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ABSTRACT

A dielectric study of systems exhibiting molecular
association by Michael H Boyle.

Vo

Time domain spectroscopic methods have been developed
and in combination with bridge methods have provided
interpretable data on selected alcohol-water systems and
micellar solutions of nonionic surfactants.

Dielectric relaxation studies have shown that addition of
water to an alcohol causes a reduction in the relaxation
time of the principal dispersion which for all compositions
is Debye-type. The relaxation behaviour has been inter-
preted using a model based on hydrogen-bond rupture and
subsequent dipole reorientation. The possibility of
relaxation times being modified by the formation of
associated species has been examined.

Static permittivites of the polyoxyethylene dodecyl

ether surfactants Clen (n =4, 6 and 8) and Brij 30 in
binary mixtures with water are interpreted as originating
from normal micelles at all compositions. In C;,E, and
Brij 30 mixtures, the behaviour at higher surfactant
concentrations is most successfully described by hetero-
geneous mixture equations for spherical dispersions;
deviations at low surfactant concentration are attributed
to either oblate spheroidal micelle shape or secondary
aggregation of micelles. Axial ratios for oblate
spheroids have been calculated using equations derived

in this work. In mixtures containing higher n-ethylene
oxides, the heterogeneous mixture approach becomes
progressively less applicable because of smaller micelle
size and an increasing contribution of molecular
association between surfactant headgroups and water.

Static permittivities of C,,E, and Brij 30 in ternary
mixtures with water and an n-alkane are attributed to
normal micelles at some compositions and inverted micelles
at others. Results for microemulsions of C;,E, have been
interpreted as indicating micellar inversion in which
normal spherical micelles change to oblate spheroidal

with increasing temperature and then invert to form prolate
spheroidal and finally spherical inverted micelles. Axial
ratios for both types of spheroidal shape have been
calculated.
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Chapter 1 Introduction

1.1 Alcohol-water mixtures - Introduction
Since the explicit recognition of the existence of

the hydrogen bond, there has appeared a very

extensive number of papers dealing with such bonding
(1). In alcohols, H-bonding frequently leads to the
association of molecules into clusfers ranging from

dimeric complexes up to large chain-like structures.

In pure alcohols, complex equilibria exist between
single, unassociated molecules commonly referred to
as monomers, and a large number of H-bonded species,
both of the open linear and closed cyclic type
referred to as multimers (2). A number of authors
have suggested specific association complexes for
the pure alcohols involving small sized clusters such
as the tetramer (3, 4) but the weight of evidence is
now in favour of association involving long chains
(5, 6). Studies of alcohol-water mixtures have led
to the suggestion of small complexes involving four
alcohol molecules and one water molecule in some
alcohol-water mixtures (7, 8). In contrast to
alcohol-water mixtures, molecular association in
binary and ternary mixtures involving surfactants
leads to micelle formation involving aggregation of

a large number of molecules (9, 10, 11, 12).



1.1.1.1

This thesis describes an attempt to gain more

information on molecular association using

dielectric methods, where the associated mixtures

under investigation have been:

(1) alcohol-water mixtures,

(2) micellar solutions of non-ionic surfactants
in binary mixtures with water and ternary

mixtures with hydrocarbons and water.

Alcohols

A variety of techniques including dielectric methods
have been applied to the study of liquid alcohols.
In dielectric studies, information on molecular
association has been obtained from two basic aspects,
namely:

(i) Static permittivity, and

(ii) Dielectric relaxation.

Static Permittivity

Association between molecules arises from short
range interactions due to H-bonding with near
neighbours. Such interactions were neglected in
the earlier theories of Debye (13) and Onsager
(14), but were included in the later theory of
Kirkwood (15).

In order to account for short range interactions,
Kirkwood introduced a dimensionless correlation
parameter 'g', the so called g-factor, which

indicates an average parallel orientation of



neighbouring dipoles when g > 1, whereas an
average anti-parallel orientation is indicated by

g < 1,

An open linear chain will give g > 1 whereas a

closed structure will give g < 1.

Chain dimer structures for alcohols are

illustrated in Figure 1.

Figure 1
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The Kirkwood-Frdhlich equation (Chapter 2

equation [é.é])has been used to determine g-values
for alcohols. The values obtained will be subject
to some error due to uncertainty concerning the
appropriate value of ¢_. In the extensive early
determinations of Dannhauser and Cole (16), a
”somewhatiarbitrary” choice of ¢ = 2.4 was
adopted as a ''reasonable compromise' between the
value given by the high frequency limiting value

of the principal dispersion, and that given by



n? (n = refractive index). In later works, the
value selected has ranged between 1.0 n? (17)

and 1.1 n? (18).

Garg and Smyth (19 ) studied C3 to C;; n-alcohols
over a range of frequencies up to 136 GHz.
Comparison of the interpolated e values with
refractive index data by the same authors
indicates that the assumption that e = kn?
where k lies between 1.0 and 1.1 is justified,
although the scarcity of high frequency data
points gives some uncertainty. In contrast,
results for the secondary alcohol cyclohexanol
(20 ) suggest a rather higher value for e¢_, and in
the absence of detailed experimental relaxation
data for alcohols other than the normal type, it
is possible that the e values for such alcohols
may be significantly in error. However, despite
this uncertai£%§? it is well established that
for the n-alcohols g is significantly greater
than unity, being typically within the range 2.5
to 3.1 at room temperature (16, 18,31 ),
indicating extensive self-association of the

open linear type.

Similarly high g-values have been reported for
other alcohols such as the secondary alcohol

cyclohexanol (17) indicating similar association.



Tertiary butanol has g = 2.12 at 25° C (18)
indicating some degree of steric hindrance to
linear association. In contrast, for more
sterically hindered alcohols such as the octanol
isomers 2 methyl- and 3 methyl 4 heptanol -values
of g = 1 andg< 1 have been reported (22),

indicating the presence of closed structures

Many authors have suggested that the behaviour of
the n-alcohols and other unhindered ones such as
the secondary alcohol cyclohexanol is most satis-
factorily explained on the basis of association
involving long chains of indefinite length

(eg 6, 16, 17).

Using a method for calculating the g-factor which

was an extension of the earlier work of Oster and

Kirkwood (23), Dannhauser and Cole (16) considered
a model of infinite chains of doubly H-bonded

molecules. - o -

It was assumed that there exists a distribution
of chains of varying lengths governed by the
association equilibria:

(ROH)n + (ROH) 2 (ROH)n + 1

with equilibrium concentrations governad by an
equilibrium constant K given by

PO
_nr1_ a1 AH = TAS
K=t c, P [ RT )



where Cn concentration of polymer

CO = gross monomer concentration
AH = activation enthalpy
and AS = activation entropy

The authors obtained the following approximate
expression for the mean g-value of an n-membered
chain, §n, in which the group moments along the
O-H and O-R bonds were 1.55 D and 1.20 D

respectively with the ROH bond angle = 105°:

- _ 2.00
gn = 2.40 + 0

(n > 1)

and g; = 1

The mean g-factor g was then given by

©o

= _ 1 = - : 3
g = CO ngnCn = 2.39.— 2.00a“ + 0.61a
n=1
Cy
where o is defined by z = (1 - KCooc)2
o

For AH in the range 25 to 35 k J mol~! and AS

in the range 65 to 105 J mol~!K~!, they reported
that the temperature dependence of g in butyl al-
cohols was satisfactorily accounted for, but the
low temperature value of g = 2.39 for 1 butanol
was too low, even when the uncertainty in the
experimental value of g due to uncertainty in e_

was included.

They suggested that this discrepancy in g was at

least partly due to the 'crude assumptions' of the



model with the assumption that K is independent

of n being particularly doubtful.

In a subsequent paper, Dannhauser and Bahe (18)
reported g values for C;, C, and C3 alcohols in
addition to the C, data and values for all the
alcohols were given for a wide range of temper-
atures. TFor MeOH, the values of AH and AS were
rather lower than for the other alcohols and for
all the alcohols, the authors noted that the AS
valueé were considerably more negative than those
given by Pimentel and McClellan (1). Although
this discrepancy was noted, it was not discussed.
The success in giving the correct temperature
dependence of g is considered significant but the
discrepancies between both the low temperature
values of g with experimental values and that of
AS with literature data reveals limitations in the

approach.

An alternative approach favoured by some authors
has been one based on a smaller association
complex of specific size. Fletcher (4) favoured
an open tetramer and Bordewijk et al (3) favoured
a closed tetramer where the g value is greater
than unity because the hydroxyl groups are not all
in the same plane. It should be noted that, in

contrast with the chain association model, neither



1.1.1.2

Fletcher nor Bordewijk et al calculated g-values
for these specific sized complexes. In addition,
the more recent work of Bordewijk et al (24)
favoured a large open structure of unspecified

size for pure alcohols.

As dilution of alcohols in non-polar solvents
reduces the self-association of the alcohol, such
studies have been extensively performed in order
to gain information on possible association
complexes. The experimental data for diluted
alcohols appears to be adequately accounted for
by association models involving equilibria of
monomers, dimers, trimers and possibly tetramers.

(4, 24, 25, 26).

It is considered that whilst there is much detail
concerning association complexes in alcohols still
to be resolved, the weight of evidence is
essentially in favour of the long chain model for
unhindered alcohols, whereas when steric hindrance
is significant, association is often limited to
small closed complexes such as dimers, trimers and
tetramers. Further, dilution of unhindered alcohols
in non-polar solvents also reduces association :to

similar small size complexes.

Dielectric Relaxation

Relaxation studies have revealed that the dielec-



tric dispersion of unhindered alcohols may be
described by three relaxation times, t;, T, and
T3 where 17 > T, > T3 (19, 20 ). The principal
dispersion is due to the t1; process and if A;,
A, and A3 represent the amplitudes of each
dispersion, it is generally assumed that these
three regions describe the entire dipolar relax-
ation behaviour of the alcohol, ie

A1+A2+A3=€S—€m

where e 1is the high frequency limiting value of
the dispersion. The highest frequency

dispersion region (ie t3) is generally attributed
to reorientation of the OH groups in free monomers

around the C-O bond (19).

There is some disagreement concerning the cause
of the 1, dispersion. Garg and Smyth (20),
Jakusek and Sobczyk (27) and Crossley (28) have
suggested that it is due to monomer rotation but
Glasser et al (29) suggested that t, is a mean
of monomer values with either small multimers or
a polymer chain segment such as an -OR group

rotating about its bond.

By far the most pronounced dispersion is that
associated with the 1, process and at present the
interpretation is the 1eastbclear. For the
n-alcohols t; increases regularly with

increasing alkyl chain length, ranging from



54.4 ps for MeOH (30) to 2.019 ns for 1 decanol

at 20° C (19) and the dispersion is Debye-type
(single relaxation time). Sterically-hindered
alcohols such as 3 methyl 4 heptanol do not
exhibit the t; relaxation and it is thus sensitive

to the steric environment of the OH group.

There are two basic approaches in the explanation
of the t,; dispersion. The first is based on chain
like association following the model of Kauzmann (31
-33) which considered dielectric relaxation in
terms of H-bond rupture followed by rotation of
monomers, where H-bond rupture is the rate
determining step. Dannhauser and Flueckinger (5)
studied isomeric methylheptanols and observed
Debye-type relaxation for all the liquids studied
but the activation energies for the dispersion
were found to be sensitive functions of the isomer
structure. This led them to conclude that H-bond
rupture is not the rate determining step but
rather a prerequisite for dipolar reorientation.
They suggested that, because the local structure
remains on average chain-associative, dipolar
reorientation is, of necessity, co-operative and
occurs relatively infrequently; but when it does
occur they Suggested that the orientation rate is
.dependent on both the shape and size of the

molecule since both of these properties will

- 10 -



affect the interaction between a molecule and its
near neighbours. Campbell et al (34) suggested
that on the basis of the Dannhauser ahd Fleuckinger
model (5), a monotonous shortening of 1, on
dilution would be expected due to reduced mole-
cular association but for C, to Cg alcohols in
cyclohexane, these authors observed an initial
lengthening of t; on dilution. They added that
co-operativé effects by the solvent would not be
expected since in cyclohexane solute - solvent
interactions were minimal. An initial increase

of v on dilution was also reported by Sagal (35)
for ethanol in cyclohexane, Hanna (36) for

1 butanol in tetralin and decalin, van den Berg et
al (37) for 1 butanol in hexane and tetrachloro-
methane and Komooka (38) for 1 hexanol in cyclo-
hexane. In contrast, both 1 propanol and 1 butanol
exhibited a monotonous fall in t; on dilution in
the more electron donating solvents 1, 4 dioxane,
benzene, chlorobenzene and pyridine (39). Sagal
(35) suggested that the observed behaviour could
be explained on a model where H-bond rupture and
dipole reorientation occur when a monomer molecule
approaches the associated chain with its oxygen
favourably orientated for a 'switch', where the
oxygen may be present in a monomer or at the end

of a chain structure.

- 11 -



Figure 2 R - Switch Model
of Sagal (35)

The initial lengthening of r& was attributed to
a solvent-screening effect giving increased
resistance to rotation due to the presence of more

bulky cyclohexane molecules.

A similar 'switch' interpretation was suggested

by Campbell et al (34), but these authors
suggested that in the pure alcohol, the linearly
associated chains become entangled which thus
increases the proximity of ali molecular species
enabling the switch to be more rapid. With
initial dilution, the chains become less entangled
without becoming shortened, thus increasing ;.

On further dilution, there is an increase in the
fraction of unbonded oxygen atoms as the chain

structure is broken thus again reducing t;.

The results of van den Berg et al (37) revealed

- 12 -



an increase in 1 on dilution to approximately

0.5 mf of alcohol and that over the range of
concentrations in which t increased, the

g-factor remained constant at the pure alcohol
value. Below 0.5 mf of alcohol, both t and g
decreased. The authors suggested that the close
correspondence between 1 and g indicated that the
dielectric relaxation was due to linear multimers,
but the authors did not make proposals concerning

the size of such multimers.

Campbell et al (34) made no reference to the data
of van den Berg et al but the observed relation
between g and Tt could be accounted for on the
"entangled-chain'" model if the behaviour over the
range of concentrations from pure alcohol down to
0.5 mf is attributed to chains becoming less
entangled in such a way that the net association
between entangled chains is such that the g-factor
is unaffected. This is not an unreasonable prop-
osal since entangled chains would not be

expected to produce a highly ordered lattice=type
structure, thus in some regions an increase in g
will occur, whereas in others there will be a’
reduction in g so that, on average, the net change
in g is zero. Further, since the g-values of pure
alcohols can be adequately accounted for without

reference to entangled chains, it seems reasonable

- 13 -



to assume that such entangled chains do not affect

the measured average g-factor.

The 'solvent screening' proposal of Sagal (35)
is considered more difficult to reconcile with the
data of van den Berg et al (37) since if such
screening is the cause of the observed initial
increase in t on dilution, it would be reasonable
to expect that the g-factor would be affected due
to reduced association which is not in accord with

the experimental data.

The other approach in explaining the 1; dispersion
has been due to Bordewijk et al (3) who suggested
that the only associated species in the pure
-alcohol is a highly polar cyclic tetramer which is
retained during reorientation. This model
satisfactorily accounts for the Debye-type relax-
ation of the 1, process but it was disputed by
Campbell et al (34) on the basis of observed
similar relaxation times for C, to C;y n-alcohols
diluted to below 0.3 mf in a non-polar solvent
(34, 19) where the principal dispersion was Debye-
type down to quite low concentrations. These
authors suggested that, since several associated
polar species are likely to exist in similar
proportion at these low concentrations, their

_observations '"throw considerable doubt" on

- 14 -



Bordewijk's hypothesis.

It should be added that the presence of similar
proportions of several associated polar species
at low concentrations has been confirmed by infra

red data (4).

It is considered that, although the mechanism of
the xi dispersion is not yet fully accounted for,
since the existence of self-association

involving long chains 1is reasonably firmly
established, a mechanism of H-bond rupture, and
thus chain breakage, followed by reorientation is
at present the most satisfactory. A model based
on the 'switch' proposal of Sagal seems parti-
cularly suitable with the entangled-chains
suggestions of Campbell et al (34) rather than

solvent screening being preferred.

1.1.2 Water
The dielectric properties of water have been
extensively studied and have been considered in
detail in recent treatises by Hasted (40) and

Grant et al (42).
1.1.2.1 Static Permittivity ss

The static permittivity of water is accurately
described by the expression

e = 87.740 - 0.4008T + 9.398 x 107T2 - 1.410 x 10“6Ta



where T is the temperature in °c (43).

It is well established that liquid water has a
high degree of short range order and thus, since
g is high, the Kirkwood g-factor would be
expected to be substantially higher than unity.
Determination of g-values using the Kirkwood-
Frohlich equation [2.3]has posed considerable
difficulty however, since at present the
appropriate value of e¢_ is still unresolved.

If the value corresponding to the high frequency
limit of the principal dispersion is adopted
following Hill (44), a value of g = 1 at 25° C
is obtained which, as Grant et al (42) noted, is

rather unlikely.

Zafar et al (45) proposed that a second relax-
ation process occurs in the far infra-red region
which had a value of ¢_ of 1.8 (= n2?). When
equation [ 2.3 | is applied, a value of g = 2.8 is
obtained. However, Afsar and Hasted (46) have
suggested that the dielectric behaviour in the
far infra-red region is better explained in terms
of a resonance absorption process, rather than
one of relaxation, thus the value of €, must be

regarded as still undetermined.

Theoretical approaches to account for the

magnitude of g and its temperature dependence,

- 16 -



together with g-factor estimations, have been

applied by a number of authors.

X-ray studies by Bernal and Fowler (47)

established that water molecules, like ice, are

tetrahedrally H-bonded. Two basic types of

approach commonly adopted to describe liquid

water behaviour have been

(i) the bond bending model (47, 48), and

(ii) characterisation of water by a significant
number of broken bonds together with the
presence of some zero bonded molecules

(49, 50).

Pople (48) developed a model in which the
majority of H bonds were regarded as distorted
rather than being broken. He assumed that all
molecules in liquid water are H-bonded to 4
neighbours each at a fixed distance ﬁo' The
nearest neighbour was thus constrained to be Eo
distant from the central molecule, but the
distances from the central molecule to the second,
third and further neighbours will be dependent on
the extent of bond-bending. This is illustrated

in figure 3.
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Figure 3

Nearest ¢D

Neighbour Third

Neighbour

A Second
Central Neighbour
Molecule__

Each lobe represents either an O-H bond or a lone
pair of electrons. He further assumed that each
water molecule is exactly tetrahedral so that the
angles between O-H bond directions and lone pair
directions are all arc cos —-%). On this mbdel
an H-bond is considered undistorted when both the
O-H of a donor water molecule and the lone pair

to which it is H-bonded lie along the oxygen-oxygen
line of the two molecules, giving zero bond- |
bending energy when all the H,0--H,0--H,0 angles
are tetrahedral as in ice I. When either the lone
pair direction or the O-H bond direction depart
from the oxygen-oxygen line by an angle ¢ the bond
is distorted, giving an increase in the energy of
the system AU given by:

AU = k(1 - cos @)

¢
where k¢ is called the H-bond bending force

constant. The radial distribution function of
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the second and third neighbours was derived by
statistical mechanics and analytical geometry
and the value of kQ which gave the best fit with
X-ray diffraction data was selected. Application
of the Kirkwood theory to this model predicted a
temperature dependence of g in close agreement
with experiment but the absolute values of g
were too low. This discrepancy has been
attributed to neglect of the field contribution
from further neighbours and revised calculations
by Eisenberg and Kauzmann (51) have given g
values in close agreement with the experimental
ones. Pople also obtained satisfactorily high
g-factor values of 2.60 at 0° ¢ falling to 2.46

at 83° C.

Using a model of water characterised by a
significant proportion of broken bonds, Haggis et
al (50) considered water as a statistical assembly
of molecules forming 0, 1, 2, 3 and 4 bonds with
surrounding neighbours. By assuming that the
probability of H-bond forming or breaking is the
same for all bonds, with the probability of a
broken

given type of bond, i-j, beingkgiven by

m, .f,(T) exp [_%%] where f£;(T) is a function

1J and “Misj is the number of bonds of Hype i-j bebveen hvo wakr qajt’eaa/’q

of temperature only, The probability of a given
bond being formed at the same time was given by

n. 1°nj—1f2(T’p) where f,(7T,p) is a function

1-
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both of the temperature and the condition of the
with p being the percepta of broken bonds ab temperafure T aad n; the
percen tFaqe of aggre o.ge,s zonfn;n]‘n t-bonds (1:0,1,2,3,4:), . .

surrouné&ng watel moleculésA Under equilibrium:

m; ;£1(T) exp [‘%%J = n;_;.ng 4 2,(T,p)

Following Pauling (52), the authors considered

that the latent heat of vaporisation, L, is made

up of two parts, the heat necessary to overcome

the van der Waals forces (W) and the heat

required to break the remaining H bonds, of which
er

3
there are tqumoleculex giving:

L—W)

p = 100 [1 - %

The value of p at 0° C was oLEanmeumq dielectric
data and assuming the van der Waaié» forces were
temperature invariant; using AH = 19 k J mol—1!,
both the value of'es and its temperature

dependence could be accounted for. G-factor
values were calculated for the four types of
associated structures with a value of g = 2.8 of O°C

being obtained for the four molecule complex.

Recent developments have been molecular dynamics
calculations by Rahman and Stillinger (535 on a
sample of water containinga216'rigid molecules
with the assumption that each okygen atom is
surrounded by a tetrahedral arrangement of four
point charges. At thé single temperature of
34.3° C, these authors obtained a value of

g = 2.72.
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All the theoretical approaches considered here
give g-values substantially higher than unity as
expected from the well-established high degree
of correlation in the liquid. The values are
also notably similar to the value of 2.8 af 25°C
obtained from equation [2.3] when the value of

e, of 1.8 given by Zafar et al (48) is used.

1.1.2.2 Dielectric Relaxation

The dielectric relaxation of water is character-
ised by a relaxation time 17 of 9.3 ps at 20° C
which exhibits a small distribution of values
with the relaxation time spread parameter

o = 0.013 (equation [2.8]) at this temperature (41).

Grant et al (42) suggested that the value of =
indicates that it is related to the movement of
individual molecules rather than clusters. These
authors added that the molecular dynamics
calculations of Rahman and Stillinger (53), which
used a model based on individual molecules, gave
a value of 1 = 6.7 ps at 34.3° C, which compares
very favourably with the experimental value of
5.6 ps thus giving further support to the monomer

reorientation interpretation.

Grant and Sheppard (54) have suggested that the
small distribution of relaxation times could be

explained using a bond breaking model in which
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the distribution is attributed to different H
bond strengths between symmetrically and
asymmetrically two-bonded water molecules, where
in the symmetrical case the H-bonding involves
either both protons or both orbitals associated
with lone pair electrons whereas in the
asymmetrical case the H-bonds are one of each
type. The dielectric relaxation was attributed
to the rate formation of one-bonded molecules

from two-bonded molecules.

1.1..3 Alcohol-water Mixtures

1.1.3.1 Static Permittivity eq

Since the static permittivity of water is higher
than that of any of the alcohols, using simple
additivity rules, it would be expected that the
addition of water to alcohols would result in a
steadily increasing value of ey as the water
content is increased. This behaviour was
observed by Akerlof (55) and Decroocq (56) in
methanol, ethanol and n-propanol-water mixtures.
However, work on longer alkyl chain alcohols has
revealed a fall in permittivity with increasing
water content and, in some cases, the presence

of a minimum value for €

This effect was observed by Brown and Ives (7) in
t-butanol water mixtures, Lawrence et al (8) in

cylcohexanol—water mixtures, and D'Aprano (57)
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in l-pentanol-water mixtures. Brown and Ives
suggested that the effect was due to the

formation of a relatively long life water-centred
aggregate in which four alcohol molecules are
H-bonded to one water molecule (4A/W). This
interprdhtion was also favoured by Lawrence et

al from viscosity, nmr and dielectric data. The.hfbr
authors reported dipole moment calculations based
on the aésumption of free rotation of the alcohol
molecules about the H-bonds connecting them to

the central water molecule which revealed that a
decrease in e, occurs with addition of water, when
linear multimers larger than tetramers are present
in the anhydrous alcohol; but if the multimers
are cyclic, the formation of the 4A/W complex leads
to an increase in ey Using this approach, these
authors were able to satisfactorily account for
the variation of g with water content for a
number of alcohols, together with its temperature
dependence. The water-centred 4A/W complex

model was also favoured by Lippold and Adel (58)
from dielectric, viscosity and nmr studies of

n-octanol-water mixtures.

Tjia (59) disputed the 4A/W complex model and
suggested that the divergence of the behaviour
of e, upon the addition of water to different

alcohols was due to differences in the structure
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of the corresponding complexes. In contrast

to the monotonous increase in €q when water is
added to ethanol, Tjia observed that, at low
temperatures, the addition of water to mixtures
of ethanol with the non-polar solvent
methylcyclopentane caused an initial reduction
in ey This was interpreted as indicating that
the type of complex is highly sensitive to the
density of hydroxyl groups of alcohol molecules
and that allowance should be made for the
existence of at least two kinds of complex. It
was suggested that one complex gave rise to a
relatively high dipole moment and the other a
relatively low dipole moment where the former
dominates at high densities of hydroxyl groups
of alcohol molecules. This dominance of the
former at high densities led Tjia to conclude
that it contains more alcohol molecules than the

low moment type.

Tjia suggested that the high dipole moment
complex was one containing two o multimers

(ie multimers with g > 1) joined by one water
molecule with their dipole moments aligning.

He added that proposed forms of the association
complexes were highly speculative due primarily
to uncertainty concerning the structure of the

o multimers.
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In the absence of a proposed structure for the
a multimers, the suggestion of an aggregate in
which two such multimers are joined by one water

molecule is considered unsatisfactory.

Hasted (40, 41) has calculated g-values for a
number of alcohol-water mixtures by assuming

that gy = g» = g in equation [2.6] and using
-~early ® experimental values for the static
permittivity, refractive index and gas-phase
dipole moment data. He noted that the theory had
limitations due to neglect of cross-correlation
terms arising from the correlation of dipoles

of species 2 with those of species 1.

The calculations revealed that for methanol-
water mixtures, as the alcohol content is
increased from zero, the g-factor increases to a
maximum at approximately 0.4 mole fraction (mf)
of alcohol at 20° C with a shift to lower mf at
higher temperatures. N-propanol-water mixtures
exhibited a minimum in the g-factor at
approximately 0.5 mf whereas t butanol-water
mixtures exhibited a progressive fall in g with
added alcohol to 0.6 mf above which g remained

almost constant.

The results for methanol-water mixtures were

interpreted as indicating a structure-making effect
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which maximises the g-factor. Conversely for
the propanol—watér mixtures, a structure-breaking
effect which is most pronounced at about 0.5 mf

was suggested.

In view of the fact that alcohol-water mixtures
contain two highly associated components, neglect

of cross-correlation terms is probably an unjustified
assumption which makes the results of the
calculations open to some doubt. This view is
strengthened by the proposals given by various
authors for the existence of a 4A/W complex which
indicates the importance of cross-correlation

effects.

1.1.3.2 Dielectric Relaxation

The relaxation behaviour of mixtures of polar
liquids has been discussed by Davies (60). The
author suggested that, if the relaxation prbcess
consists in single molecule reorientation, a
binary polar mixture should show separate
absorption centres corresponding to the
relaxation times of the two components. Further,
if the volume participating in the molecular
relaxation was sufficiently large to have a
composition indistinguishable from the overall
average, then only a single absorption effect would

be observed. This interpretation was proposed by
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Schallamach. (61) from dielectric dispersion
studies of a number of binary mixtures of polar

liquids.

Only one relaxation process was observed if both
components were associated or if both were
unassociated whereas mixtures of an associated
with an unassociated liquid exhibited two separate
relaxations. Davies (60) noted that the results
conformed to a general pattern in that the more
compatible pairs of liquids, eg two alcohols, two
ethers, bromide and aldehyde, appeared to merge
molecularly, thus giving the observed single
relaxation whereas the less compatible mixtures of
an alcohol with a bromide or an alcohol with an
ether could exhibit molecular segregation due to
the strong self-association of the alcohol

molecules thus giving two separate relaxations.

However, Schallamach's results were obtained only
for a restricted frequency range and in order to
traverse the dispersion region, the measurements
were performed over a range of temperatures. This
procedure was rightly criticised by Davies (60)

on the basis that varying temperature also varies
permittivity, viscosity and solubility values.

In particular, it was suggested that the range of

temperatures used would have probably exceeded the
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solubility limit for mixtures such as 1 propanol with
immmﬂ,LMmMg thus causing phase separation

effects.

Daumezon and Heitz (62) studied binary mixtures
of an alcohol with an alkyl halide at
temperatures between 120 and 160 K and

similarly observed two separate relaxations,
thus confirming the observations of Schallamach
for such mixtures. These authors attributed the
Debye-type lower frequency dispersion to
relaxation of the alcohol and the higher
frequency dispersion, which was not Debye-type,
was attributed to a co-operative process between
a weakly associated species involving alkali

halide molecules and alcohol monomers.

Studies of mixtures of alcohols by Denney and

Cole (63) and Bordewijk et al (3) did not reveal
resolution of component features but simply a
progressive shift from characteristics of the

one alcohol to those of the other, thus indicating
that these mixtures could be considered to have -

effectively provided a single environment.

If such behaviour were exhibited by alcohol-water
mixtures, the principal dispersion should exhibit
a progressive decrease in relaxation time with

increasing water content. This behaviour has
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been reported by Chekalin and Shakhparonov in
methanol and 1 propanol-water mixtures (64, 65).
Similarly, Peyrelasse (66) observed the effect

in methanol-water mixtures. Chekalin et al
attributed the relaxation to two single Debye-type
dispersions and interpreted the dielectric
behaviour using a chain association model where
water molecules replaced alcohol molecules in the
H-bonded chain. Their chain model for the alcohol-
water mixture exhibited the unusual feature of an
alcohol oxygen atom being involved in H-bonding

to the hydrogen atoms of two other .

molecules. These results of Chekalin et al also
showed that addition of water produced an increase
in the relaxation time of the higher frequency 1,

dispersion. This effect was not commented upon.

Peyrelasse (66) considered that the principal
dispersion was more accurately described by a
Cole-Cole arc relation (equation [2.8]) with
parameter o exhibiting a maximum value of 0.083
at about 65% by weight of alcohol (corresponding
to about 0.5 mf). The author noted that this
peak in o occurred at a similar composition to
the peak at 0.4 mf Qf alcohol in the g-factor for

methanol-water mixtures calculated by Hasted (41).

This approximate correlation of the peak in «
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with the peak in g led Peyrelasse to conclude that
addition of methanol to water increases the
molecular association. In the absence of other
darq .. . in which a maximum in the spread of
relaxation times, a, is related to molecular
correlation, g, this proposal is considered

unacceptable.

Tjia (59) observed a fall in relaxation time

for alcohol-water mixtures of 1, 2, 3 and 4
heptanol on the addition of water up to 0.15 mf.
The principal dispersion for 1 heptanol-water
mixtures was Debye type but the 2, 3 and 4
heptanol-water mixtures exhibited Cole-Davidson
skewed-arc behaviour where the g-parameter
decreased monotonously with increasing water
content. In order to interpret the relaxation
behaviour, Tjia suggested two possibilities. In
the first case, he considered his results could

be explained on the basis of cyclic alcohol-

water complexes of varying size. Alternatively,
the results were considered to be due to
dielectric friction effects associated with dipole-
dipole interactions in linear structures based on
a proposal that in alcohol-water mixtures which
exhibit a fall in static pefmittivity ey -On
addition of water, such as the heptanols at higher

temperatures, a decrease in the energy of the
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dipole-dipole interaction also occurs. This was
suggested as being quite plausible on the basis
that the dipole-dipole interaction energy
contributes to the activation energy AG and using
a . Kauzmann type relation (31): 7 = TbieXp [%%J

a decrease in AG would be accompaniéd by a fall in
relaxation time 1 which is in agreement with Tjia's
experimental observations. He considered that a
fall in Eq is likely to cause the dipolar
reorientation to be less hindered, giving a
reduction in friction on the dipole. It was
pointed out that this approach would also account
for the observed properties of ethanol-water
mixtures where addition of water causes a mono-
tonous increase in € and Hassion and Cole (21)
had reported a monotonous increase in relaxation
time T on addition of water to ethanol up to 5%

by mass.

An increase in 1 on addition of water was also
reported by Sarojini (67) in methanol-, ethanol-,
2 propanol- and 1 butanol-water mixtures up to
approximately 4% by volume of water, with the
effect being'most pronounced in the 1 butanol
mixtures. These mixtures also exhibit a mono-
tonous increase in €q on addition of water, giving
further support for Tjia's dielectric friction

interpretation.
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However, the relaxation data of Sarojini for
methanol-water mixtures is in disagreement with

the more recent data of Chekalin et al (64) and
Peyrelasse (66). Further{more recent measurements
by Buck (68) revealed a decrease in 1 as water is
added to ethanol which is in disagreement with the
results of Hassion and Cole (21) and Sarojini (67).
More recent measurements have thus established that
addition of water to both methanol and ethanol
reduces the relaxation time. Since it is well
established that for both of these alcohols,
addition of water also increases the static
permittivity ey it would appear that the
relationship between 1 and €q proposed by Tjia on

the basis of dielectric friction is incorrect.

The more recent measurements on methanol and
ethanol-water mixtures, in which addition of water
causes a reduction in relaxation time, are in
accord with those of Chekalin and Shakhparonov

for l-propanol-water and Tjia for 1, 2, 3 and 4
heptanol-water mixtures and it appears that
addition of water t6 alcohols causes a reduction
in relaxation time regardless of whether the
static permittivity increases or decreases on

addition of water.

The only exception to this trend is the data of
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Tjia (59) on 3 heptanol-water mixtures at the low
temperatures - 60° and - 70°Q particularly the

- 70°

data. At these temperatures, Tjia observed

a minimum in £ and obtained values of 1 which -
remained almost constant with water content over

the range 0.02 to 0.15 mf of water. 1In contrast,

at higher temperatures where a minimum in ey Was

not exhibited, a steady decrease in T with
increasing water content was observed. The author
suggested that the different relaxation behaviour

of the 3 heptanol-water mixtures at low temperatures
could have been due to the mixture being no.longér

homogeneous, which is clearly a possibility at

temperatures of - 60° and - 70° C.

1.1.3.3 Summary

Since particularly strong support for a specific
association complex (4A/W) arose from studies of
t butanol- and cyclohexanol-water mixtures in
which a minimum in € is observed (7, 8), it was
considered that dielectric relaxation studies on
aqueous mixtures of these two alcohols might give

further information on the proposed (4A/W) complex.

In addition, since it has been suggested that
steric factors limit the association in t butanol
to small size complexes (69), which is in contrast

with cyclohexanol for which chain-like association
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has been proposed (17), it was considered that
the dielectric relaxation of aqueous mixtures of
these two alcohols might exhibit significantly

different behaviour.

It was therefore decided to study the dielectric
relaxation of alcohol-water mixtures of both

t butanol and cyclohexanol. Since the experi-
mental data of Sarojini (67) for‘both methanol-
and ethanol-water mixtures appears to be in error,
it was considered possible that her data for

1 bﬁtanol—water mixtures might also be erroneous.
In view of this, it was decided to include some
studies of the relaxation of 1 butanol-water
mixtures. In addition, some measurements on

1 heptanol-water mixtures have been included in
order to confirm or otherwise the trend revealed

in the lower temperature studies of Tjia (59).

1.2 Micellar solutions of non-ionic surfactants in

1.

2.

1

binary mixtures with water and ternary mixtures

with water and hydrocarbons

Introduction

In dilute aqueous solution, the behaviour of non-
ionic surface active agents (surfactants) often
resembles that of simple organic molecules, but
at higher concentrations of surfactant, pronounced
deviation from this simple behaviour occurs (9, 10).

Examples of physical properties which have been
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found to be exhibiting these deviations are inter-
facial tension, viscosity, electrical conductivity

and specific heat (9).

The well-defined, but not abrupt, changes are
attributed to the association of molecules into
micelles and the concentration of surfactant at
which micelles appear is known as the critical
micelle concentration (CMC). The micelle may be
anionic, cationic, zwitterionic or non-ionic,
depending on the chemical structure of the

surfactant.

Non-ionic surfactants are characterised by CMC
values that are typically about a factor of 100
lower than ionic surfactants containing comparable
oleophilic groups. This is due to the absence of
the counterion layer which reduces the electro-
static repulsion between the charged surfactant
headgroups at the micelle-solvent interface in
ionic surfactants. Commercial non-ionic
surfactants such as those with a polar headgroup
based on ethylene oxide contain a range of
ethylene oxide group sizes and are thus termed
polydisperse in contrast to the monodisperse pure

surfactant.

Becher (11) has pointed out that, although a large

number of non-ionic surfactants prepared by
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1

2.

commercial processes are polydisperse, "it is

to be expected that their properties will be close
to that of the homogeneous compound having the
composition of the mean'. However, Shinoda et al
(10) have pointed out that impurity and poly-
dispersity effects introduce a certain degree of
ambiguity into the determination of surfactant
properties and suggested that experiments with pure
materials or mixtures of known composition would be
"highly desirable". Further, Shinoda and Kunieda
(70) have shown that solubilisation of o0il (or
water) is higher when the surfactant is monodisperse

than when it is in a polydisperse form.

Micellar Structure

Surfactants are characterised by a polar headgroup
which has hydrophilic properties, and is thus at
the micelle-water interface in an aqueous solution
of a surfactant and, further, these headgroups
will be hydrated by a number of water molecules.
The other part of a surfactant molecule is
typically a hydrocarbon chain which will therefore

have oleophilic properties.

It would be thus expected that in an aqueous
mixture containing a small proportion of surfactant
which is in excess of the CMC, a representative

spherical micellar structure would be as in
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figure 4. (9).

Figure 4

Aqueous Continuous Phase

Polar Headgroup

Hydrocarbon Chain

The hydrocarbon (oily) portion of the surfactant

is inside the micelle which may be thus referred

to as an oil-in-water (O/W) structure. Such a
micellar structure is called a normal micelle,
Whefeas an arrangement in which the polar head-
groups are at the centre is called an inverted
micelle. Whilst an inverted micelle would not be
expected in a binary mixture of surfactant and
water at low surfactant concentration, in ternary
mixtures with a hydrocarbon as the third component
such inverted structures would be possible. 1In
non-ionic surfactants, reduced H-bonding causes the
hydrophilic behaviour of the polar headgroup to
decrease rapidly at higher temperatures and is
accompanied by dehydration. This causes an increase
in the aggregation number of the micelle and
produces ''giant' micelles (10, 11). Above a certain
temperature known as the cloud point, the mixture

turns turbid and at a somewhat higher temperature it
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1.

2.

begins to separate into two phases (11). This
turbidity is generally attributed to reorganisation,
growth and eventual bursting of the micelles
associated with dehydration of the polar headgroup
(71) which is followed by the formation of a

separate surfactant-rich phase.

Micellar Shape

Although many authors have assumed that micelles are
spherical in shape (eg 9, 10, 72, 73), Tanford et

al (74) have reported that for aqueous solutions

of polyethylene glycol dodecyl ethers (Clen)

where n > 8, comparison of calculated and observed
Stokes radii revealed an oblate spheroidal shape
with axial ratios ranging from 1.5:1 for C;,E,3 up
to 2.5:1 for C;,Eg. Theoretical calculations of
micellar free energy by Tanford (75) also favoured

an oblate spheroidal shape.

Tanford et al (74) also suggested that for aqueous
solutions of Clen where n < 8, a distinctly
different mode of association believed to be the
result of secondary aggregation occurs. These
authors reported the work of Elworthy and
Macfarlane (76) and Attwood (77) in support of this
interpretation. Tanford et al (74) added that this
secondary aggregation effect was strongly

temperature dependent since C;,Eg, which formed

- 38 -



large aggregates at 25° C or above only formed

single micelles at 5° C (78, 79).

Secondary aggregation effects rather than an
increased aggregation number as the cloud point is
reached were suggested by Staples and Tiddy (80)
from nmr studies of C;,Eg; micelles. The authors
differed in respect of whether or not the secondary
aggregation involves association of polyoxyethylene
chains between different micelles. Such association
was favoured by Tanford et al but Staples and Tiddy
reported that calculations of the average distance
between micelles gave a figure which was too large
for association to occur. These authors instead
suggested an interpretation based on the change in
the balance between hydration forces and van der
Waals forces. The hydration force arises due to
the attraction between the polar headgroups and
water and gives a repulsive force between the oily
aggregates whereas the van der Waals force causes
an attraction between the oily aggregates. The
authors suggested that since dehydration of non-
ionic surfactants occurs when the temperature is
increased, the hydration-repulsion force will also
decrease with increasing temperature. This change
of hydration-repulsion force was suggested as
causing a balance between this force and the van

der Waals force at the cloud point, resulting in
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secondary aggregation. It was added that similar
effects should occur in all pure non-ionic

surfactants with water just below the cloud point.

Bostock et al (81) have shown, from nmr studies of
self diffusion in aqueous solutions of C;,Eg with
mass fractions of surfactant between 0.1 and 1,
that normal micelles are present at all compositions
including the pure surfactant. In contrast,
Friberg et al (86) reported that in surfactant-rich
aqueous solutions of C;,E,, no micelles had been
detected. In the absence of details of the
experimental methods used, it is difficult to
evaluate the assertion of an absence of micelles.
It is possible that failure to identify micelles
could have been due to the micellér structures
being of small size and thus outside the
measurement limits of the technique used by

Friberg et al.

In contrast to possible small micelles in
surfactant-rich solutions, Bostock (83) has
reported that, in water-rich solutions of the
surfactant C;,E, and its commercial counterpart
Brij 30, which has an average alkyl chain length
of twelve and an average ethylene oxide chain
length of four, large micelles occur. In addition,

some marked differences between C;,E, and Brij 30
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have been reported in both binary mixtures with

water and ternary mixtures with heptane.

1.2.4 Microemulsions

Ternary mixtures containing a surfactant, water

and an oily component often form an optically
transparent liquid phase. With non-ionic
surfactants, the clear phase is often observed over
appreciable composition ranges (82, 84, 85, 86, 87).
A representative phase diagram is given in figure 5.

Figure 5

= 20° C
[Based on (82)] = 40° C
Water (n = 4)

Some of the clear phases contain normal micelles
(W/0) and others contain inverted micelles (O/W).
In ternary systems containing appreciable
proportions of both o0il and water where the
micelles become very large, these clear phases are
frequently referred to as microemulsions, following
the proposal'of Schulman (88). Although micro-

emulsions of both ionic and non-ionic surfactants

- 41 -



are currently attracting much interest, there is
still "disagreement, confusion and controversy"
(89) concerning use of the title microemulsions.
Shah et al (89) suggested that:this is due to a
lack of complete characterisation of the molecular
association and aggregation in such systems. In
order to show the relative order of the size of the
dispersed phase in various systems, the authors

proposed a classification of droplet size as

follows:

Molecular solutions : size 0 to 1 nm
Micellar solutions : size 1 nm to 10 nm
Microemulsions : size 10 nm to 100 nm
Colloidal dispersions : size 100 nm to 1 um
Macroemulsions : size 1 uym to 10 um

For microemulsions, Friberg (90) proposed that the
droplet sizes be»in the range 20 to 80 nm, whereas
Prince (91) proposed 10 nm to 200 nm. Thus,
although there is some disagreement about the
precise upper and lower limits for the size of the
dispersed phase, there is a consensus that droplet
sizes are substantially larger than those of

micellar solutions.

There have been two basic approaches in the theory
of microemulsion stability, and these have been
discussed in the review by Prince (91). One

theory considers a microemulsion as a two phase
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system, resembling an emulsion in being thermo-
dynamically unstable (92), where the surfactant

is adsorbed between two mutually insoluble liquids
causing one liquid to be spontaneously dispersed
in the other due to transient interfacial forces
(93, 94). The other theory considers a micro-
emulsion to be a thermodynamically stable one phase
system of swollen micelles where the surfactant
organises itself into colloidal aggregates which,
under appropriate conditions, can bind water or
oil (95, 96). A recent article by Crooks (97)
suggested that, at present, the experimental
evidence favours the swollen micellar approach.
Prince (91) noted that either theory ''can and is

being used" to formulate microemulsions.

Emulsions stabilised with non-ionic surfactants
such as polyethylene glycol alkyl ethers generally
form O/W emulsions at low temperatures and W/O
emulsions at higher temperatures (87, 98), and
there is thus a temperature at which the emulsion
type changes. This temperature is usually referred
to as the phase inversion temperature (PIT). Phase
inversion effects have also been reported in micro-
emulsions (84, 86, 87). In addition to O/W and W/O
micellar structures, Shinoda et al (70, 87, Y9- .
‘102 have reported that, at temperatures close to the

PIT, another isotropic liquid phase may be obtained.

- 43 -



1.2.5.

1.2.5.1

This phase is called the surfactant phase and is
observed as an isolated region, corresponding to
about 10% by mass of surfactant, in the three
component phase diagréms (82, 84, 85). Shinoda

and Kunieda (87) suggested that the surfactant

phase consists of lamellae of water and hydrocarbon
with the surfactant as the continuous phase. From
studies of ternary mixtures of the surfactants
polyethylene glycol dodecyl ether (Clen), Friberg
et al (86) suggested that the presence of spherical
micelles, in addition to planar structures, in the
isotropic surfactant phase could not be ruled out.
These authors considered that their results could
be broadly accounted for by considering that in both
normal and inverted micellar solutions, the micelles
were spherical. However, the authors also observed
anomalous hydrocarbon solubilisation behaviour and
this was attributed to deviations from spherical

shape.

Dielectric Properties

Ionic Surfactants

In contrast to alcohols and water, the dielectric
properties of aqueous mixtures of surfactants have
received very little attention and where studies
have been reported, they have been primarily on
ionic surfactants (103, 104, 105, 106, 107). Due

to the presence of the counterion layer between
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the polar headgroup of the surfactant and the
continuous aqueous phase, substantial
differences between the dielectric behaviour of
ionic and non-ionic surfactant micellar mixtures

would be expected.

In micellar solutions of anionic surfactants, a

typical structure will be as given in figure b,

Figure 6

Aqueous (o]
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hundred A

Counterions

The thick double layer would be expected to
give an important and possibly dominating
contribution to the dielectric properties. The
electrical properties of counterion layers have
been considered in detail by O’Konski (108) who
showed that such layers can cause pronounced

dielectric dispersion effects.

1.2.5.1.1 Binary Mixtures with Water
Kaatze et al (103) studied agqueous solutions

of n-alkyl amine hydrochlorides as ionic



surfactants above the CMC at 25° C in the
frequencyvrange 5 to 37 GHz with surfactant
concentrations typically in the range 0.2 to
2.7 mol 1-!. The extrapolated static
permittivity, g decreased with increased
surfactant concentration, falling from 76.1 at
0.2 mol 17! to 34.0 at 2.71 mol 17! for OcACl.
The authors reported that with concentrations
below about 1.5 mol 17!, the e, values agreed
with the 'commonly expected" respective ¢
values for the mixture but the mixture

relation used was not quoted except that it was
stated as being applicable to '"non-polar,
spherically shaped solute particles which do not

strongly interact with the solvent".

However, from the iater works of Kaatze et al
(109, 110) on the dielectric properties of
agueous solutions of polyethylene glycols where
n =1 to 14,000, it is evident that the mixture
equation used was a modified form of the
Rayleigh equation for a heterogeneous mixture,
(equation [2.14] in Chapter 2), in which an
adjustable empirical parameter was included.

It should be noted that these heterogeneous
mixture equations assume complete absence of
molecular association between the two or more

components of the mixture. In the binary
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mixture case, such a mixture is considered as
a dispersion of globules of one component in
the continuous medium formed by the other
component. In the general case in which the
two components differ from each other in terms
of permittivity and conductivity, polarisation
occurs due to accumulation of charge at the
interface between the two components. This
interfacial polarisation is often called the

Maxwell-Wagner effect.

At higher concentrations of all the surfactants
and, in addition, for all solutions of DoTACl
which was studied at concentrations down to 0.4
mol 171, Kaatze et al :(103) reported that the
measured g values were lower than the
calculated values. Using an approach based on
the heterogeneous mixture equation of Polder
and Van Santen (equation [2.45] in Chapter 2),
the authors reported that the experimental values
agreed with theoretical values if an oblate
spheriodal shape of axial ratio approximately
3:1 was assumed. The authors reported that
~other data on DoTAC1l (111, 112) supported the
3:1 value. The adjustable parameter used in
the more recent reports of Kaatze et al (109,
110) was not referred to and so it is presumed

that it was not applied to this experimental
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data.

The dielectric relaxation data was considered

to be most accurately described by a model

based on two Debye-type relaxations with times
Tp and Tq. The Tq value was approximately four
times longer than that of free water, whereas
the Tp value was slightly smaller than that of
free water. The authors reported that extensive
earlier studies of aqueous solutions of monomers
had not revealed t values similar to Tq and

they attributed it to the porous structure of
the micellar surface producing a relatively long
bound water dispersion. The Tp dispersion was
attributed to effects of weak electric fields

acting near the micellar surface modifying the

free water relaxation.

It is worthy of note that Kaatze et al (109, 110)
favoured use of a heterogeneous‘mixture equation
in studies of aqueous solutions of polyethylene
glycols. Since such solutions are not micellar
and, in the case of ethylene glycol particularly,
association between individual molecules would
be expected, description based on a heterogeneous
mixture equation is surprising. Nevertheless,
since the authors reported good agreement with

experimental values when the adjustable parameter
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had the same value of 0.728 for all polymers
(n =1 to 600,000), the use of such an approach

does seem to be justified.

Cavell (107) studied cationic micelles in

aqueous solutions of tetradecyl trimethyl
ammonium bromide (TTAB) with TTAB concentrations
in the range from zero up to 800 mol m~3 at 20° C
in the frequency range 0.35 to 35 GHz. The
static permittivity g exhibited anomalous
effects in giving a maximum value of 92.0 at

200 mol m™3. This effect was not commented upon.

The dielectric relaxation was analysed in terms
of two relaxation times t; and t, where the
faster 1), dispersion contained a small
distribution of relaxation times which remained
constant around 9.5 ps for all concentrations
of TTAB. The t, dispersion was Debye-type and
decreased with increasing concentration of TTAB
above 50 mol m~3 from 596 ps at 50 mol m~3 to
202 ps at 800 mol m™3. The t; dispersion was
attributed to relaxation of the slightly bound
solvent water and the 1, dispersion was inter-
preted using a model of Schwarz (113) based on a
frequency dependent surface admittance of the
assumed spherical counterion layer. Using

micellar size values for TTAB given by Tartar
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(114) and known mobilities of bromide ions, the
equation of Schwarz was found to give a value for
T, which was a factor of two lower than the

experimental value at the highest concentration.

The reduction of t, with increasing water content
was attributed to an increase in the thickness

of the electrical double layer, which in the
model of Schwarz had been assumed to be of
negligible thickness compared with that of the
radius of the dispersed globule. The author used
his experimental data to calculate a value for the
radius, r, of the micelle which included the
double layer and obtained a small fall in r with
increasing TTAB content where the values of r
were approximately 50% higher than the value

given by Tartar.

Beard et al (105) studied micellar solutions of
SDS (sodium dodecyl sulphate) in water with SDS
concentrations of up to 12 g 17! at 25° C in the
frequency range 500 kHz to 1.5 GHz. The static
permittivity increased with increasing SDS
concentration following an approximately linear
relationship. The dielectric relaxation revealed
Cole-Cole arc type behaviour with parameter

¢ = 0.19 and a relaxation time, v, of

approximately 1 x 1079 s. Both o and t remained
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constant over the range of concentrations

studied.

The variation of g with concentration was
discussed in the context of the observed linear
increase of the dielectric increment

Ae (=es - Ew) with SDS concentration. The
authors stated that the observed dielectric
properties were characteristic of a heterogeneous
dielectric relaxation for an inhomogeneous
boundary of bound water between the hydrocarbon
core of the micelle and the bulk water. The
measured o value was noted as being close to the
value of 0.2 obtained by Grant (115) for bound
water in bovine serum albumen, where in the SDS
solutions the heterogeneous relaxation was not
handicapped by the much larger dipolar relaxation

of the core.

The authors considered a number of approaches to
the dielectric properties of spherical particles
surrounded by a shell and found the approach of
O'Konski (108) to be of particular interest.

The O'Konski model enabled the dielectric incre-
ment to be satisfactorily-accounted for but gave
T values approximately a factor of 100 larger
than the measured ones. The authors suggested

that this could be due to a contribution by the
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reactive component of thevconductive shell

which was neglected in O'Konski's theory. In
this case, since the shell contained both ions
and water with a permittivity greater than that
of the core, it was considered that an analysis
based on bound water would be useful. Two such
approaches were used. The first followed a model
by Grant (115) for pfotein hydration based on a
dielectric mixture formula. The second followed
a shell model after Schwan (116) where the
behaviour of the hydrocarbon core, water shell
and surrounding electrolyte were considered in
terms of a Maxwell-Wagner type dispersion. Using
the experimental data for t and Ae in the approach
following Schwan and assuming that the radius of
the spherical micelle core did not exceed that

of the straight dodecyl chain, the authors ob-
tained a value of 6.6 g H,0/g SDS for the number
of grams of bound water per gram of SDS in the
micelle, compared with a value of 25 g H,0/g SDS
given by the Grant model. It should be noted
that even with the lower figure of 6.6 g H,O/g
SDS, a rather high figure of 100 water molecules

per molecule of SDS is obtained.

1.2.5.1.2 Ternary Mixtures with Water and a Hydrocarbon

Eicke and Christen (117) studied micellar

solutions of the ionic surfactant Aerosol AY
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(sodium di 2 pentyl sulphosuccinate) in benzene
containing solubilised water. They reported
that studies using a number of techniques
indicated that the Aerosol AY with benzene
micellar solution involved aggregations of simi-
lar size and that the micelles contained sub-
units of trimer complexes. Eicke and Shepherd
(104) studied the dielectric relaxation of
Aerosol AY in benzene with solubilised water at
20° C in the frequency range 200 kHz to 10 MHz.
The static permittivity increased from 5 without
water up to 27 at 6.3% by volume of water and
followed an approximately quadratic relationship
[%%S =~ 2 where ¢§ = volume fraction of Water].
Dielectric relaxation was observed exhibiting
Cole-Davidson type dispersion with parameter B8
increasing from 0.33 without water up to 0.45

at 6.3% of water. The relaxation time t fell
from 3.8.1077 s to 6.3.107% s at 2.7% of water
and then remained constant up to the 6.3% value.
At higher water content, both the permittivity

and conductivity became unstable.

The authors used an approximate equation derived
from the equation of Kirkwood where the dielec-
tric increment (eS - €w) was considered to be
proportional to the product of the concentration

and square of the dipole moment of the polar
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units, in order to obtain an aggregation number,
n, for the hydrated micelles. From the
experimental data, a value of n = 2 was obtained,

indicating aggregation of micelles into pairs.

This aggregation of micelles into pairs was
suggested as being the cause of the observed
variation of €q with increasing water content.
The instability above 6.3% by volume of water

was attributed to further aggregation of micelle
pairs into higher aggregates. The authors added
that approximate confirmation of the micelle pair
interpretation was given by apparent molecular

weight data.

The dielectric relaxation was attributed to
orientation of the micelle and the authors
reported that when viscosity data was substituted
into the Debye equation for relaxation time, a
micelle size of comparable value to that
determined from both geometrical considerations
and from partial specific volume and diffusion

coefficient data was obtained.

The reduction of t on addition of water was
attributed to stabilisation of the micelle by
water causing denser packing and thus allowing
faster reorientation in the applied field. This

interpretation is open to dispute since it would
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not be expected that addition of water to an
inverted micelle would cause a reduction in

micellar size.

The observed Cole-Davidson type dispersion was
simply attributed to micellar aggregation and
deviation from spherical shape without further
justification. Eicke et al (118) reported that
high field studies on Aerosol OT (sodium di 2
ethyl hexyl sulphosuccinate) at 22° C revealed
two superimposed relaxation processes. These were
attributed to separate orientation polarisation
effects with the higher frequency relaxation due
to the trimer sub-units of the micelle and the
lower frequency one due to whole micelles. 1In
view of the sparse high frequency data of Eicke
and Shepherd (104), it could easily be argued
that their results were due to separate Debye-
type dispersions rather than the Cole-Davidson
type and thué the interpretation based on
aggregation and non-spherical shape must be

treated with some caution.

Clausse et al (119) used the ionic surfactant
potassium oleate with 1 hexanolyas co-surfactant
in dielectric studies of microemulsions of water
in hexadecane. Temperatures were not stated.

The authors reported that microemulsions could be
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prepared for mass fractions of water, p, up to
0.32 above which turbidity and instability was
observed. The static permittivity increased
linearly from approximately 4 at p = 0 to 8 at

p = 0.2 above which it increased rapidly to
approximately 80 at p = 0.3 and giving values in
excess of 100 at concentrations close to p = 0.32.
The one dielectric relaxation curve given in the
report was for p = 0.308 for which the static
permittivity was approximately 90. Although . the
measurement temperature was not stated, it is
evident from a study of the report that it was
approximately room temperature, for which pure

water has a permittivity of less than 80.

For values of p < 0.2, dielectric dispersion was
not observed but at higher values of p a
pronounced dispersion occurred. The dielectric
relaxation parameters were not quoted but from
inspection of their results a value of

T =5 x 1078 s has been calculated by this author.
The dielectric behaviour for p > 0.2 did not

agree with predicted values given by equations

due to Hanai (120) for water in oil emulsions.

The authors suggested that for p < 0.2, the
dispersed water could be considered as solubilised
within the polar headgroups of the surfactant

molecules and that the solutions should be called
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hydrated micelles, rather than microemulsions.
The concentration dependence of g in the range

p =0 to 0.2 was not commented on.

For p > 0.2, the authors suggested that most of
the water molecules gathered into minute droplets
surrounded by an interfacial film which was
dispersed within the system and could thus be

defined as a water-in-oil (W/0O) microemulsion.

The dielectric relaxation was attributed to
interfacial polarisation effects '"similar to
those observed in emulsions'. They added that
high conductivity observed in the microemulsions

indicated that some of the water remained '"free'".

This interpretation of the dielectric behaviour
on the basis of similarity to interfacial polar-
isation effects observed in emﬁlsions is open to
dispute since the literature data for emulsions
reveals static permittivity values that are lower
than those for pure water (120 to 127) with the
only exception being a W/O dispersion in which
the volume fraction of the dispersed phase was

greater than 0.6 (121).

In order to account for the observed high static
permittivity values on the basis of interfacial

polarisation, it would be necessary to use an
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approach based on that of Schwarz (113) where
the dielectric behaviour is related to counterion
effects. The observed high conductivity of the

microemulsions is compatible with such a model.

Sjoblom and Friberg (128) studied W/O micro-
emulsions of potassium oleate with potassium
ethylate in ethanol as co-surfactant in hexadecane
using light scattering and electron microscopy
methods. They reported that, in the concentration
range corresponding to the p < 0.2 range studied
by Clausse et al (119), no micelles were present
and it was suggested that this absence of micelles
was the reason for the absence of dielectric

relaxation in such mixtures.

More detailed studies of water in hexadecane
microemulsions using the same surfactants as those
used by Clausse et al (119) at mass fraction of
water p = 0.310 have been reported by Peyrelasse
et al (106). The dielectric behaviour was studied
at a number of temperatures between 20° and

32.5° C in the frequency range 5 kHz to 2 GHz.

The static permittivity data exhibited anomalous
effects, giving a maximum g value of 69.1 at

25° C. Further, the lowest e; value obtained

s
was 40.0 at 20° C.
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Anomalous relaxation behaviour was also

observed in that a maximum value in the
relaxation time T was obtained at 25° C. Thus
at the temperature where e, Was a maximum, T was
also a maximum. The dielectric dispersion was
Cole-Cole arc type with parameter o falling from

0.36 at 20° to 0.27 at 32.5° C.

The authors suggested that since the dielectric
dispersion was of a Cole-Cole arc type, it arises
from interfacial polarisation phenomena similar

to those observed in emulsions. They added that
the peculiar dependence of g and Tt upon
temperature indicated that the dielectric
behaviour could be more related to surface
admittance effects associated with the surfactant/
co-surfactant shell surrounding the water-swollen

micelles.

It should be pointed out that conformation with
a Cole-Cole arc representation of the dielectric
dispersion does not of itself provide support
for an interfacial polarisation interpretation,
but in view of the presence of the counterion
layer, such polarisation effects are to be

expected.

Senatra and Guibilaro (129, 130) studied water in

dodecane microemulsions using the same surfactant/
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co-surfactant as Clausse et al (119). For mass
fractions of water, p, up to = 0.3, stable
isotropic solutions were obtained and for p > 0.3
turbidity and instability were observed in
qualitative agreement with the observations of
Clausse et al. However for p > 0.7 stable
isotropic solutions were again obtained. The
authors suggested that for p > 0.7, the micro-
emulsions were of the O/W type, since they were
characterised by high static permittivity and
high conductivity. Further, at mass fraction

P =p,= 0.625, both € and ¢~ diverged to
infinity and at values of p close to Pe both

W/O and O/W dispersions were reportéd as co-
existing where only one dispersion was stable
with the other being metastable with life-times
of the order of a few days. The dielectric
behaviour for p close to erevealed maxima -. in
both the real and imaginary component of the
permittivity (e° and €~™) where the magnitude of
both ¢ and ¢~ exhibited a steady increase as the
frequency was reduced to its lowest value of

16 kHz. The authors suggested that, since similar
behaviour is observed in some nematic liquid
crystals, the observation of such behaviour at
values of p close to P, could be due to a similar

nematic liquid crystalline phase.
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1.2.5.2 Non-ionic surfactants

1.2.5.2.1 Binary Mixtures with Water

1.2.5.2.2

The only literature data on the dielectric
properties of mixtures of non-ionic surfactants
with water is the relaxation study of dimethyl
ethers of ethylene, diethylene and triethylene
glycols reported by Kaatze (110). As in the
studies of polyethylene glycols reported in

the same paper, investigation was restricted to
one composition only at a volume fraction of
water of 0.93. The static permittivity wvalues
of these solutions were lower than those of the
ethylene glycols but the relaxation times were
very similar. The lower static permittivity
values of the surfactant solutions were not
commented upon, neither were the structural
differences between the surfactants and the

polyethylene glycols considered.

Ternary Mixtures with Water and a Hydrocarbon

There have been few investigations of ternary
mixtures of non-ionic surfactants and these have

all been with commercial products.

Clausse et al (131) used the non-ionic surfact-
ants Tween 20 and Span 20 as emulsifiers in
studies of benzene in water microemulsions. The

dielectric properties were studied at 20° C in
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the frequency range 100 kliz to 5 MHz.

Dielectric dispersion was not observed. The
dielectric behaviour was attributed to inter-
facial polarisation and the experimental data
gave good agreement with theoretical values
given by equations of Hanai (120, 121) for oil
in water (O/W) emulsions. Deviations between
theory and experiment were observed at low
volume fractions of the dispersed phase when

the mass fraction of the surfactants was 15%
Tween and 1% Span, and also when the fraction
was 10% Tween and 1% Span. When the mass
fraction was reduced to 5% Tween and 1% Span,
deviations were not observed. The authors
suggested two possibilities for the observed
deviations. There could be a contribution by
the polar group of the surfactant in the shell
of the dispersed globule, particularly when the
size of the dispersed globule was small and this
effect could be greater at higher surfactant
concentration. The other possibility suggested
was that in the continuous aqueous phase,
micelles of the surfactant might be formed. Since
the concentration of surfactant in the aqueous
phase was kept constant, the authors pointed out
that the concentration of surfactant molecules

available for micelle formation would be greater
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Frac Fion
as the Volumerf the dispersed phase was

reduced. It should be added that in the
continuous aqueous phase, micelles of the
surfactant must of necessity be formed.
Possibly the authors were implying that in
addition to swollen micelles which are oil
(benzené) centred, there are other micelles
present consisting solely of the surfactant
alone. This is considered unlikely and indeed
unnecessary to postulate, since the first propo-

sal seems quite reasonable.

These authors suggested that extension of the
studies to the higher frequencies utilised by
Beard et al (105) could check the validity of
the qualitative explanations proposed. How
such an extension in frequency range would
check the validity is not entirely clear but
presumably such a study would confirm or other-
wise the absence of dielectric dispersion in
O/W microemulsions since the Hanai equations
for O/W dispersions predict negligible
dispersion, although Clausse et al appeared to
imply that dielectric relaxation might well be
observed at higher frequencies simply because
such an effect occurred with the ionic surfactant

SDS.

- 63 -



1.2.5.3

Peyrelasse et al (132) used the non-ionic
surfactant Octarox, which is composed of blends
of polyoxyethylene octyl phenyl ethers, as
surfactant for microemulsions of water in
undecane. The dielectric properties of a
mixture containing 2.5 g of water, 15 g of
undecane and 2 g of Octarox were studied in the
temperature range 25° to 40° C in the frequency
range 400 Hz to 3 MHz with an additional spot
frequency measurement at 2.1 GHz. The authors
published the dielectric data for the 30.2° C
measurements. A static permittivity value of
17.5 was obtained and a pronounced dielectric
dispersion was observed with e_ = 3.4.
Relaxation parameters were not quoted but

inspection of the published data reveals that

the dispersion was of the Cole-Cole arc type with

parameter o approximately 0.5. The relaxation
time t was about 2 x 1077 s. The authors added
that the dispersion was of the Cole-Cole arc
type over the whole temperature range studied.
Interpretation of the dielectric behaviour was

not given.

Summary
Hanai (120) pointed out that, whilst solutions of

simple molecules and some polymers are considered

on the basis of the dielectric theory of polar
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molecules, and emulsions are considered on the
basis of the dielectric theory of heterogeneous
systems, ''there is no established approach to the
dielectrié properties of systems such as inverted
micellar solutions and microemulsions'. Although
that assertion was made about a decade ago, a
survey of more recent studies suggests that it

is still applicable, as is indicated in the

following summary of recent work.

Kaatze et al (103) have attributed the dielectric
relaxation of binary mixtures of an ionic
surfactant with water to orientation polarisation
whereas Cavell (107) and Beard et al (105) have
favoured an interfacial polarisation approach.
Similarly in ternary mixtures of an ionic surfact-
ant with water and a hydrocarbon Eicke et al (104)
have proposed orientation polarisation, whereas
Clausse et al (119) and Peyrelasse et al (106)

have favoured an interfacial mechanism.

In non-ionic surfactants, the absence of the
counterion layer should considerably simplify
interpretation of dielectric properties but the
very limited experimental data available précludes

identification of the most suitable approach.

In binary mixtures with water, the only published

data is for polyethylene glycol dimethylethers at one
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composition (110) and the author made no
reference to micellar behaviour. In ternary
mixtures of a commercial non-ionic surfactant
with water and benzene, Clausse et al (131)
favoured an interfacial polarisation approach and
the agreement between the experimental data at
low proportions of surfactant with values given
by the equation of Hanai for an O/W dispersion

(120) is worthy of note.

It was considered that a study of the dielectric
properties of binary mixtures of a non-ionic
surfactant with water over a range of compositions
would be instructive. In view of the proposals
concerning micellar shape and size, together with
secondary aggregation effects, for aqueous
solutions of polyethylene glycol dodecyl ethers
(74, 80, 81, 83, 85), these solutions seemed to

be particularly worthy of investigation.

It was therefore decided to study the dielectric
behaviour of aqueous solutions of the surfactants
Ci2Ey, C105Eg, Ci2Eg and Brij 30 over the whole
composition range. In addition, aqueous
solutions of tetra éthylene glycol .(Ej) .

were Studiedover the whole composition range in
order to gain information on the properties of a

mixture which contains the E; polaf groups only
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and would thus not be expected to form micellar

aggregates.

It was also decided to study the dielectric
properties of ternary mixtures of the surfactants
C;,Ey, and Brij 30 with water and a hydrocarbon
since the results of phase diagram and electrical
conductivity studies by Bostock (83) had revealed
considerable complexity and suggested the occur-
rence of normal micelles in some compositions and

inverted micelles in others.
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2.1.1

2.1.1.1

Chapter 2 Theory

The dielectric properties of alcohol-water mixtures would
be expected to be more satisfactorily described by mole-
cular theories of homogeneous mixtures or solutions,
whereas those of micellar and microemulsion systems may be
more satisfactorily described by a macroscopic hetero-
geneous mixture approach. The theories of both homogeneous
and heterogeneous mixtures are considered in this chapter.
Existing theoretical equations for heterogeneous mixtures

have been extended to concentrated spheroidal dispersions.

Dielectric theory of homogeneous mixtures

These have been reviewed by a number of authors. The

treatise by Hill (60) is particularly worthy of note.

Static Permittivity e

Pure Liquids

Debye (13) considered a microscopic spherical region
surrounding a molecule in the dielectric which was large
compared with molecular dimensions. By assuming that the
field inside the sphere was zero and that local directional

forces could be neglected, he obtained the equation

s A U
- o+ b .1
€5 + 9 Beov [ 3kT} , v .
where NA is Avogadro's number

€, is the permittivity of free space

v 1is the molar volume

k 1is the Boltzmann's constant
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p is the dipole moment

and o is the distortion polarisability

The later theory of Onsager (14) represented a molecule
as a point dipole in a spherical cavity of molecular

size, but local directional forces were again neglected.
Subsequent theories of Kirkwood (15) and Frohlich (133)
included these local forces. Kirkwood treated unpolar-

isable point dipoles and obtained the equation:

[2.2]

3€S - EQV 3kT

where g is a dimensionless quantity called the Kirkwood
g-factor which is included to take account of local

directional forces.

Frohlich (133) included the distortion polarisation
contribution by considering the non-polarisable dipoles to
be embedded in a medium of permittivity e_. Using the
relation

= |38
where “g is the gas phase dipole moment (60), the Kirkwood-
Frohlich equation was obtained:

- 2
(eg = &,0(2eg + e)  Npgug .3
e, (€t 2)* ey vkT :

This is a standard equation applicable to single component

liquids.
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2.1.1.2 Extension of Kirkwood theory to liquid mixtures

Oster (134) used the original form of the Kirkwood
equation [2.2] assuming that the net polarisation P is
given by the sum of the two components P; and P, according
to the ideal mixing equation

P =x:P; + X,P,
where x;, X, are the respective molar frthions of
components 'l' and '2'. Application of’the Oster approach
gives:
(es - 1)(2€s + Dy = (es1 - 1)(28Sl + L)xv; + (ES2 - 1)(28SZ + 15X2v2

€
s sl €s2

[2.4]
Assuming additivity of volumes, the molar volume of the
mixture, v, can be written as v = X;v; + Xyv,
and if Egs € and 882 >> 1 then

S1

€SIX1U1 + €S2X2V2

€ =
8 X1V *t Xovo

= +
or ES SSl Ql esz Qz [2.5]
where ¢; and @, are the volume fractions of components

'1' and '2'.

The Oster apprach can be similarly applied to the Kirkwood-

Frohlich equation by writing
NA‘
(e, — e )(2e_ + e ) _ 2 2
S S = ToVET (X1g1u_1 + X2g2H 2.)

€
S

[2.6]

where the subscripts '1' and '2' refer to the components

'1' and '2"'.
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2.1.2
2.1.2.1

2.1.2.2

Dielectric Relaxation : Macroscopic Relaxation Time t

Debye-type dispersion

It is assumed that when an electric field E is applied,
the distortion polarisation P; is established instant-
aneously compared with the dipolar reorientation and that
the dipolar part of the polarisation P, obeys a rate
equation of the form:

dP, _ P - P; - P,

dt T

where P is the equilibrium value of the total polarisation
and t is the macroscopic relaxation time.

Writing P = eo(es - 1)E

P,

epe, - 1)E
and Py = eg(e* - 1)E

the following expression for the complex permittivity

e*, (=¢“~ - je~*) is obtained:
TSS - €°°
€*=€°° +1-T-m |__2.7:|

A plot of €~ plotted against €% produces a semi-circle
E. — €, e + €.
_§_§_—— with a centre at —§—§———, 0

Dielectric relaxation for which such a semi-circle is

of radius

obtained is termed Debye-type.

Cole-Cole arc type dispersion

Many examples are found in practice which give a broader
dispersion with a lower value of S&AX than the Debye-type.
For such dispersions, Cole and Cole (135) suggested the

empirical equation:
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2.1.2.3

ES—EOO

E* =€°° + 1 + (ij)l - a |:2.8:I

where 0 g o < 1

This is termed Cole-Cole arc type dispersion and is
attributed to a symmetrical distribution of relaxation
times about a mean value.

Cole-Davidson skewed-arc type dispersion

Cole and Davidson (136) observed that the dielectric
dispersion of glycerol gave a skewed-arc when €“* was
plotted against €~. These authors suggested the empirical

equation:

g.;:* = 800 + (1 + le)T)B [_:2.9]

where 0 < B < 1

The skewed-arc behaviour is attributed to a distribution
of relaxation times with mechanisms of decreasing
importance extending to the high frequency side of the

dispersion.

In many liquids including the alcohols, the dielectric
dispersion is best described by Debye-type relaxation
involving more than one relaxation time, although in
practice, distinction between multiple Debye-type relaxa-
tions and Cole-Davidson type dispersion is difficult due

to sparseness of data points.

Molecular Relaxation Time

As the reaction field, which is set up in the Onsager

cavity by the polarisation which the dipole induces in its
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surroundings, does not follow precisely in phase with
either the applied field or the dipole motion, the macro-
scopic relaxation time t obtained from experimental
measurements is not thé same as the time constant for

-

molecular dipole relaxation, =

A number of theoretical equations are available, giving
relationships between 1~ and t. The simpler ones are

listed below.

rem + 2
TS = E;'_+_2' T EZ.IO:I (13)
'2€S +toe _
™ o= |1 [2.11] (137,138)
S
and R Besem(Zss + e )

o] ‘-C'
T T 26 9+ 6e 2 + e 9 (2.12] (139)
s s ®

[oe]

The above equations reveal that t° should be generally
smaller than t and thus care should be exercised when the
macroscopic relaxation time t is interpreted in terms of

molecular orientation.

Dielectric theory of heterogeneous mixtures
In heterogeneous mixtures, it is assumed that there is no
molecular association between the two or more components

of the mixture.

A binary heterogeneous mixture is considered as a dispersion
of globules of one component in the continuous medium formed
by the other component, and it is usually assumed that the

dispersed component contains spherical or, more generally,
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.2.

spheroidal globules.

The dielectric properties of heterogeneous mixtures have
received much less attention than those of homogeneous
liquids but extensive reviews have been given by van Beek
(140) and Hanai (120). Of these two, the former is the

more comprehensive.

Spherical dispersions : Static permittivity

Rayleigh (141) calculated the permittivity of a dispersion
of spherical particles by considering the electrostatic
field in a mixture where the spherical.particles have
uniform radius and are arranged regularly at the lattice

points of a simple cubic lattice in a continuous medium.

For a volume fraction @ of dispersed phase of permittivity
e, in a continuous phase of permittivity e;, Rayleigh
derived an expression for the permittivity of the mixture,
€, given by:

€ = g1 1+ 30

€9 +2€1 ¢ 1 65(82 - 51) 1_6/
[ —— - - . —_— 3
€9 — €1 €o + 391.¢ (2.13]
For ¢ <<1[2.13] reduces to
€ — €3 _ €0 — €3 -Q [2.14]

e + 281 B €9 + 281

This is sometimes referred to as Wiener's equation (142)
but it is also one of the equations derived by Wagner
(discussed later). In this work [2.14] will be termed the

Rayleigh equation. Rayleigh considered that [2.14] should
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be only applicable to low values of § and van Beek has
suggested that [2.1{] should be only applicable to volume
fractions of dispersed phase ¢ < 0.2,

Other forms of [2.13j have also ?een reported. Runge (143)
corrected for a factor [?] in théf%ayleigh equation by
replacing the factor 1.65 by 0.525. Meredith and Tobias
(144) used a different potential function for the electro-
static field and, by considering higher terms in the series
expansion for the potential in the continuous phase,

obtained the expression:

Z 10
2e1 %€ 4oy _10072%1 %t g _gaggf2-F1 o 73
82 - El 481 + 352 481 + 382

€ =g
Paiter g _qam i teglh szl g%

€9 — €3 481 + 362 4eq + 382 _

[2.15] ]

Bruggeman (145) extended the Rayleigh equation [2.1{] to
more concentrated dispersions by assuming that the equation
holds for infinitesimally small increments of concentration
of the disperse phase and that the final high concentration
of disperse phase is attained by a succession of these
processes. This was performed by putting e€; + ¢ and

e > e + Ae. The volume fraction term was found by writing
that the change in concentration AQ“ between stages i and

i+ 1 is given by:

<= VOt AVe g o AV g _ g
29 veav, P T v e, -0

where V is the total volume
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AV, is the infinitesimal amount of added disperse
phase

and @~ is the concentration at stage i.

On assuming Rayleigh's equation [2.14] holds for

infinitesimal incrementation, we can write @ = v—éyﬁv—
2
A -~

giving ¢ = I—%—ar.

Replacing €3 by €, € by € + Ae and ¢ by Tég—ﬁr gives
2e + €2 A€:=1—A"?—6-:
3e(e - €5)

Integrating ¢ between the limits e; ande and ¢ between O

and 0 giveé
/3

€ - £ _
gl——_—ﬁg[%) =1-90 [2.16]

which is the Bruggeman equation.

A different approach was taken by Looyenga (146) who
assumed that on mixing two components e; and e,, the
infinitesimal changes in the Rayleigh equation are of the

type €, + € - Ae and €5 > e + Ae.

Applying a binomial expansion leads to

> 1 Ae
9= 3% 3@ - 210y

The volume fractions @(e) at e, € — Ae and € + Ae were
expanded in a Taylofb series form to the second derivative,
by considering the mixture as composed of a volume fraction.
(1 - ¢~) with a permittivity (e - Ae) and fraction Q% with
permittivity (e + Ae) where

P(e) = (1 - 0~).0(e - Ae) + 0~.0(e + Ae)
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Using the Taylors series form for (e - Ae) and @(e - Ae)

gives

<. L1_ 1, d?g/de?
0% =3 - 7 2% 35/de [2.16a]

Combining the two equations for ¢§* leads to the
2
differential equation 3e %;% + 2 %% = 0 and applying

boundary conditions: e = e; when ¢§ = 0 and ¢ = e, when

¢ = 1 gives

1/3

3
l: Y
€=[;€23—€1 )P+ e, 3] [2.17]
which is the Looyenga equation. (It should be noted that

this was independently derived by Landau and Lifshitz

(147)).

An equation of rather similar form was derived by
Kraszewski et al (148) for a multi-layer suspension by
assuming that a layer of the suspension could be considered
as a sum of an infinite number of alternate layers of
permittivity e€; and e,. By assuming that the propagation
constant Y of a plane electromagnetic wave through the
suspension is given by Ym = vyity * yot, where t; and t,
represent the thickness of the component layers, they

obtained the equation
2
1 1
€ = |:(€22 - 81%)¢ + 612] @.18]

A completely different approach was used by Bottcher (149)
who considered the disperse system to be a close aggregate.
of two kinds of spherical globules. He assumed that the

electric field E, inside a sphere of the component of
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2

2.

2

permittivity e, exerted by its inhomogeneous surroundings
is equivalent to that of the sphere placed in a homogeneous

dielectric of permittivity e.

According to electrostatic theory (149), E, is given by

E, = 38 .E where E is the electric field at an
2 2e *+ €9

infinite distance from the sphere. Similarly for the

spheres of permittivity e;, E; = 3e 1.E and the total

2e + €
polarisation per unit volume of the mixture is given by
P =c¢g(e - 1)E = (1 - 0)eg(e; - 1)E; + Qeg(ey, - 1)E,

giving

€E — €1 _ Eg = Ej
3¢e €, + ¢ 9 [2.19]

which is Bottcher's equation.

The range of ¢§ values for which the equations for higher
concentrations of dispersed phase should be applicable

is not fully established but comparison between
exXperimental values for emulsions with values given by
the equations of Hanai, one of which is identical with
the Bruggeman equation, discussed in the following section,
(120, 121, 150, 151) reveals that the Bruggeman equations
can be applicable for volume fractions of dispersed phase
@ up to approximately 0.8. Mandel (152) suggested that

[2.19] should be applicable for ¢ up to 0.2.

Dielectric relaxation of spherical dispersions

Interfacial polarisation

When either or both of the components of a binary mixture

has a significant conductivity component, dielectric
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dispersion behaviour may be observed. This dispersion is
known as the Maxwell-Wagner effect. Maxwell (153)
considered a two layer system of permittivities e; and e,
with conductivities o; and o, and derived equations for
the high frequency limiting value of the permittivity e_,
the low frequency limiting value €gs the relaxation time

T and the conductivity o.

Wagner (154) presented a dielectric theory for a disperse
system of a large number of spherical particles sparsely
distributed in a continuous medium. By considering the
complex potential due to a dispersion of spheres of
permittivity €, in a continuous medium of permittivity e;,

the following relation was obtained:

g* "'.81* = 89* - El*
e * +2€l* 82* + 251*'¢ EZ.ZOj

where e* is the permittivity of the mixture. This is the
same as the Rayleigh equétion [2.14] except that the

permittivities are expressed in complex form.

Solution of [2.20] gives a Debye-type dispersion of

relaxation time T given by

o [y *+ es =~ 0(en = e1)] 2.21]

T €
0 207 + 05 - @(oy - 01)

where o;, o, are the conductivities of components '1l' and

12l'

The high and low frequency limiting values of the

permittivity ea)andes are:
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2e; * eg + 20 (g2 - €1)
"o = "1 3ey * €5 - § (g2 - €1) [2.22]

and

e, 201 *op + 2 (93 —0y) , 30 o, {201 * 0p)(ep ~ €1)=(2e; * e2)(0p = O
172 * 02 - @ (02 - 01) 1120y + 02 - § (02 - o1)}?

[2.23]

It can be seen that equation [2.22] is the same as the

€=
S

Rayleigh equation [2.14] and thus the above equations

should be similarly applicable to ¢ < 0.2,

Hanai (120) extended the Wagner theory to higher concen-
trations of disperse"phase using a method similar to that
of Bruggeman by proposing that during the infinitesimal
increases in concentration e;* -+ e* and e* - s*‘+ Ae*

-~

with L= ——Ag—: giving the equation
1 -0

2 X 4+ go¥* pek = =B \
3 *(e* - e2%) 1-90
He showed that this expression integrated to:
A
eX — ego* € 3 _
e1* - ¥ [E{ﬂ =1-9 [2.24]

which is the Bruggeman equation for spheres in complex

form.

The complex quantities were expressed as
1 -
e* - ept = [le - 602 + (v - 127 exp [— j are tan[l—.—liﬂ

where y is the dielectric loss,

1 - -
€1% = g% = [}el - 32)2 + (v - YZ){]Z exp [j j arc tan{%%:—%%lJ
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1
e1* = [812 + le]z exp |- j arc tan[%f)

and

1
e* = [Ez + Yz]g exp [; j arc tan[%i}

Substitution into equation [2.24] and separation of real
and imaginary terms together with use of the relation

_tan A - tan B
tan (A - B) = 77717 tan

§ gave:

- 1
[(e = €02 + (v = v5)Z] (e12 + v12)73 _
[Cer - 5:2)2 + (v1 - v2)2] GrE Y, = (1 - 9?2 [2.24a]

and

eel + YY1 - e2)(e1 = €2)+(y = v2)(v1 - Y2)

[2.24b]

Hanai stated without justification that [2.24b], which is

arc 'ta_n[w] = 3 arc -tanEE - EZ)(Yl - YZ)—(SI .l €9)('Y - XL)
€

of the form arc tan A = 3 arc tan B, could be written in
the simplified form:

B(3 - B2
R [2.24¢]

Investigation by this author has shown that, in order to
obtain [2.24c|, the arc tan X functions have been
expressed in the series expansion form using the first
two terms only, ie
X3

arc tan X = X - 3
Neglect of the terms for higher power of X is open to
criticism since the series expansion is only rapidly

convergent for X < 0.5, whereas in [2.245] values of X up

to 27 are possible.
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Applying the series expansion to A and B in [?.24@] reveals

a further assumption made by Hanai:

3
We have A - % = 3B - B3

ie A[l - %z}: B(3 - B2)
or A = %Lg—ig%gl [2.24d]

In order to obtain [2.24c]| we must put:

2
= 3B2

= e

ie = 3B
which is only valid for small values of A and B. Thus the
upper limit for A and B for the series expressions to be

rapidly convergent will be somewhat lower than the 0.5

figure already quoted.

Using a solution of [2.24b] based on [2.24c], Hanai
obtained the following cumbersome expression for the

"general solution" of [2.24]:

(evy1 - €1Y)[E€ - e2)(er = e2)*(y - v2)(y1 - vzi] [EE - e2)(e1 — g2) *
2 2

(v = v2)(v1 - Yzi] - 3[E€ - e2)(y1 - v2)-(y - Y2)(€1-'€2i] =

(eep + wl)l:(e - e2)(y1 = Y2)-(y = v2)(e1 - 62)] 3[:(8 - eg)(e; = gp) *+

2 2
(v = v2)(v1 - Yzi] .- [EE - e2)(v1 = v2) = (v — y2)(&1 - €2i] [2.24¢]
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Noting that the y terms represent the dielectric loss

[= . } at high frequencies e; >> y;, €3 >> vy, and
L Jw%
e >> vy (e = e ) [2.24a] will then reduce to

€ - €2 €1 L% |

T [_g_] =1-=9 [2.25]

which is the Bruggeman equation and [2.24@] reduces to

clz___s____i]=3l}1'°2+ 92 :[.;E_l. [2.26]
© €y ~ €90 €. €1 — €9 i-:oo - Eo €1

At low frequencies y; >> €1, Yp >> €3 and vy >> ¢ (e = es)
giving
e 3 - 1) _ 3 |1 - €2 €9 - f1 [?IZ?]
S |og — 02 Og G — Op Og — 02 1
and
o o 01 (€
s - 2 = -— ¢
T = 0% [6"8'] 1-9 [2:28]

It should be added that in both the high and low frequency
limiting cases considered above, the denominator terms in
the arc tan X expressions will be much larger than the
numerator terms, and thus the expansion used to obtain

[2.24c] will be valid.

Hanai considered two special cases.
(a) d; >> o, which is termed an oil in water O/W
dispersion since water would be expected to exhibit a

substantially higher conductivity than an oily component.

In this case [2.25] is unchanged but [2.26] to [2.2§]

reduce to:
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Op = Em(Ew - 52)(281 + 52)
o1 €1(e1 - €2)(28_ T €2 [?.28@]
= 3egoy + (2e; - 3ejp)o
°s S G1(20g * 03) S [2.28b]
and
Vs
00; o2 [%] =1-0 @-28€l
s

In the case of oy >> 02, the equations further reduce to

3
€ = —:23-52 + [51 - gez)(l - Q)/Z 1:2.29]

3
and o_ = o1(1 - §)72 [2.30]

(b) o5 >> o3 which is termed a water in oil (W/O0)
dispersion.
Equation [2.25] is again unchanged but [2.26] to [2.28]

reduce to:
e (e - £1)

0 — o
3? T (ep + 2e_)(ep = €1) [?.30@]
og.(op - o_)

= S S
s T fl G1(o, * 20) [2.30b]
and

Y ‘

gy = Oy |0} _ ,

92 oy =1-9 [2.30c]

when oé >> o the equations further reduce to

€1
s T a9 EREREY
and

01
og = T = gye [2.32]
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2.

Hanai pointed out that for an O/W dispersion ey << g,
reducing the Wagner equations to e_ = ¢ Z%l:;aﬂl which
is approximately equal to g and the Hanai equations
similarly give e = g Thus for O/W emulsions, the
dielectric increment (es - Em) predicted by both the
Wagner and the Hanai theories will be very small. In
contrast, Hanai showed that W/O emulsions should exhibit
significant dispersion. An expression from which a
relaxation time may be determined has not yet been derived
but a numerical estimation by Hanai et al (155) has
revealed that the Hanai model gives a Cole-Cole arc type

dispersion, with a relaxation time slightly dlonger than

that predicted by the Wagner equations for rt.

As already noted, the Hanai equations have been shown to

be applicable for ¢ values of up to 0.8 (120).

Dielectric theory Of spheroidal dispersions -

Since the average field inside a dispersed gilobule will
depend on its shape, the permittivity of the mixture will
be similarly dependent. Sillars (156) extended the Wagner
equations to spheroidal particles using equations
applicable to the case of ¢§ << 1. For the special case of

g1 << 0p:
(ep = 1) ,
e, = SIE + ng EZ.'S.B:]

For spheroidal particles, Sillars derived the expression
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@n(ez - 1)
Eoo = EIE_ + (n — 1)81 I SJ E2.34]

X -1
1 (1 -e?)? arec sin e
e e3

and e is the eccentricity.

where n

Van Beek (140) reported that the equations of Sillars
were applicable for ¢ < 0.1 but that the equations were
"easily extended" to theﬂmore general case and quoted the
following equations which he considered should be

applicable for values of § up to 0.2.

e1 * A (1 - 9)(ey - e1)

TR0 G+ A (1 -0)(y - 01) [2.35]
er + [B (1 - 9) + 9l(s2 - €1) [2.36]

€ T E1 gy + Aa(l - Q)(Ez - el)

and

o1 +,[}a(1 - 9) + ¢ (oy - 07)
o; + Aa(l - @(oy - 071)

¢ goy 81 * A (0p - o1)](ey - e1)-[er + A (ey - e1)[(0p - 1)

[0y + A (1 - 0)(oy - o1)]2
[2.37]

along the a axis
where Aa is termed the depolarising factogﬁwhich is given

by the elliptic integral:

® ds
abe 2.38
Ay = 2 J (s + a2)[{s + a2)(s + b2)(s + c?)]? 228l
0

where a, b and c are the semi-axes of the ellipsoid (157).
Van Beek stated, without giving derivations, the following

expressions for spheroids of axial ratio (b/a):
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when a > b (prolate spheroids) 1

A = [a/b]; i 5 + [Ia/bTib- %]%Q 1n [a/b]+{1a/b]2 _ %};;

[2.39]
when a < b (oblate spheroids)
a
A = 1 /b arc cos (2]"
a _— = = %y b |:2 40:[
. 2 2 .
B —[a/b] L - [a/b)] '
when a = b (spheres)
=1
823

The author added that for practical calculations, the
following approximations are often useful:

when a > b

b - [1[Po) - 1] [ora)? .41

when a <b

A+ 1 [2.42]

Van Beek also reported that for small @ and o; << AaoZ

equations [2.35] [2.36] and [2.37] reduce to

_coler A e - e))] [2.43]
T Aoy .
a <.
@(ex - €1)
e, = EIE-_Esl m Aa(€2 — El):l | [2.44]
and eg = elE. +‘¢/Aa:l E245:]

Grosse and Greffe (158) have proposed formulae for the
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effect of ellipsoidal micelles on the permittivity of a
mixture by writing the Rayleigh equation in the form:

2e1 + €3 + 20(ep - €1)Q(e2,€1)
© T Ff1 T3e] ¥ €5 - B(ep - €1)Q(eg,671) 2-46]

where the shape factor Q (es,e;) is defined by

1— 1
Qezre1) =5 >T 557 (e, s e)Te, v o, 247
] S

with the ¢ components given by

2 gi
t1 T 15 [1 - 57], La = &4 = T [2.48]

Since these equations are based on the Rayleigh equation

[2.14], they should be similarly applicable to @ < 0.2.

This theory was not applied to experimental data nor were

the types of micelles identified.

A generalised form of the Bottcher equation was given by
Polder and Van Santen (159) who obtained an expression of
similar form to the equation of Sillars but by using the
approximation that the medium surrounding the dispersed
particle was one of permittivity e, thé following

expression was obtained:

@(eg - e1)e | [2.49]

e = g1 *+ sc+'Aa,(82 - €)

which reduces to the Bottcher equation when the
substitution Aa = % for spheres is applied. The equation
is often written in the form applicable to a random

distribution of orientations namely:



(eg - €1)¢
e = +d— [2.50]
== e+ A (g5 - €)
a,b,c J
For spheres Aa = Ab = Ac = % giving the Bottcher

equation as required.

The authors considered [2.4@] to be applicable to "low"
values of ¢ and Mandel (152) suggested it should be

applicable to systems where @ does not exceed '"10 to 20%".

de Loor (160) proposed a more general expression for [2.5@]

e = 81'*'% : (‘,82 - A ACE [2.51]
—~ T, * A (ey - 1)
a,b,c J

where ¥ is  the permittivity of the immediate surroundings
of the dispersed particle. The author added the statement
that '"'thorough investigation has shown that €; always has

values between e ande;" (161).

In the case of &; = e, the Polder and van Santen equation

is obtained which reduces to the Bottcher equation when

Aj(j =a, b, c) = %, as already discussed. On the other

hand, when &; = ¢;, the Sillar's equation is obtained,

since as discussed later n = iL. For spheres, the equation
a

reduces to

30ei1(ep —- 1)

e = g * e, + e, [2.52]

which is the Wagner equation for ¢ << 1 [2.33].

Kaatze et al (109)'proposed the mixture formula:
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2.

2.

3¢81(€2 - 81) .
= e ? 2e) * ep - @P(ey, - €1) [2.53]

These authors claimed that [2.53] was a "refined version
of the formula of Polder and van Santen'. However, simple

re-arrangement of their equation gives

2e1 + €2 - 20 - )
. |: 1 2 €1 ez:[ [2.54]

2¢; *t eg + @(e; - €3)

£ =

which is identical with the Rayleigh equation [2.14] and

should be thus only applicable for ¢ < 0.2.

These authors also introduced a modification to [2.54] in
which @ in the denominator was replaced by a factor
[1 -6 (1L - ¢)] where § is an empirically adjustable
parameter. The physical significance of the §-value was

not discussed.

Dielectric theory of spherical dispersions surrounded

by shells
Due primarily to relevance to biological cell specimens,
the dielectric properties of a dispersed particle
surrounded by a shell of different dielectric properties
to those of either the particle or the continuous medium,
have received considerable attention. Since ternary
mixtures of surfactants with water and a hydrocarbon can
be regarded as ''particle with shell"” type structures, the
dielectric theory of such systems could well be relevant.

The earliest attempt to give a mathematical analysis of a
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dispersion of spheres surrounded with shells was by
Maxwell (153). For a globule of radius R with a
permittivity e, surrounded by a shell of thickness d
with a permittivity €<h in a continuous medium of
permittivity e;, Maxwell showed that the permittivity
€1 of the homogeneous sphere which is equivalent to the

shell-covered sphere is given by

Zssh + ey - 2(eSh - €92)V

= 2.55

€1 %sh 2€Sh + e, *+ (esh - €9)V 2 :l
- [-B}°
where v = [Rr+ d] .

(It can be seen that [2.55] is identical with the
Rayleigh equation [2.14] for a volume fraction v of
dispersed phase of permittivity & in a continuous phase
Esh')

Maxwell then showed that the permittivity of the mixture,
for a dispersion of permittivity €1 in a continuous phase
g1 is given by:

2e; + e; - 2(e; - €.)p
€ T 1 g, ¥ ep * (e1 - e7)p [2.5¢]

where p is the volume fraction of the dispersed globules

with shells.

Combining equations [2.55] and [2.56] enables e to be

calculated.

Pauly and Schwan (162) extended these equations to include
conductivity effects by expressing all the permittivity

components in their complex form. Dielectric dispersion
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was predicted which was characterised by two relaxation

times.

O'Konski (108) considered the case of Gsh>> o1 and showed
that, since freely movable ionic charges in the shell can
be displaced by an applied field, a surface conductivity

occurs which can give rise to dielectric dispersion.

The O'Konski approach was further developed by Schwarz (113)
in order to account for very large permittivities and

very low dispersion frequencies observed in biological

cells and colloidal suspensions which could not be accounted
for by O'Konski's theory. Schwarz considered the effect

of an external field on the counterion distribution in

the interface between the particle and its surrounding
continuous medium and showed that the asymmetry in the
distribution caused by the field causes dielectric
dispersion with a relaxation time related to the particle
radius and the surface diffusion coefficient of the

counterions.

Although the permittivity values predicted by equations
[2.55] and [2.56] may well be applicable to ternary
mixtures of non-ionic surfactants with water and a hydro-
carbon, the absence of counterion effects can be expected
to preclude the dielectric dispersion behaviour discussed

by O'Konski (108) and Schwarz (113).
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Comparison of heterogeneous mixture equation values with

experimental data

Since there are a large number of mixture equations
available, it is considered important that comparison
with experimental data be included in order to identify
the equations most likely to be applicable to the

surfactant studies in this work.

kxtensive comparisons have been given in the reviews by
van Beek (140) Hanai (120) and Kraszewski (163). Their

results are summarised briefly in this section.

The review by van Beek reveals that in a number of
investigations covering a range of heterogeneous systems,
for a noi-ccnducting dispersed phase, the equations of
Bruggeman [2.16], Looyenga [2.17] and Bottcher [2.19] give
closest agreement with experimental values for ¢ up to

typically 0.5.

The survey by Hanai reveals that in emulsions, the Hanai-
Bruggeman equations for both O/W and W/O dispersions
generally give closest agreement with experimental values
for dispersions with @ up to about 0.8. Marked devi#tions
were revealed when the full Rayleigh equation [2.13] and the
Bottcher equation [2.19] were used at volume fractions of
dispersed phase higher than 0.2. Similarly, where dielec-
tric dispersion has been observed, it has been shown to be
more accurately described by the Hanai equations than the

Wagner equations. One notable exception is the data of
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Dryden and Meakins (164) for water droplets in wool wax
with @ up to 0.381 where the Wagner equations give
slightly better agreement. Hanai suggested that the
deviation between the experimental values and values
calculated from the Hanai equations could be due to

an aggregation effect, but justification of this proposal

was not given.

Good agreement between experimental values for emulsions
and the Hanai equations has been reported for W/O
dispersions by Chapman (165), Clausse et al (124, 125) and
Le Petit et al (166) and for O/W dispersions by Clausse
(127). Similarly Clausse et al (131) reported good
agreement between experimental values and the Hanai
equations for O/W microemulsions, as discussed in

Chapter 1 of this work, and it is thus concluded that for
concentrated dispersions, the equations of Hanai (which
include the Bruggeman equation) and Looyenga are likely to

be most suitable.

Comparison of experimental data with theoretical equations
for dispersions surrounded by shells has already been

given in Chapter 1.

For non-sperical dispersions in other types of system,
comparison between experimental and theoretical values
is more sparse. The results of Reynolds (167) and
Pradham and Gupta (168) for such dispersions have been

considered by van Beek (140) and Kraszewski (163).
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Although Reynolds was able to obtain good agreement
between theory and experiment for glass lamellae and rods
in carbon tetrachloride for ¢ up to the highest reported
value of 0.4 using e¢; = ¢; for lamellae and e; = ¢ for
rods in the de Loor equation [2.51], and also obtained
close agreement for glass lamellae in nitrobenzene using
€, = ¢ for ¢ up to 0.2, the calculated values by
Kraszewski (163) reveal that even closer agreement is
obtained using both the Looyenga and Kraszewski equations

with the latter being marginally better.

The data of Pradham and Gupta (168) for Mg0 lamellae
dispersed in rosin for ¢ up to 0.5 revealed close agreement
between theory and experiment using the de Loor equation
[2.51] with €, = e but the agreement was only marginally
Dbetter than that given by the Kraszewski equation. Further,
for cylindrical air-holes in plexiglass for ¢§ up to 0.55,
Kraszewski has pointed out that both the Looyenga and
Kraszewski equations give better agreement with experiment

than equation [2.51] using either e; = ¢; or €; = e.

It is concluded that the equation of de Loor which was
derived specifically for non-spherical dispersions is not
demonstrably better than the Looyenga or the Kraszewski
equations, even though these latter two equations are
restricted to spherical and multi-layer suspensions
respectively. The results support the view that equations

for concentrated dispersions of non-spherical particles
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2.

are required with equations based on those of Hanai and

Looyenga being considered the most suitable.

Derivation of new equations for concentrated dispersions

of spheroidal particles

In this work, the studies of micellar mixtures

containing non-ionic surfactants have involved
concentrated O/W and W/O dispersions and equations
enabling a distinction between O/W and W/Ovdispersions to
be made would be of value. Further, following the
suggestion of Tanford et al (74) that micellar solutions
of some of the polyethylene glycol alkyl ether surfactants
studied in this work are oblate ellipsoidal rather than
spherical in shape, it was clear that mixture equationsNQ
for concentrated dispersions of a spheroidal nature were

required.

The equations of Bruggeman [2.17], Looyenga [2.18] and
Hanai [2.27] to [2.32]which were derived for concentrated
spherical dispersions were the obvious ones from which
attempts to generalise fé\ spheroidal dispersions should

be directed. In particular, the equations of Hanai, which
include the Bruggeman equation, were of particular interest
since they enable a distinction between O/W and W/O
dispersions to be made and have, as already discussed, been
shown to give good agreement with experimental data for

emulsions.
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It was therefore decided to apply the Bruggeman integral
method to the generalised Wagner equation for spheroidal
dispersions quoted by van Beek (equation [2,36]) in order
to derive a generalised form of the Bruggeman equation.
Using the method of Sillars (156) as a basis, it has been
shown how [2.36] can be considered as an extension of the
Sillars equation to higher concentrations of dispersed

phase.

Following the approach of Hanai (120) asolution of the
generalised Bruggeman equation in complex form has been
derived, giving generalised forms of the Hanai equations

for both O/W and W/O spheroidal dispersions.

Since the equation derived by Looyenga has proved to be

of value in dieleétric studies of concentrated dispersions
(140