold surface concentration is exceeded (5).
Mingins and Pethica (7) studied the monolayer properties of SODS on various
sodium chloride solutions (0.1, 0.01 and 0.001M) at 9.5°C, and they showed
that the monolayer is only stable on the more concentrated salt solutions (0.1
and 0.01M). In the present study, no noticeable difference in both the 7 and

AV results were observed from the different experimental runs.
5.3.2. Mixed Component Systems

C,3DAO/SODS

These systems were examined at three subsolution pH values; namely 10.9,
5.5, and 2.2 (0.01M NaCl), and various compositions.  The compression isoth-
erms are shown in Figs.5.3, 5.4, and 5.5, respectively, and for comparison, isoth-
erm of C,;;DAQ is also plotted. At high pH values, interaction between the
1wo components is quite noticeable.  Addition of SODS produces a condensing
effect on the film (with respect to C;gDAO film in all cases, and in most cases
with respect 10 SODS film).  The phase transition which is characteristic of
the SODS curve, is still evident at all mixing ratios. = Reduction in transition
pressure is observed for the mixed films with increasing SODS content up to the
equimolar mixture, which shows the lowest transition pressure.  Thereafter

the value increases when the amount of SODS in the film becomes excess. In
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Figure 5.3 7-A and AV-A isotherms of mixed films of C,gPAO and SODS
on pH 109 (NaOH), 0.01M NaCl
C,gDAO/SODS ratio: 1-4:1, 2-3:1, 3-2:1, 4-1:1, 5-1:2, 6-1:3, 7-1:4.
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Figure 5.4 7-A and AV-A isotherms of mixed films of C,sPAO and SODS

on pH 5.5 (HCI, 00IM NaCl subsolution at 25°C.
CmDAO/SODS ratio: 1-4:1, 2-3:1, 3-2:1. 4-1:1, 5-1:2, 6-1:3, 7-1:4.
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Figure 5.5 7-A and AV-A isotherms of mixed films of C;sDAO and SODS
on. pH 2.2 (HCD, 0.0IM NaCl subsolution at  25°C.
C,8DAO/SODS ratio: 1-4:1, 2-3:1, 3-2:1, 4-1:1, 5-1:2, 6-1:3, 7-1:4.
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terms of the C]8DAO/SODS molar ratio, the 4:1 and 3:1 mixed films have
higher collapse pressures than the C;gDAO film, but lower than that of the
" SODS film. The 2:1 and 1:1 mixtures form solid films, and the isotherms
become identical at high pressure and small area, but the equimolar mixture
shows the most condensed film for large areas. = Mixed films containing excess
SODS show the highest collapse pressures, suggesting these films are quite
stable.  Surface potentials of the mixed films generally fall between the values
of those of the pure component films.  However, for small areas mixtures con-
taining excess amine oxide show an even higher potentials than the pure

C,gPAO film, probably due 1o closer packing of the molecules.

Mixed monolayers on the pH 5.5 subsolution (Fig.5.4) show pronounced
condensation, indicating very strong interaction among the components; which
include both the cationic and nonionic forms of amine oxide, as well as the long
chain sulfate. The most condensed curve is observed for the 2:1 amine
oxide/SODS mixture, closely followed by the equimolar mixture, and at high
pressures the two isotherms become identical.  Unlike the case at high pH sub-
solution, no phase transition was detected in the present case. = Surface poten-
tials of the mixed films fall between those of the amine oxide and SODS at con-
stant area. However, the 4:1 and 3:1 films have surface potential values that

are slightly higher than the pure amine oxide film at small area.

At the lowest pH value of the subsolution investigated, viz., pH 2.2, the
amine oxide molecules are protonated, therefl ofe large interactions are expected
with an anijonic substance, such as the long chain sulfate.  Such an interaction
is reflected in the monolayer behaviour of the mixed film, as shown in Fig.3.5.
The mixed films are all more condensed than the pure component films, with
the equimolar mixture exhibiting the most condensed curve. . Phase transitions

are still detected in some cases when the SODS content is in excess, but with
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lower transition pressures than the SODS single component film, and the transi-
tion pressure increases with incréasing amount of the anionic constituent. A
well defined film collapse is observed only when the amine oxide is in large
excess (4:1 and 3:1). All others become incompreésible at high pressures.

The surface potentials are similar to those discussed previously.

C,,DAO/SDS

Mixtures of C,4DAO/SDS were spread on subsolutions of pH 10.9 (NaOH)
and pH 5.5 (HCl), and 0.01M NaCl.  Since SDS is highly soluble in water and
hence has a high desorption rate, compressions were made al a faster speed.
- The resulting curves were fitled such that the vertical portion of each curve
corresponds 1o 20 4%/molecule, which approximates the limiting value of an
alkyl chain, if the original curve show a value smaller than that.  Figs.5.6 and
5.7 show the fitted isotherms for pH 5.5 and pH 10.9, respectively. At low
pH, it appears that the addition of SDS causes contraction of the film, and that
transition in film type is evident for all mixtures. It also appears that the
relative degree of film contraction increases with increasing amount of SDS in
the mixed film. However, with excess SDS in the mixture, the apparent
increase is probably caused by the desorption of SDS. At high pH, ihe mixed
isotherms are similar to those obtained at low pH, except that the transition in
film type is evident only when the amount of SDS is equal to or greater than
the amount of amine oxide.  There seems to be a more systematic increase in
film contraction with increasing amount of SDS in the mixed film.  Interaction
between the two components is definite, since SDS alone did not reveal a reason-

able compression pattern under the present experimental conditions.

5.4. DISCUSSION
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Figure 5.6 #7-A isotherms of mixed films of C;gDAO and sodium dodecyl
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Figure 5.7 7-A isotherms of mixed films of C,;DAO and SDS on pH 10.9
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(NaOH), 0.01M NaCl subsolution at 25°C. Each curve is fitted
such that the high pressure region corresponds to 2042 if the
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1-4:1, 2-3:1, 3-2:1, 4-1:1, 5-1:2, 6-1:3, 7-1:4.

o2
A / Molecule



79

5.4.1. C,,DAO Films

The unusual feature of alkyldimethylamine oxide monolayers is that the
ionised form yields a less expanded film than the nonionised species, contrary to
the expectation that the presence of charged head groups should resulti in a more
expanded film, due to electrical repulsion among the charges.  This particular
characteristic of amine oxide films has been attributed (1) to the ability of the
hydroxy group in ionised amine oxide to hydrogen bond, this leads to a reduc- .
tion in repulsive forces among the head groups, giving rise to the condensing
effect upon ionisation. At an intermediate pH, viz., pH 5.5, the appearance of
cationic species can cause the condensing effect by associating with the nonionic
species, since the ionisable proion is capable of hydrogen bonding to the neigh-
bouring oxygen thereby decreases the average distance between adjacent head
groups effectively. In the bulk solution, this effect manifests itself in an
increase in the viscosity if the solution concentration is sufficiently high.
From the acid-base titration studies of the C,, and C,, homologs (Chapter 2), it
was reported that the appearance of cationic species leads to a substantial
increase in the solution viscosity, reaching a maximum value at half ionisation.
This change in viscosity was explaingd in terms of reduction of repulsion, and

the formation of elongated micelles.

The surface potential of the nonionised species is relatively high for a non-
ionic surfactant.  This indicate that there is a sirong dipole in the head group.
which is the primary cause of expansion of the ilm.  Mixtures 61” cationic and
nonionic species have yet an even higher surface potential values, this may due
to, at least in part, the closer packing of the molecular assembly in the hAlm,

consequent of the diminishing repulsion in the head group region.

It has been shown in Chapter 2 that the cationic form of amine oxide is

more soluble in water; it has a higher CMC value than the nonionised amine



80

oxide. More importantly, a C-13 nmr study of this class of compound
(Chapter 3) indicated that the degree of penetration of water molecules into the
micellar core increases with increasing cationic character of the micelle (up to
three carbons of a fully ionised micelle), resulting in an upfield chemical shift of
carbon atoms near the head group region with increasing degree of protonation
of the micelle surface. = The condensing effect on the monolayer upon ionisa-
iion can therefore be considered as a consequence of the increased solvation; the
molecules penetrate into the bulk aqueous substrate. At an intermediate sub-
strate pH, the protonated molecules are more soluble, and are therefore more
embedded in the subsolution, while the nonionised fraction remains higher in
the surface in order 10 minimise paraffin-water interfacial area. = Under these
conditions, the monolayer can assume the least expanded configuration, because
of possible "staggering” of the surfactant molecules, and this spatial arrange-
ment is best seen at half ionisation.  Further acidification of the agueous sub-
strate increases the fraction of molecules jonised, but the condensing effect due
to increased solvation is offset by an increased electrical repulsion between
neighbouring charged head groups, resulting in a slight expansion of the mono-
layer.  This interpretation is most consistent with both the C-13 nmr and the

monolayer results.

5.4.2. SODS Films

For an ionised monolayer, a relatively large surface potential is expected,
negalive in sign for a long chain sulfate monolayer. However, the present
results show that the surface potential is small, indicating that the surface is
probably not completely ionised, or that the counter ions, although dissociated,
are within a very close vicinity to the plane of the negatively charged interface,
as was suggesied by the electromotive force determination of the apparent bind-

ing of counterions (Na* ions) on the sodium dodecyl sulfate micelle surface (6),
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and on sodium tetradecyl sulfate micelle surface from the an electrochemical

study (8).

The expansion of the film with increasing acidity of the substrate may
caused by the competition of counterions at the interface. = The swamping
amount of H* ions in a low pH subsolution competes with Na* ions at the nega-
tively charged interface.  Such competition has been shown to exist between
H* ions and K* ions at the negatively charged micelle-solution interface (9).
Studies on the counterion effects in sodium docosyl sulfate monolayers (5, 10)
have shown that the film expansion follows the sequence Li* >Na* > K*. It

follows that H* should give rise to the most expanded film.

5.4.3. Mixed Films

Isotherm data from two-component monolayers are frequently represented
by plotting the mean molecular area as a function of Blm composition at con-
stant surface pressure. A linear relationship is usually obtained when the two
components are immiscible or when they form an ideal two-dimensional solu-
tion. For miscible components, deviations from ideality result in a non-
linearity in the plot. Positive deviations indicate an increase in the area occu-
pied by either one or both components, probably d'ue 10 a more repulsive
interaction in nature, whereas negative deviations are indicative of condensation.
Figs.5.8-5.10 represent such plots for the systems C,;DAO/SODS studied on pH
10.9, 5.5, and 2.2 subsolutions, respectively.  Clearly thesc two components
interact favourably so as to produce condensation of relatively large magnitude.
At least 1two factors are involved in the process: 1) chain length compatibility
and 2) head group interaction. ~ The former is responsible for the hydrophobic
interaction between the chains: compatible chains results in maximum cohesive
interactions between the alkyl groups while incompatible chains have a disrup-

tive effect on the packing of molecules in the monolayer.  Shibata er al (11)
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Figure 5.8 Mcan molccular arca vs. composition plots for C;gDAO/SODS
mixed films spread on 0.01M NaCl, pH 10.9 (NaOH) subsolution
at 25°C.
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Figure 5.9 Mecan molccular area vs. composition plots for C,3PDAO/SODS
mixed films spread on 0.01M NaCl, pH 5.5 (HCl) subsolution at

25°C.
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Figure 5.10 Mcan molecular area vs. composition plots for C,BI)AO/SOIJS

mixed films spread on 0.01M NaCl, pH 2.2 (HCI) subsolution at
25°C.
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have shown that the most pronounced condensing effect is usually observed
when the two components have equal chain length, for a fixed total number of
carbon atoms.  This compatibility is imj)ortant in determining the properties
of mixed micellar solutions, which has been shown in Chapter 4, and in the for-

mation of microemulsion systems (12-14).

The second factor, namely the head group interaction, can also influence the
surface properties of mixed surfactant solutions markedly. In particular,
anionic/cationic surfactant mixtures exhibit the largest effect (15,16). In
nonionic/anionic surfactant mixtures, a synergistic effect can still take place to a
significant extent, as revealed in Fig.5.8 (pH 10.9. nonionic amine oxide with
anionic long chain sulfate), since insertion of nonionic surfactant molecules into

an ionic surfactant molecular assembly minimises electrostatic repulsion (17).

As mentioned in Chapter 4, except in a very acidic medium in which the
the amine oxide molecules are protonated by the excess protons already present
in the bulk solution, it is also possible that the strong interactions between these
two species is a reflexion of an induced acid-base equilibrium shift of the amine
oxide in the aqueous medium, brought about by the addition of the long chain
sulfate.  As is known from the Gouy-Chapman theory (18, 19), a diffuse
layer of counter cations builds up and anion depletion is established near a nega-
tively charged surface.  One additional consequence of this negative surface
poiential is the accumulation of protons at the surface and hence the surface pl
is lower than the bulk value.  The presence of a long chain sulfate in an amine
oxide molecular assembly can therefore significantly modify the acid-base
equilibrium state of amine 6xido; production of the protonated species is
enhanced. This interpretation is confirmed by the solution behaviour of
C,3PAO/SDS mixtures.  Solutions of these two components have been shown

to be turbid and birefringent, and the addition of SDS 10 C,gDAO results in the
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_production of filament-like structures and an increase in the bulk pH value.
This suggests the formation of a new species between protonated C,;DAO and
SDS, which is also responsible for the surface tension lowering (Chapter 4).
The increase in bulk pH value is then a consequence of the consumption of
hydrogen ions in the production of the cationic amine oxide, and the protonated

amine oxide and the long chain sulfate precipitate out stoichiometrically.

Mixtures of compatible chain systems, viz.,, C,,DAO/SDS and
C,4DAO/SDS, lead to the formation of mixed micelles and are also accompanied
by an increase in the pH of the solution.  However, the increase in pH in these
two cases may notl be caused by the protonation process. Protonation in its
usual sense implies an actual bond formation. If the amine oxide molecules
are protonated, then an jon-ion interaction with the sulfate will be reflected in
the bulk by the formation of an insoluble I:1 double long chain salt; the
absence of precipitation would then be indicative of the absence of any substan-
tial ion-ion interaction.  In the cases of C,,DAO/SDS and C,,DAO/SDS mix-
tures, since no precipitation occurs for all mixing ratios investigated, the
observed increase in bulk pH is probably caused by the adsorption of H30+ ions
on the micelle surface, rather than actual protonation of amine oxide molecules.
Only when there are sufficient protons available, such as with the addition of an
acid, will protonation of the amine oxide and the formation of the double chain
complex take place. . This alternative interpretation of the increased pH value
has been considered previously.  Therefore it is proposed that 'thefe are two
different mechanisms, both of which are needed in order to explain the interac-
tions between alkyldimethylamine oxide and alkyl sulfate satisfactorily.
When the alkyl chains match in length, parafin-paraffin interaction js maxim-
ised, the formation of mixed micelle is favoured and is accompanied by the

adsorption of hydronium ions on the surface. ~ When the alkyl chains do not
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match, head group interaction predominates, and protonation of amine oxide is

favoured, resulting in the formation of a 1:1 inscluble complex.

Goddard and Kung (1) have investigated the mixed monolayer properties
of docosyldimethylamine oxide and nonadecyl benzene sulfonate under condi-
tions identical to this study. @ The mean molecular area versus composition
plots show small positive deviations from ideality, and the #-A curves of the
mixed films are of similar shape. This is probably caused by the presence of
the benzene ring in the chain; this bulky group has a negative steric effect on the
packing of the alkyl chains.  Nevertheless, favourable interactions can still be
expected. Kolp er al (2) investigated the solution behaviour of the shorter
chain homologs, dodecyldimethylamine oxide and dodecyl benzene sulfonate in
dilute solutions.  They found that the protonated amine oxide molecules and
the long chain sulfonate precipitate metathetically. = Removal of the bulky
group optimises the packing of the chains, and can produce synergistic effects.
Another study (20) has confirmed that mixtures of dodecyldimethylamine
oxide and sodium dodecane sulfonate show a pronounced surface tension lower-
ing upon mixing, and that precipitation occurs only in dilute solutions. = Hence
the expected but not detected interaction betu’eeb C,, amine oxide and nonade-
cyl benzene sulfonate is therefore also a steric effect caused by the presence of

bulky group in the mixed molecular assembly.
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CHAPTER 6

SOLUBILISATION AND MICROEMULSION
THE DUPLEX FILM MODEL

6.1. INTRODUCTION

One phenomenon closely related to the micelle solubilisation process is the
formation of ihe so-called microemuisions.  The term was first introduced by
Hoar and Schulman (1) to describe the transparent or transluscent systems
which form spontaneously when oil and water (brine) are mixed with a rela-
tively large amount of surfactani and a cosurfactant (usually a medium chain
alcohol). Typically, microemulsions consist of dispersions of very small
drops with radii of the order of 50-500 a of either oil-in-water (O/W) or
water-in-oil  (W/0). Microemulsions differ from ordinary emulsions
(macroemulsions) in two main aspects. namely their thermodynamic stability
and the lack of turbidity. However, the former point is still under discussion
(2), and there does not exist a universally accepted definition of a microemul-

sion (3).

Schulman (4) postulated that the surfactant and cosurfactant can produce
a mixed adsorbed film that could result in a transitory negative interfacial ten-
sion between oil and water, leading to a decrease in interfacial free energy which
favours spontaneous microemulsification.  This model (known as the duplex
film) has been criticised and subsequently refined to include other effects on sys-
tem free energy which become significant for small values of interfacial tension,

such as the increase in entropy caused by dispersion of a phase into small drops.

Q0
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Rehbinder (5) recognised that the interfacial tension need not to be negative for
spontaneous microemulsification, as long as the tension is low enough such that
the free ehergy decrease caused by the entmpy‘of dispersion outweights the
increase in interfacial free energy from dispersion. This idea has been
extended by others (6-8). Ruckenstein (9) also showed that the adsorption of
surfactant at the surface of a drop is another factor which favours dispersion.
An increase in interfacial area is accompanied by a decrease in free energy of an
adsorbed surfactant molecule compared to that of a molecularly dispersed state
in the bulk phase. = More recently, Rosano and Lyons (10) have shown that
the adsorption of cosurfactant molecules at the drop surface also reduces the
system free energy.  Miller and Neogi (11) have developed a thermodynamic
model for dilute microemulsion systems which includes the combined effects of
bending and dispersion. The duplex film model is used for the interface.
Their model yields interesting predictions of microemulsion behaviour, but some
of the parameters used to characterise bending effects are not readily related to

known properties of the surfactant (12).

Rosano et al (13) héve investigated microemulsions prepared from alkyldi-
methylamine oxide/sodium alky! sulfate/oil/brine (5% NaCl) mixtures without
added alcohol as cosurfactant.  This particular choice of surfactant mixture
has been shown, in Chapters 4 and 5, 10 possess the potential to produce
microecmulsions, since these two surfactants interact strongly so as to lower the
surface tension of water even further, a necessary (but insufficient) criterion for
spontaneous dispersion, as discussed above.  This chapter describes the study
made on the amine oxide/alkyl sulfate microemulsion systems using the duplex

film method which permits a direct study of the oil-monolayer interaction.
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6.2. EXPERIMENTAL

6.2.1. Chemicals

Octadecyldimethylamine oxide (C18DAO) was a commercial sample from
Onyx Chemical Company, Jersey City, N.J. (25% active).  After evaporating
the solvent the crude product was recrystallised several times from ethyl ace-
tate.  The final product was dried and stored in vacuo over P,O;.  Sodium
octadecy! sulfate (SODS) was a sample prepared in this laboratory previously,
and was recrystallised from ethanol before use. Reagent grade oils, n-
dodecane (nC,, ), n-tetradecane (nC, ,) and n-hexadecane (nC, ) were purchased

from Aldrich Chemical Company, Milwaukee, WI., and were used as received.

6.2.2. Solution Preparation

The spreading solutions were prepared as follows: C,,DAO was dissolved
in 45/5, the SODS in 25/25, benzene/methanol mixture, and the concentration
of these solutions was 1.157x1073M. For mixed monolayers, amine
oxide/sulfate mixtures were made from the stock solutions prior to spreading.
Since i1 was reported that a 1:1 mole ratio produpes the lowest surface tension
(Chapter 4) as well as the most condensed film (Chapter 5), mixed monolayers
at this ratio was chosen for the present investigaiion. The hydrocarbon
spreading solutions were pfepared by diluting ~0.25 mL of the oil to 25 mL in
volumetric flasks with benzene. The surfactant and the hydrocarbon solu-
tions were spread separately with Agla microsyringes to produce the duplex
film. The amount of oil spread was calculated 1o correspond to a duplex film
thickness of ~ 200-400 4, typical of the radius of an O/W microemulsion dro;
plet. A 0.01M NaOH, 5% NaCl solution was used as the subsirate.
Compression of the film was started after 3 min. of deposition to allow solvent

evaporation. The experimental apparatus employed has been described in
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Chapter 5 and elsewhere (2,14).
6.3. RESULTS

6.3.1. C1 gDAO Systems

Figure 6.1 shows the surface pressure-area (7-A) isotherms of C,sDAO
(curve 1) and its duplex films (curve 2 with nC,,, curve 3 with nC, ), spread
on 0.0IN NadH. 5% NaCl subsolution.  Since the substrate is highly alkaline,
all the amine oxide molecules are essentially nonionised (Chapter 2).  The
expanded nature of the monolayer, discussed in Chapter 5, was attributed to the
presence of a strong dipole in the head group, evideni by its positive surface

potential which is relatively high for a nonionic surfactant.

Addition of nC,, causes a slight expansion of the film (curve 2), and the
collapse region of the duplex films, for all practical purposes, is about the same
as that of the pure C,;DAO monolayer. The magnitude of expansion caused
by the addition of nC,, (not shown) is very close to that of the nC,, oil.
The nC, , duplex (curve 3) on the other hand, shows a greater expansion as well
as higher collapse pressure, suggesting this film is probably more stable.
Monolayers are usually more expanded at the oil/water interface than at the
air/water interface (15,16), due to the penetration of oil molecules into the film,
and the relative magnitude of expansion can be related to the compatibility of

the oil and surfactant chain length.

6.3.2. SODS Systems

The 7-A isotherms of the SODS systems are shown in Fig.6.2.  Except
for the nC,, duplex, phase transition which is characteristic of SODS (Chapter
5) is detected in all cases. It is seen also that the relative magnitude of expan-
sion increases with increasing oil chain length; the nC,, which is more compati-

ble to the SODS gives rise to the most expanded film.  This observation again
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Figure 6.1 Surface pressurc-arca (#-A) isotherms of C,gPAO monolayer
(curve 1) and duplex films (curve 2 with nC,,, curve 3 with
nCm), spread on 0.01M NaOH, 5% NaCl subsolution at 25 °C,
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Figure 6.2 Surface pressurc-arca (z-A) isotherms of SODS monolayer

dyne/cm

Surface Pressure

(curve 1), and duplex films (curve 2 with nC,,, curve 3 with

nCH. curve 4 with nCm), sprcad on 0.01M NaOH, 5% NaCl sub-
solution at 25 °C.
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illustrates the importance of chain compatibility effect, a concept already dis-
cussed in Chapter 4, as well as by many other invesiigators.  For example,
Shah and Shiao (17) studied the average area per molecule in mixed monolayers
of alkyl alcohols.  They found that minimum area/molecule is obtained when
both components possess the same chain length, and interpreted the results in
terms of the thermal motion of surfactant molecules in the monolayer.  The
colllapse pressures of these films do not vary from each other significantly.
~ The near constancy in the collapse pressures suggests that these’ﬁlms have about

the same stability.

6.3.3. C, 8DAO/SODS Mixed Systems

The isotherms for these systems are shown in Fig.6.3.  The mixed mono-'
layer shows a much higher collapse pressure than either of the pure film, indi-
cating an enhanced stability upon mixing, caused by the strong interaction
between the two surfactant species.  Addition of nC,, does not alter the film
features to any significant extent, since the oil molecules are unable to penetrate
into the monolayer, due to the large difference in the chain length, therefore
they are “"squeezed" out of the film on compression (2).  The nC,, duplex
shows expansion on compression, and become incompressible at high pressure; it
increases the stability of the film.  Optimum penetration of oil molecules inlo
the film is observed with nC,,, but this reduces the stability of the film, as evi-

dent by the slight lowering of callapse pressure.
6.4. DISCUSSION

6.4.1. The Duplex Film Model

It was originally postulated by Schulman (4) that microemulsification
occurs when the surfactant and cosurfactant, in the right ratio, produce a mixed

adsorbed film that would reduce the interfacial tension (y,) between the oil and
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Figure 6.3 Surface pressurc-area (#-A) isotherms of 1:1 C,gPA0/S0ODS
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water to below zero.  There would then be a free energy -y, dA available for
dispersion, where A is the interfacial area. = The interfacial tension in the pres-

ence of the mixed film is given by

Yi = Yorw — T [6.1]

where vy, .. is the O/W interfacial tension without the film present and =, is the
spreading pressure of the film. If the oil molecules penetrate the monolayer,
the film pressure #; increases.  If 7, exceeds y,_,_., y; becomes negative, and at
equilibrium vy, attains the value of zero.  If the concept of zero interfacial ten-
sion is accepted, stabilisation of microemulsion is implied (18).  In the case of

a duplex film,

Yi = Yarw — Yotra — 70 (5 Yoy — 7)) [6.2]

where y, ... is the air/water surface tension, y_,. is the oil/air interfacial tension,

and mp, is the measured spreading pressure of the film.

According to Rosano ez af (2, 19) an insoluble liquid monolayer of a surfac-
tant species at its collapse pressure (nc) can be considered as a duplex film one
molecule thick and that 7 = 7. In the presém CasEs, Y, == 72 dyne/cm
and vy, =29 dyne/cm, or 7, =43 dyne/cm when y; = 0.  Therefore if the
experimental 7, value is greater than 43 dyne/cm, negative interfacial tension is
attained, resulting in a spontaneous dispersion. Refering to Figs. 6.1, 6.2 and
6.3, it is seen that all the duplex films show collapse pressures that are greater
than the critical value (it should be noted that these experimental values are not
the equilibrium values), suggesting all are capable of forming microemulsions
which is clearly not the case. Microemulsification has been shown to be a
highly selective process; only with the right combination of surfactants and oil

would such a process take piace (2,13).
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However, according to Eq.6.2 a change in the interfacial tension between oil
and water is necessarily acocompanied by a change in the collapse pressure of the
film due to the presence of oil molecules (difference between the duplex and the

monolayer), since both Ay,,, and Ay , are zero, viz.,

Ay, = —Amp {6.31

If the collapse pressure of the duplex is greater than that of the monolayer,
interfacial tension reduction is achieved' (Ay;, = negative).  Eq.6.3 therefore
represents another restriction in the duplex film theory for spontaneous disper-
sion.  Of the systems investigated, most are thereby ruled out as possible can-
didates capable of forming microemulsions, except the C,gDAO/nC,. and
C,gPAO/SODS/nC, , systems.  The former seems to be unlikely; from experi-
ence, microemulsions usually do not form with only a single surfactant, with
no added cosurfactant.  The second system is more likely to form microemul-
sions, since the combination of C, 8DAO and SODS resembles amphiphiles with
double chains, which are known to form microemulsions without other addi-

tives (20, 21).

6.4.2. Amine Oxide/Alkyl Sulfate/Oil/Brine Microemulsion

Rosano er al (13) have made a systematic study of the forma"don of
microemulsions using alkyl sodium sulfate (with alky! chain containing 12 to
16 carbons) as the surfactant, oclanc through hexadecane as the oil, and aqueous
solutions of alkyldimethykamine oxide (dodecyl through hexadecyl) as the
cosurfactant. The cosurfactant was added by titration. Although no
attemptl was made 1o form microcmulsions with the octadecy! homologs, the
surfactants used in the present study, a parallel can still be drawn between the
1wo studies. It was reported that out of the forty-five combinations, only

sixteen resulted in the formation of microemulsion, demonstrating the highly
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specific nature of the process. It is interesting to note that these systems
always go' through a highly viscous phase during titration prior to the
occurrence of microemulsification.  The viscous state signifies the formation of
‘mixed micelles, which was discussed in Chapter 4, and dispersion of oil follows,
corresponding to the onset solubilisation of oil molecules into the interior of the

mixed micelle.

In a subsequent investigaton using the vapour pressure technique, Cavallo
and Rosano (22) demonstrated that microemulsification is a concerted,
structure-forming process; in the microemulsion region the solution exhibits a
vapour pressure which is much less than that of the system without the oil.
Using the present duplex film results and assuming the droplets are spherical,
Cavallo and Rosano were able to calculate the molecular weight and the radius

of the drop, and reasonable values are obtained.

6.5. EPILOGUE

It is clearly demonstrated in this thesis that microemulsification is very
closely related 10, if not the same as, the phenomenon of micelle solubilisation.
In order 1o gain an insight into the facinating field of microemulsion and emul-
sion teghnology in general, one must rely on a good‘ understanding of the (com-
paratively speaking) simpler micellar systems.  This can only be achieved by
starting with a detailed study of the surfactant solution by itself; this is the
characterisation stage. ~ Only from here is it possible 1o increase the complex-
ity of the system by introducing additives but yet be able to explain the obser-
vations, leading to a prediction of the future, such as the phase behaviours of
other systems, as well.  Indeed, a number of research groups (23-25) have
gone back to the fundamental study of micellar solutions, coincidentally, in a
concerted manner, with the aim that it can lead to a better understanding of the

physical chemistry of microemulsion systems.
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APPENDIX A

CHAIN-CHAIN INTERACTION ENERGY

When one surfactant molecule leaves the aqueous solution and enters the
micelle, it liberates an energy w,  Here the paraffinic part is considered since
the polar head group remains in contact with water. The total energy
liberated in this manner, in the formation of half micelle of N molecules, is not
exactly Now,, because in the model employed here, the peripheral molecules
remain partially wetted by water. Let us call o the fraction of a peripheral
molecule that is in contact with water. The energy liberated by such a

molecule is then w,(1 - o).

Let us calculate the number n of peripheral molecules.  If [ is the distance
between two peripheral molecules in a hexagonal array, the perimeter of a circle

passing by the first row of molecule is:

2 (R—l_f.)nz | [A1]

where R is the radius of the micelle.

If o is the area occupied by one molecule:

o= Y32 | [A2]
and that the total surface area of the half micelle is:

No= nR? [A3]

therefore we obtain:
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— l — 2 —
n=(@rVI VN -3 = 33VN 2.7 [A4]
The energy liberated due to chain interaction in the half micelle is then:

Wo=I[N-a(3.3VN — 2.7))w, [A5]
or, substitution of Eq.[A4] into Eq.[AS5):

Wo=IN — a(3.3VN — 2.7)), [A6]

" Hence addition of one molecule to the aggregate will liberale an energy

given by:

d“lo —_ (l _ 1-650’
dN vN

)0)0 [A 7]



APPENDIX B

HEAD GROUP INTERACTION ENERGY

In the case of a half micelle, let us calculate the energy dW /dN = W _ to be
supplied 1o a molecule in order to overcome the eletrostatic force when the
molecule enters the structure. It is assumed that the electrostatic moment of
a molecule does not decrease when it is placed in a depolarising field. = Bringing
together from infinity to a distance ! two identical and parallel dipoles with
moments m, it is then necessary to supply an energy of m2/Ki3 (K = dielectric

constant of the medium).

We now refer to Fig.Bl.  In order to bring a dipole to position 0 which is
on the periphery, energy has to be supplied.  This energy is separated into two
parts: the first part W, deals with dipoles already present within the distance
py- In view of the short distances which are involved, it is reasonable to do
the calculation dipole by dipole. ~ The second part W, is calculated by method

of continuous analysis dealing with dipoles with distance from O larger than p,

We consider W , first.  Inan area rdfdr, we have rdfdp/o dipoles where
o is the area occupied by one dipole.  The energy W , needed to place one

dipole in O is therefore:

m—o .
W,, = fj‘m rd 0 dr [B1]

The solution of the double integral is:

(7—20) + In tang)- [B2]

W= _m m
27 bR o RA p 2
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Figure B.1 Schematic representation of half micelle for the calculation of
head group interaction energy.
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and that p, and ¢ are related by:

po = 2R sind [B3]

If there are N dipoles in the circle with radius R, then from Eq.[A3] and

Eq.[B2]:
= B T — 20 &
W,, down 10V N ( 2 sing + In tan?) [Bfﬂ
with
5 )=
B= T \/.” [B5)
Kof

Consider now the area S limited by the circle of radius R and the circle of

radius Po-  This area contains N, molecules, therefore:

S =Ngyo [B6]

Let us evaluate ¢ as a function of Ny and N.  The exact expression of S is:

S = R2[7w — sin2¢ — (7 —2¢)cos 2] [B7]

¢ is generally quite small, therefore we may use the series expansion to the o?

term:

2
S = 2R ¢ n —_.g_ab —13‘?1_ +od (B8]

and from Egs.[A3] and [B5]:

[B9]

solving for &:
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1
1 Noyz,, V2 20+3172 No
o= () [1+_= ( _ (B10]
v2 N 3¢ 3672 N
The expression for W, is therefore:
lnN
4,3 1 No
(Z+2in 2)( )2 — [B11]
3 2 37v2 N

The choice of N, depends on the packing of the molecules, and it is reason-
able 1o chose a number between 4 and 10.  For example, if N,= 8 (close-pack),
it is necessary 1o consider the seven closest neighbours located on the same side
of a straight line passing the reference molecule, so we have three molecules at
distance [, three molecules at distance 312/ and one at 2I.  The energy W e IS

given by:

;- om? 1,1

laking into acoount Egs. A2 and B5 we obtain:

3

34 1,1
J, = — B13
W, B2J2ﬂ(3+73+8) [B13]

The head group interaction energy is therefore:

3
)

2
14}- +
2J277 J3 8 3JN sy ER1B 14l ]

_B[ JN 27N




APPENDIX C

ENERGY OF FORMATION

OF
CYLINDRICAL MICELLES

Basic Hydrostatics

From the equation of motion in cylindrical coordinates we have:

__1d Pr

[C1]

where r is the distance from the centier of a circle outward, PT is the stress ten-

sor in the © direction (© being the angle of a wedge inscribed in a circle), and Py

the stress tensor in the r direction.

Equation [C1] can be written as:

dPy

1, Pr
= e r+r
0 r(P]\ T ar

)+ L

r

or,

dar . r

[C2]

which describe the condition of local mechanical equilibrium.  Let P, be the

isotropic stress tensor in the bulk:

d[r(PA—Pb)]=

— P
dr Pr b

and
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dlr¥Py — P,)]
dar

-_-'-':r(PN +P7""2Pb)

dlr3(Py — P,
[r(]dvr b)]=r2(2PN+PT—3Pb)

Intergration of Egs.[C3], [C4] and [C5] leads to:

Ts
r(Py =Pl = [ (Pr—P)ar

i
rz(PN—Pb)/ ::=fr (PN +PT—2Pb)dr

Ta

| . |
r Py =P [P= [ r¥A2Py + P — 3P,) dr

r

where o and £ are the inner and outter phases, respectively.

If (P - P,) =0 asr—0, Egs. C6-C8 resulted in the following:

0=f(P7 —Pb)dr
0 .

0= frPA-dr + frPTa'r - 2ferdr
0 (] 0
rearrangement leads to

o0 (=]

fr(PT — Py )dr = fr(Pb — Py )dr
0 0

and

0= 27"21’1\' dr + 77' prdr — 3?7'2Pb dr
0 0 0
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=3 [r2Pydr + [r2Prar —3[r2Pdr — [riPyar
0 0 0 0
or

(-~

Jrpy = Pp)ar =3[ 1Py — P, dar [C11)
0 0
Let P, be the value of Py when r=0, intergration of Eq.[C2] gives:

jm—m

PO_Pb=_0 -

dr [C12]

Thermodynamic Relationships

Consider the system treated previously is confined in a cylinder with
radius L such that L contains the non-uniform interfacial region. Using a
wedge portion with angle © and and length Z.  Let N; denotes the amount of
surfactant molecules therein. At equilibrium the state of this portion is

determined by the variables L, T, N,, Z and ®. At constant T:

dF =dW + Y u;dN, [C13]

where F is the Helmholtz free energy and dW is any mechanical work done on
the system brought about by any infinitesimal change in Z and © by an amount
of dZ d® in order 1o increase the surface area of this wedge portion.  This
work can be divided into two components: work needs to be done in expanding

©, and to elongate Z, dW, and dW,, respectively, such that

L
dW, = —@dZ [ rPrdr [C14]
0

and
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L
dW, = —Zd © [ rP;dr [C15]
0

At constant g, Eq.[C13] can be written as

d(F — Tu; N )=dW =dW, + dW, [C16]

and at constant T, L and Z, Eq.[C16] becomes

L - L
d(F — L N;)=—0dZ [ rPrdr — zd @ [ rPiar [c17]
0 0

For a cylindrical system, F - T #.N; is a homogeneous equation of ®and Z

of the second order, hence
: L L
F = LuN; =—_10Z [rPrdr + 26 [ Prar]
= 0 0

L .
! , oo |
= _3@241 (P; + Pp)dr [C18]

Alternatively, direct intergration of either Eq.[C14] or [C15] will result in an

equivalent expression 1o Eq.[C18] as well:

L
F"ZﬂiNi:'—@ZfrP]‘dr
[4]

and

L
F=YuN =-Z @frPT'dr
0

therefore

L L
[rPrar = [rPiar [C18-a]
0 0
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Defining E as

E=F 4+ P,V = YN, [C19]

where V = ® Z L2/2.  Eq.[19] can be written as
E=F + P,nZL%*— Y pu; N, [20]
if ® is in radians.  Since d(P,Z L?/2) = P, ® Z L dL, from Eq.[C18]:

L L
E= -_;_@)z [ripr + Pi)ar + 0z rPyar
0 [4]

L
= —%[@Z_(/;r(PT + Py — 2P, )dr] [C21]

and from Eq.[C18-a]

. .
E=-8z[r(P; — P,)dr [C21-al
0

If L is chosen such that Py= P,, the upper limit in Eq.[C21] may be replaced by

T =o0Q

For the complete system of a cylinder and its surroundings @ =2 7,V =17

122,dV =2 7 rZdr, and
F —XuN; =—[(Pr + Pr)av , [C22]
‘,'

E.=—[(Pr + P —2P)av [C23]
A

or

E =-2[(P —P)aV [C23-a)
‘I
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where E_is the value of E for the complete cylinder.

The Free Energy of Formation

‘We now introduce the concepts of surface tension and the surface of ten-
sion. Consider a hypothetical system consisting of a cylindrical region of
radius R and length Z, with uniform pressure P, separating from its surround-
ings at pressure P, by a merpbrane of zero thickness with tension 0. We now
match the forces and moments in this hypothetical situation with the real sys-
tem.  We take a vertical plane through the center of each system and consider
a segment on that plané of length 8Z. The forces and moments acting on one

side of this segment in both cases are therefore equal,

oo R o
dz [ Prar =87 [Podr +8Z[ P,ar —8Z [C24]
[4] 0 r

and

oo R co
dz [rPrar =8z [rPuir +8Z [ rPydr — 8Zr o [c25]
0 0 R

where Eq.[C24] describes the force balance and Eq.[C25] describes the moment

balance.

Rearrangement of Eq.[C24] leads to
oo R o
8z [(Pp — P,)dr = 87 [ Podr —8Z [ Pydr —8Z 0
0 0 R

=—8Z 0+ (Py— P,)8ZR [C26]

however, according to Eq.[C9), the L.h.s. of this expression is zero, therefore:
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(Po—Py) = 7‘;- [c27)
Rearrangement of Eq.[C25] leads to
o R
szuofr(p, — P, )dr =82_£r(Po —P)ir —8Zr ¢
=8Z(Py— P, )_Rz_2 —8ZRo [Cc28]
Substituting Eq.[C27] into Eq.[C28] gives
8Z oR = —282fr (Pr — Py)dr [C29]
and when compared with Eqs.[C21-a) and [C23-a] yields
E. =27ZRo | [c30]

Equation [C30] represents the expression of the free energy of formation of a

cylindrical micelle.

Hall and Mitchell (J. Chem. Soc. Faraday TransJI 79, 185 (1983)) have
used this model to derive an expression for the free energy associated with the
formation of a spherical droplet.  Their equation is identical 1o ithe one derived
by Sérensen (Chem. Eng. Commun. 20, 93 (1983)), based on classical, thermo-
dynamic nucleation theory modified 1o take into account a variable surface ten-
sion in the formation of a critical droplet. Therefore, this (mechanical-

thermodynamical) approach seems 1o be a valid alternative.



