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MICELLAR AGGREGATION AND CHARGE EFFECTS
ON SOLUBILIZATION

by YUNG SHING YANG
(Under the supervision of Professor Pasupati Mukerjee)

This dissertation is concerned with some investigat-
ions on the self-association of surfactants and the solu-
bilization of additives. The main subjects of study were
(a) the charge effects on the interactions of some indica-
tor dyes and similar molecules with some long chain surfac-
tants, bile salts, and hydrophilic polymers, (b) the patt-
ern of self-association of some phenothiazine derivatives,
and (c) the mutual interactions of long chain hydrocarbon
and fluorocarbon surfactants in mixed micelles.

The dissociation constants (K) of two cationic indica-
tor dyes, ethyl red and quinoline blue, solubilized in
nonionic micelles of R-D-octyl glucoside and Brij-35 were
determined. The pK values were found to be markedly lower
than the intrinsic pK values in water. This change was
ascribed to different electrostatic image interactions of
the dissociated and undissociated dye species at the mice-
lle-water interface. Similar studies in several anionic
micellar systems were carried out. The expected change in

the apparent pK due to electrostatic potentials of the
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micellar surface and the resultant change in the effective
surface pH was pronounced and varied with the counterion
concentration. This variation was found to be in excellent
agreement with predictions from the Gouy-Chapman theory of
the electrical double layer. The use of indicator dyes as
probes for surface pH changes was investigated further in
dodecyl sulfate systems containing a variety of counterions.
Pronounced differences were observed. The specific effects
of different counterions-on -the surface pH showed good
correlation with similar effects observed on some published
rate constants of the acid-catalyzed hydrolysis of methyl
orthobenzoate in the same micellar systems.

The spectral changes of the aggregating dye, benzopur-
purine 4B, in aqueous solutions of two polyethylene glycols
and several Pluronic polyols were investigated and found
to be similar. The data could be interpretated in terms of
dye-polymer interactions including some cooperative near-
est neighbor interactions. There was no need to invoke
micelle formation in Pluronic polyols as suggested in the
literature.

The pattern of solubilization of the fluorescent
compound, 6-p-toluidino-2-naphthalene sulfonate, and an

indicator dye, bromthymol blue, in solutions of several
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sodium alkyl sulfates and bile salts were examined. In the

case of the detergent type surfactants, the pattern of
solubilization was found to be consistent with micelle
formation which involves surfactant self-association with
a high degree of cooperativity. In contrast, sodium cholate,
sodium deoxycholate, and sodium chenodeoxycholate, showed
a much lower degree of cooperativity. The interactions of
these solubilizates with the bile salts appears to involve
the formation of a preferential adduct between one solu-
bilizate molecule and six to seven bile salt ions which
seems to be relatively independent of the pattern of self-
association of the bile salts.

The 19

F nuclear magnetic resonances of aqueous solu-
tions of sodium perfluorooctanocate (SPFO), triflupromazine
hydrochloride, and trifluoperazine dihydrochloride were
studied. The NMR chemical shifts of the micelle forming
SPFO showed the expected sharp transition at the critical
micellization concentration (CMC) region but the pheno-
thiazine derivatives did not. On treating the NMR chemical
shift data in an appropriate manner, it could be shown that
the self-association in the case of the phenothiazines

involves a stepwise open-ended association pattern without

much cooperativity. This conclusion is consistent with



stacking interactions as expected from their molecular
structures.

The mixing properties of fluorocarbon and hydrocarbon
surfactant micelles were examined by electrical conductance
and 19F NMR measurements. The CMC data indicated that the
mixing of SPFO micelles and those of three anionic hydro-
carbon surfactants investigated was highly nonideal. The
nonideality effects could be adequately described by the
regular solution theory. In one case the nonideality was

intense enough to cause a microscopic phase separation,

i.e., the coexistence of two different kinds of micelles.
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1. INTRODUCTION

l.1. General Introduction

Amphiphilic molecules, containing distinct polar and
nonpolar moieties, often exhibit surface activity in solu-
tions and tend to adsorb at air-liquid or solid-liquid
interfaces. They also férm aggregates in aqueous as well as
in some nonaqueous solutions. This class of compound has
generally been referred as "surfactants".Solution properties
of surfactants have been the subject of many investigations
since the early development of detergents. The rapid in-
crease in the applications of surfactants in many different
areas has made this type of research of increasing interest
in recent years.

Certain types of surfactant (e.g., long-chain detergent-
like molecules) tend to form large aggregates containing
thirty or more monomers in aqueous solutions above a cer-
tain concentration. These aggregates are called "micelles".
The definition of micelle has recently been discussed
in detail by Mukerjee and Mysels (1,2). Several reviews
and monographs on micelle formation (3-5,12,64), micellar
solubilization (6-8), and micellar catalysis (9,10,54)
have been published. The basic and qualitative features
of the currently accepted theory of micelle formation are
largely based on the pioneering works of Hartley (11) and

later elaborated by many other investigators. The forces
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involved in the formation of micelles and the structure of

micelle formed in aqueous solutions are, in many respects,
similar to the formation and structure of biological lipid
bilayer membranes (12). Micellar system has, therefore,
been used as a model for bilayer membranes. Catalysis in
miceliar solution has been proposed as a model for enzy-
matic reactions (10,13). Several recent studies of photo-
chemical reactions in micellar solutions have indicated
that certain photoelectron transfer reactions, ordinarily
not feasible in homogeneous bulk solutions, can be achieved
in solubilized states. These findings suggest that micellar
systems may be useful for conversion and storage of solar
energy (14,15).

The solubilization of many. normally insoluble sub-
stances by aqueous surfactant solutions is a well-known
phenomenon. McBain (16,17) first suggested that the mechanism
of solubilization in detergent solutions is due to the
incorporation of water-insoluble substances into the col-
loidal, micellar aggregates. Many applications of micellar
solubilization have been made in diversified areas. Pro-
cesses such as the recovery of crude oil from porous rocks
(24,206), the use of micelles as carriers for otherwise
insolgble drugs (7,18), and organic synthesis via micellar
catalysis (9,10,54) are only a few examples.

Although solution properties of surfactants have been

studied extensively, many questions regarding the detailed
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structure of aggregates formed by different types of sur-

factants, the effects of solubilized species upon the
properties of micelles or surfactant aggregates in general,
the location and orientation of solubilized species in
surfactant aggregates, and the relationship between the
strucﬁure of solubilized species and their solubility in
micelles have not received unequivocal answers. In this
report, some of the basic properties related to surfactants
and their aggregates formed in aqueous solutions are exam-
ined: (i) the effects of charges on the solubilization of
organic dyes in micelle-forming and nonmicelle-forming
surfactants, (ii) the different patterns of self-associa-
tion exhibited by surfactants of different structural types
(i.e., flexible long chain surfactants, phenothiazines and
salts of bile acids), and (iii) the mutual interactions of
hydrocarbon and fluorocarbon long-chain-type surfactants in

mixed micelles.

1.2. Aggregation Properties of Surfactants

Surfactants can be ionic, nonionic, or zwitterionic
depending upon the polar groups on the molecule. In agueous
solutions, these molecules exhibit surface activity and
tend to form aggregates via either self-association or
mutual (mixed) association (5,25). The driving force for
surfactant aggregation in aqueous solution comes mainly

from the hydrophobic interactidns of the nonpolar part of



the molecule (25,27). These forces are opposed by the
repulsive interactions between polar groups of the sur-
factant molecules (25,26,58) and also the interactions
between‘the polar groups and the nonpolar core of the
micelles (27, 28). Under normal conditions, monomers and
.miéelles are in rapid dynamic equilibrium. The exchange
frequency of the monomer between the bulk solution and
the aggregate is faster than 104 per second (29,55). As a
result, only one nuclear magnetic resonance (NMR) signal
is observed for each absorbing nucleus in a surfactant
solution containing both monomer and aggregate. Because
of the short-range characteristics of hydrophobic interac-
tions, the molecular structure of the surfactant plays
én important role both in the formation of the aggregate and
the pattern of aggregation. Commonly observed surfactants
can be classified into four different broad classes based
on their structures (25): (I) flexible long-chain compounds,
(II) compounds with rigid aromatic or heteroaromatic ring
or fused ring structures, (III) alicyclic fused ring sys-
tems which are rigid but not planar, and (IV) macromole-
cules, such as proteins, enzymes, and some water soluble

synthetic polymers.

1.2.1. Flexible Long Chain Surfactants

Compounds with a flexible, long hydrophobic chain and

a polar head group are typical micelle-forming surfactants.



At low concentration in water, these surfactants exist
mostly as monomers. As concentration increases to the CMC
level, large‘numbers of the surfactant molecules aggregate
spontaneously to form micelles with their polar groups
exposed to water and the nonpolar, hydrophobic chains,
forming a core. Micelles thus formed are roughly spherical
in shape in many systems but can be asymmetric in others.
Wheﬁ concentration is further increased above the CMC,
almost all additional surfactants form micelles and the
concentration of the monomer remains approximately the
same. For many practical purposes, the monomer concentra-
tion can be assumed to be equal to the CMC and the concen-
tration of the micellized surfactant can be calculated
from the total surfactant concentration. The CMC of a
surfactant decreases with increasing length of the hydro-
phobic chain. It is also generally lower for nonionic than
for ionic surfactants of the same chain length. Micelles
formed in water usually contain 30 or more monomers.
Addition of salt increases the size of ionic micelles

and reduces the CMC by reducing interionic repulsions
between the head groups (26,30). Effects of the addition
of salt on nonionic micelles are relatively small (31).

At high concentrations of surfactant or added salt, sphe-
rical micelles sometimes grow and elongate to rod-like

micelles (27).At even higher concentration lamellar micelles



and, finally, liquid crystal phases may also form and
separate from the solution. Applications of micellar solu-
tions in solubilization and catalysis are usually in the
concentration range of isotropic solutions.

1.2.2. Surfactants of Rigid Aromatic, Heteroaromatic or

Fused Ring Structures

Compounds of this class differ from the long chain
surfactants by the absence of a polar or nonpolar end. They
are roughly symmetrical with respect to their hydrophobicity
on both sides of their planar or nearly planar structures.
These molecules are thus capable of forming open ended
stacking aggregates in a roughly linear array (25,32).

Many dye molecules, e.g., cationic cyanine dyes and anionic
azo dyes, are typical examples. (32,33). A large number of
drug molecules, such as phenothiazine trangquilizers and
structurally related compounds, are also likely to fall

in this class (32,34,35,36,37). The ring structures of
these compounds tend to be less hydrophobic in general than
hydrocarbon chains of similar molecular weight. Their ten-
dency towards association and the structures of the stacked
aggregates are affected by their molecular geometry and

the distribution of polar and nonpolar groups attached

to the ring systems. Compounds of this class are also like-
ly to exhibit rather different patterns of association

from that of flexible chain surfactants. The cationic

methylene blue dye, which is also an analog of phenothiazine,
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was investigated in detail by Mukerjee and Ghosh (32,38,39,

40,41). Several different models of association were exam-
ined and compared with experimental results. The general
conclusion was that the planar methylene blue shows a

very differgnt pattern of self-association from that of
long chain surfactants. A continuous stepwise association
with roughly similar association constant was indicated.
Similar association behavior has also been suggested for
many purine and pyridine bases of nucleosides (42).

Such self-association phenomena are likely to be important
in processes such as dyeing, drug binding and drug trans-
port which are mainly controlled by the monomer activity
and are thus affected by the self-association.

1.2.3. Surfactants of Alicyclic Fused Ring Structure

Bile acids, cholesterol, and many steroidal antibiotics,
e.g., fusidic acid and helvolic acid, contain fused alicyc—
lic ring systems, in which the polar groups are directed
away from the backbone of the tetrahedral carbon atoms
to one side or the other. In many cases, one side of the
moleucle is more hydrophobic than the other. These com-
pounds represent another class of surfactants. Aggregation
of these surfactants, based on the effects of hydrophobic
interactions, requires that the hydrophobic sides of the
moleucle be put in contact with one another and the rela-

tively polar side of the moleucle be exposed to water (25,43).



Due to the rigidity and nonplanar structure of these
molecules, formations of dimers and small oligomers con-
taining limited numbers of monomers have been proposed for
bile acids and their salts (43-46) . The detailed structures
of the aggregates formed by this class of surfactants and
their patterns of association are not entirely clear(44,46).
‘This class of surfactants has many important biological
actions have not been fully understood, the relationship
between their surface activity, solubilization properties,
and physiological functions have been explored qualitatively
in several cases, e.g., in fate absorption (47,48), ele-
mination ofrdrug substances through the biliary route of
excretion (49,50), and control of membrane structure by
altering the output of cholesterol and phospholipids (49) .

1.2.4. Macromolecules

Macromolecules, including naturally occurring and
synthetic polymers, form another important class of self-
associating solutes. Many proteins and enzymes with hydro-
phobic side groups are capable of forming aggregates.
Their biological activities may be altered by either
covering or uncovering the active functional groups during

aggregation (51-53). 1In synthetic polysoaps, which are



polyelectrolytes with covalently attached 1long hydro-
phobic chains, the hydrophobic chains may form intramole-
cular ciusters similar to micelles of flexible chain sur-
factants (56). The hydrophilic backbone of the polymer
serves as the polar exterior. Hydrophilic homopolymers,
e;g., polyethylene glycols, polyvinylpyrrolidone, and
block copolymers, e.g., pluronic polyols, are commonly
used as food and drug additives. Such polymers may exhibit
strong surface activity at relatively low concentrations.
However, they only show moderate solubilizing ability (19,
20,21). These solutes are seldom capable of forming large
aggregates,such as micelles,because of the absence of

large hydrophobic moieties in their polymeric segments.

1.3. Patterns of Surfactant Self-Association

Self-association of surfactants generally involves
very complicated equilibria. A complete analysis of the
modes of aggregation is difficult. Some limited simple
patterns of association, however, have been found useful
for approximate description of the behavior of many real
systems. Several patterns of surfactant self-association
have been investigated recently by Mukerjee and his co-
warkers (25,32,46,62). The aggregation equilibria in a
nonionic associating surfactant system can be expressed

by a scheme of stepwise association equilibria such as:
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Here bl is the monomer, b2, b3, and bq

are the dimer,
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[1-1b]
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corresponding stepwise association constants.

The overall association constant, Kq

tion of bq from b; in the equilibrium
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ab,
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a (b1) 4

, for the forma-

[1-2]
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Here (bq) and (bl) are the activities of bq and bl' which

may be replaced by the concentrations [bq] and [b1] in
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tri-

dilute solutions. Kq is a product of the stepwise associa-

tion constants as shown in Equation 1-4,

[1-4]
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The experimentally accessible total equivalent concentra-

tion of all species in solution, C, is given by

qalbgl. [1-5]

0
|
Q MQ

=1

In this scheme, the absolute values of kq and Kq reflect
the tendency towards self-association. The higher these
values, the more extensive is the association and the
lower the concentration at which the association becomes
important. Whether the products of the self-association
are unique oligomers or multimers,or a distribution of
oligomers or multimers depends on the relative variation
of kq or Kq with g (25,57,62).

In typical micelle-forming systems exhibiting aggre-
gates containing many monomers, no appreciable amount of
aggregation can be detected until the CMC region is reached.
This is a result of positive cooperativity at the initial
stages of self-association, in which kq increases with q,
followed by a decrease in kq with g when g values are large.
The results are that micelles of moderate g values are
stable and further growth of the micelle is difficult.

In many cases, a rather narrow size distribution of the
micellar aggregates is observed at concentrations not

too far above the CMC region (30,59,60,61). For such sys-

tems, monomer-micelle equilibria are usually approximated



by a single monomer-micelle equilibrium, assuming only
monodispersed micelles are formed. For nonionic micelles,

- composed of n monomers, the equilibrium can be written as

n

and the overall association constant, K, represented by

[by]
Ry = ———== [1-7]
n
b1
In the case of ionic micelles, counterion interactions
must be included. The association equilibrium for anionic

surfactants with monovalent counterions, MY, may be ex-

pressed as

- (n-m)

mM+ + nby” = by [1-8]

12

where m is the number of counterions bound to the micelle,

H - (n-m)

A is then

. An overall association constant, ) S—"
14

given by

[b,~ (A-m) ]

K = . [1-9]
T MM [pq]-D

The total equivalent surfactant concentration, Equation
1-5,can be represented for nonionic and ionic micelles,

respectively, by

C = [byl+nlby] | [1-10a]
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C = [b;71+ n[b,~(P™™)] [1-10b]

~C can also be expressed in terms of the monomer concentra-

tion as

C-= [b,]+nK [b;]" [1-11la]
C = [by~1+nK, n[M*]1®[b;"1" [1-11b]

© It is, thus, possible to calculate the equivalent surfact-
ant concentration C, at any given monomer concentration
by Equation 1-11, if the numbers n and m and the overall
association constant, K, or Kn' , are known. As will be
discussed later, the monomer and calculated micellized
surfactant concentrations as a function of equivalent
surfactant concentration simulate many observed solution
properties of micelle-forming systems.
Systems showing continuous self-association, in which
all the stepwise association constants,kq, are roughly of
the same magnitude, exhibit an important pattern of sur-

factant association (25,62). In these systems, a one-

parameter model, assuming the same stepwise association

constant for all oligomers and multimers, i.e., k2=k3=k4=...
=kq=k, can be employed to describe the monomer-aggregate
equilibria. For an ideal nonionic or ionic system in which

kq is unaffected by surfactant concentration, the following

equations can be written:
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= 2 2 -1 -1
c [b;1(1+2k[b, 1+3k" [b, ] +....qk9 [bl]q
[1-12]
thué
[b;]
c = ' . [1-13]
(1-k[b11)2

when k[bl] <l
Since the stepwise association constants are equal, there

is no cooperativity involved in this pattern of aggregation.

' It has been shown that association of this kind leads to a

wide distribution of sizes, the most probable distribution
of sizes (25,62). The average degree of aggregation in-
creases slowly with the total surfactant concentration and
may be very low even when large fraction of the molecules

is associated (25,62,63).

l.4. Critical Micellization Concentration (CMC) of

Surfactants

Any solution property that reflects the concentration
of monomers, the aggregates, or any unequally weighted
combination of the two will show changes when aggregation
begins. In micelle-forming systems, solution properties
change relatively abruptly over a small range of concen-
tration when the CMC region is reached. The CMC value is
often determined from the intercept of two straight lines,

extrapolated from curves measuring some solution property
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above and below the CMC region. Since CMC represents a

narrow range of concentration rather than a unique concen-
tration, the value of CMC may be somewhat different for
different methods of determination. In a typical micelle-
forming system, CMC values obtained by different methods
usually agree, however, within a few percent (65) .
Techhiques for CMC determinations and CMC values for
commohly observed surfactants have been reviewed and
compiled by Mukerjee and Mysels (65).

One of the characteristic features of micelle forma-
tion, as mentioned before (c£.1.3), is the strong coopera-
tivity at the initial stages of aggregation. When micelles
first become detectable at the CMC region, they may already
have a large aggregation number although virtually all the
surfactant is in the monomeric form. For many practical
purposes, the CMC value serves adequately as the concen-
tration where micelle formation begins and above which any
added surfactants form micelles so that the monomer concen-
tration remains approximately unchanged. Processes such
as solubilization or catalysis, which depend on the forma-
tion of micelies, occur only when the surfactant concentra-
tion reaches the CMC value of the specific system. Any
Phenomenon which depends on the activity of the monomer,
on the other hand, will be limited by the formation of
micelles at CMC.

It has been shown (25) that the appearance of a CMC
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region can be demonstrated by plotting the calculated mono-

mer or micellized surfactant concentration, based on Equa-
tion 1-10 and 1-11with proper choices of the values of n
and Kn’ as a function of the equivalent surfactant concen-
tration. A fairly sharp change in composition around the
CMC region can be obtained with a value of n as low as

20. The sharpness of the CMC region increases as n increases
Vérying the value of Kn merely shifts the concentration
scalesand does not affect the shape of the curves.However,
the operational approach to the detérmination of CMC from
plots of solution pProperties against concentration can

lead to misleading results at times. For example it has
been demonstrated recently (25) from several model calcula-
tions . that apparent CMC values can be obtained in systems
exhibiting only dimerization or a continuous self-associa-
tion with low degrees of aggregation. In these systems,

the monomer concentration changes continuously below and
above the apparent CMC region. The apparent CMC value,
therefore, has only a limited significance. Erroneous
estimations of monomer or aggregate concentration may
result if a simpie micelle model is forced on these systems.
Several attempts have been made to define CMC values theo-
retically (165,66,68,69). Phillips (66) and Chung and
Hielweil (68) suggest that the CMC is the concentration

at which d3Q/dC3=0 where Q is an ideal colligative property
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of the solution. Hall (69) suggests a similar definition

in terms of the chemical potential of the monomer. These
definitions are of little practical use. CMC values are
determined in an operational manner (1967). However, the
natures of the transition involved in the CMC region of
bonafide micellar systems can be demonstrated by treating
experimental data in aﬁ appropriate manner. This approach
was originally developed by Hartley (l1l1) and later used
by Mysels et al. (67) for conductance data. In this method,
the rate of change of a suitable solution property with
concentration, dQ/dC, is plotted as a function of the
surfactant concentration. dQ/dC may be approximated by
the ratio (Q;-Q,)/(C3-C,) or AQ/ AC, where Q; and Q, are
and C_. This

1 2
procedure reduces the subjective character of graphical

measured at consecutive concentrations C

differentiation. It also gives a severe test of experi-
mental accuracy of Q. Differential curves of this kind
not only show clearly the transition at the CMC region
but also provide information about the pattern of sur-
factant aggregation when compared with calculated curves
of different models of aggregations.

A solution property, Q, which is the sum of suitably
weighted contributions from all species in the solution
. may be expressed by an equation, such as 1-14, for an ideal

nonionic system:
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Q=A1[bl]+2A2[b2]+3A3[b3]+....+qu[bq] [1-14]
Here Al’AZ"‘Aq are the proportionality factors for the
monomeric, dimeric, and g-meric surfactants, respectively.
Equation 1-14 should apply to measurements of specé
tral properties of surfactant solution, e.g., UV, visible,
or nuclear magnetic resonance absorption. Equation 1-14
can also be written in terms of the monomer concentration

as

- 2 3 d rq-
Q=A, [b; 1+2A,K, [b,]2+3A K, [b,] +..+quKq[bq] .[1-15]

Colligative properties, such as osmotic pressures, are
more conveniently expressed in terms of the
molar concentrations of the various species:

= - 13 q -

Q Al[bl]+A2K2[bl] +A3K3[bl] +...+AqKq[bl] . [1l-15a]
The total surfactant concentration, C, cah be written as

. 2 3 q -

c [bl]+2K2[bl] +3K3[bl] +..+qKq[bl] . [1-16]

The first derivatives of ;Equation 1-15 or 1l-15a are thus

given by:
A +2A K, [b,1+3 A K (b, 1%..+q AqKq[bl]
49 [1-17]
ac_ 2 2 2 o . 7G=1 -
1+2 Kz[b1]+3 K3[bl] +..+g Kq[bl]
and -
2 3
+ ot q
Al+2A2K2[bl] 3A3K3[bl]+ quKq[bl]
do_ [1-17a]

ac 2 2.2 3 2 g-1
+ e o o
1+2°K, [b, 143K, [b, 1 +. . .+q K, [b;]
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/]

In a micellar system, if only monomers and monidispersed

micelles are considered, Equation 1-17 simplifies to

2 n-1
+
56 Al Ann Kn[bl]
= : [1-18]
dc 2 n-1
l1+n Kn[bl]

It is thus possible to calculate dQ/dC from [by] if Ay,A 1
and Kn are known; then the total concentration, C, can be
calculated by Equation 1l-lla. The parameter A, may be
determined at low concentrations where monomers are the pre-
dominant species and d4Q/4C » A; as C » 0. At high surfactant
concentrations, dQ/dC » A, as C > ® . Thus An can be esti-
mated from a suitable extrapolation. In the case of a solu-

tion property described by Equation 1l-15a, extrapolation to

C

¢

infinité surfactant concentration leads to the value of
A,/n.

To demonstrate the use of this approach the ratio of
Al/An is assumed to be unity. By eliminating A, from Equa-

tion 1-18, Equation 1-18a is obtained, i.e.,

J + n2K [bl]n'l

1 dgQ n
- e = . [1-18]
ApdC 1+ nan[bl]n-l

Figure 1.1 shows the normalized differential curves express-
ed as (l/An)(dQ/dC) versus C, calculated from Equation 1-18a
assuming K, to be unity and different values of n.

Several important features of these plots are noteworthy.
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Figure 1.1. The plots of normalized gradient of
solution property versus the concentration
of surfactant calculated by Equation 1-18a
with K,= 1 and different values of n (the
broken line has a value of Kn=1020 ) and
also the model of stepwise association,S,

as discussed in the text.
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Every curve with n greater than two exhibits one inflection

point. The transition becomes sharper as n increases. When
the value of n is high, the gradient remains approximately
constant until the transition region is reached and then
changes rapidly in the transition region before leveling off
to another roughly constant value. The transitionoccurs at
the CMC region. Increasing the association constant, K v
merely shifts the curve to a lower concentration without
changing its shape. This is demonstrated by curves of n=100
and Kn=1020 or 1 in Figure l.l.These curves indicate that
even for n=3, a slight cooperativity of self-association is
implied in the association process. Thus, the formation of
large monodispersed aggregates or multimers with a narrow
size distribution must involve a considerable cooperativity
of self-association, especially in the growing process of
the aggregates. In the case of n=2, the self-association,
of course, does not involve any such cooperativity. To
underscore the essential difference between the cooperative
self-association process and one without any cooperativity,
Figure 1.1 also includes the calculated curve for the case
of continuous stepwise association in which all the asso-
ciation constants are assumed to be unity and the propor-
tional factors are assumed to be equal for all the aggregat-

ed species, i.e., A2=A3=A4=....=A This curve does not show

.
any inflection even though the average degree of aggregation

increases continuously. A system such as this may contain a
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very large multimer,without a transition region.

The curves in Figure 1.1 are very similar in shape to
the calculated curves of d(C—bl)/dC,i.e.,the rate of change
in the concentration of the aggregates with the total con-
centration of the surfactant. The only difference in this
case is that the value of J equals zero. The curves in
Figure 1.1 are thus of general significance and do not
depend on the specific nature of the solution property
being investigated. Treatment of data in the differential
form illustrated in here should distinguish between differ-
ent patterns of aggregation of surfactant systems. The
analysis of some data on phenothiazine derivatives and
salts of bile acids will be presented later.

1.5. Microenvironment of Micelles

On of the characteristic features of micelles is their
ability to dissolve hydrophobic, water insoluble, organic
molecules of various structures. This solubilizing ability
led to the early proposal of liquid-like nature of the
micellar core (5,11). The micellar core has been the sub-
ject of many investigations because of its importance in
solubilization. Heat capacities (89) and compressibilities
(90-92) of micelles have been found to be similar to those

of liquid hydrocarbons. The fluidity of the micellar
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interior has been studied by several different spectroscopic
techniques. Fluorescent polarization (93-95) and electron
spin resonance (ESR) (70,96-98) of solubilized probe mole-
cules as well as direct measurements of proton (99-103) and
cl3 nmr (104) relaxation times of micellized long chain type
surfactants have provided supporting evidence for the liquid-
like nature of the micellar core, although some ordering of
the hydrocarbon chains in the micellar core has also been
suggested (95,100).

A liquid-like micellar core suggests the presence of
only very limited amounts of water in the interior of the
micelle because of the low solubility of water in hydro-
carbons. There is still some controversy in the literaturé
regarding the hydration of the hydrophobic micellar core.
19¢ MR studies on partially fluorinated w -CF4 surfactants
suggest that the fluorocarbon group of a long chain surfac-
tant is partially wet, based on the implicit assumption that
the fluorocarbon group randomly samples the hydrophobic
core (105). On the other hand, proton NMR chemical shifts
and relaxation time studies indicate that water does not
penetrate into the interior of alkylphenolpolyoxyethylene
and alkylpolyoxyethylene micelles (101). Some doubt has been
raised regarding the conclusions drawn from 1l9F NMR data in
that the 19F NMR chemical shift data permit an alternative
explanation based on the pronounced non-ideality of inter-

action between fluorocarbon and hydrocarbon surfactants
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(109,110). Other evidence, such as the rate of hydrolysis

of alkylsulfate micelles involving water attack on the

a-carbon atom (111l) and spin lattice relaxation times
of methylene protons in micellized surfactants (100), have
indicated that the first one or two carbon atoms from the
polar head-group at‘the micellar surface are "wet" by water.

The micelle-water interface, containing polar head-
groups, constitutes another important region for solubiliza-
tion. In ionic micelles, this region is the inner part of
the electrical double layer-the Stern layer. This ionic
interface is rough, as would be expected from the dimension
of the head-group and thermal fluctuations of monomers (112,
113) . Large numbers of counterions, attracted by the head-
groups, neutralize part of the electrical charges at the
micellar surface and also create a high local electrolyte
concentration in this region. In addition to the electrical
charges, the proximity of the nonpolar micellar core also
produces substantial effects on the local dielectric
properties at the micelle-water interface. It has been shown
that the effective dielectric constant at both ionic and
nonionic micellar surfaces are much less than that of water
(114, 115, 121). Alterations of physical and chemical
properties of a solubilizate located in this region are,
therefore, not unexpected.
In the outer part of electrical double layer, the

diffused double layer, ionic species are distributed
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according to their charge, valency, and concentration rough-
ly in accordance with the Gouy-Chapman theory(80,116). A
very important variable here is the double layer thickness.
The polar head-group of nonionic micelles can be glu-
cose, polyoxyethylene, phosphine oxide, as also many other
typeg of nonionic hydrophilic moieties. Among them, surfact-
ants with polyoxyethylene head-groups are most often studied
because of their practical importance. The structures of
polyoxyethylene chains of such micelles have been investi-
gated recently by NMR relaxation techniques (103,122). Some
changes of the relaxation times of poloxyethylene protons
at different temperatures have been found. These changes
are consistent with a model describing the ethoxyl chains
as a tightly coiled, tangled structure with water molecules
entrapped among the chains at low temperatures and an
extended configuration at higher temperatures. Some optical
rotatary dispersion data suggested that the glucose head-
‘groups of B -D-octyl glucoside micelles are not in a very
different environment from that of the head-group in the
monomeric form (123). This micelle may be regarded as a
nonpolar micellar core surrounded by a layer of concentrated
glucose solution , which provides a relatively simple system
for studying the interfacial phénomena at nonionic micellar

surface.
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1.6. Solubilization in Surfactant Solutions

Surfactants have been used in many different situations
to enhance the solubility of organic compounds (6-8). It is
well known that the enhancement of solubility is related to
the self-association of surfactants. In micelle-forming
systems, little or no solubility increase is observed until
the CMC is reached. Once micelles form the increase in solu-
bility is almost directly proportional to the concentration
of micellized surfactants over a large range. This phenome-
non has, in fact, been used for CMC determinations (65).
Like micelle formation, solubilization is also a dynamic
process. A solute molecule (solubilizate) can get in and
out of a micelle (solubilizer) at a rate of more than 10%
times per second (70,95). The life-time of a solubilizate
in a micelle is,however, long enough for its reorientation
or diffusion to different locations within the micelle.
Depending upon the polarity and charge: distribution in the
solubilizate molecule,it may be preferentially distributed
at a certain location in the micelle. Nonpolar ,lipophilic
compounds are likely to be incorporated into the hydrophobic
core of the micelle. Amphipathic molecules may orient their
hydrophilic part to the exterior of the micelle while the
hydrophobic part remains in the core. Ions carrying opposite

charge to the surfactant are likely to be taken into the
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Stern layer of bound counterions. In systems of nonionic
surfactants such as Brij and Tween, incorporation of the
solubilizate can also occur in the polyoxyethylene sheath
of the micelle (71,72).

Several recent studies on solubilization of aromatic
compounds in different micellar systems have indicated that
neutral or slightly polar molecules, such as benzene and
naphthalene, are solubilized primarily at the surface of the
micelle (73,74). This has been ascribed to a combination of
two factors (73,74),namely the slight interfacial activity
exhibited by molecules like benzene at an oil-water inter-
face and the large surface to volume ratio of the micelle.
It has also been shown that nonionic molecules with moder= -
ately polar functional groups, e.g., carbonyl, are also
solubilized near the surface‘of the micelle (75,76). The
micellar core-water interface situated between a nonpolar
hydrocarbon medium and a polar aqueous medium is an import-
ant region for organic solubilizates with even a slight
polarity.

The free energy change of solubilization, AG, includes
at least three major contribﬁting factors, i.e.,

AG= AGh+ AGC+ AGil

where AG, is the free energy change of transferring the non-
polar part of the solubilizate from the bulk solvent to the

micelle. A.Gc is the free energy of Columbic interaction
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between the micellar ionic head-groups and the charges

carried by the solubilizate and AGi is the free energy
change due to the self-potential of the charges carried by
the solubilizate approaching the micellar core-water inter-
face from the bulk solution (28,73). The change of self-

- potential at micellar surface can be approximated by an image
interaction of a charge situated at the proximity of an
interface dividing two different dielectric media. For a
unit charge, e, situated in a medium of dielectric constant
Dw at a distance r from a planar interface dividing another
medium of dielectric constant Dm’ the electrostatic energy,W,
due to image interaction can be expressed as

2

(D, - Dm) - e

w

(Dy + Dp)- 4D,r

Since the dielectric constant of the aqueous solvent is.higher
than the dielectric constant of the nonpolar micellar core,
the change of free energy due to self-potential for a charged
solubilizate is alway opposing the solubilization.

The interaction of a solubilizate with micelle can be
described either in terms of an association equilibrium or a
two-phase partition. For example, the interaction of one solu-
bilizate, D, with a micelle can be written as

D+ b, = Db [1-21]

n .
and the equilibrium constant, Ke’ can be expressed in terms

of the concentrations of the solubilized species, [Dbn], and
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the free solute ,[D,], by the following equation:

[Db_]
K = . [1-22]

[D,] [b,]

This approach has many difficulties, particularly if several
solubilizate species are incoperated in one micelle.

The partition model, on the other hand, assumes a dis-
tribution of solubilizate between the bulk solution and the
micellar sub-phase in analogy to a partition equilibrium
between two immiscible phases. A partition coefficient,Kp,is
related to the stoichiometric concentrations of solubilizates
in the micellar phase,[Ds], and the bulk solvent, [D ], by

the following equation:

K = [DS] ¢a
P [1-23]
o1 &

where ¢%.and<pm are the volume fractions of the bulk solvent
and the micelles. These parameters can be calculated from
the partial molar volume of the micellized surfactant, ¥,

expressed in liter/mole, by the relationship

P, = (C - cMC)T [1-24]
$. =1~ ¢m . [1-25]

At low micellar concentration, ¢, approaches unity and

Equation 1-23, after combination with Equation 1-24, becomes
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(D]

P ) [1-26]
[Da] (C - cMC)

This approach usually ignores the effect of solubilizate on
the CMC. If one assumes that the micelles are monodispersed
and that the concentration of solubilizate is negligible
compared to the concentration of micellized surfactant,
Equation 1-26 can be rewritten for micelle of aggregation
number n as

[D_]

Vn= . [1-26a]

[D,] [b_]

Kp

Under these conditions the two approaches become identical,
as indicated by the similarity between Equations 1-26a and
1-22. Although the partition model does not involve assump-
tions of monodispersed micelles, it is valid only at low
concentrations of solubilizate, unless the effect of the
solubilizate on the CMC is explicitly taken into consider-
ation and the non-ideality effects are accounted for.

The association model of solubilization has been used
in kinetic studies of micellar catalyzed reactions (10). In
a study of naphthalene solubilization, Mukerjee and Cardinal
applied the association model and models of aggregation to
investigate the self-association patterns of sodium cholate

(cf. 1.4) (46). The partition model has been used in the
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study of dissociation constants of solubilized indicator

dyes (80). Similar approaches will also be used in the pre-=
sent studies for analyzing the pattern of solubilization of
bile salts and the dissociation constants of micellar solu-

bilized indicator dyes.
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2. EXPERIMENTAL

2.1. Materials

B-D-Octyl glucoside was synthesized according to the
following procedure. Glucose (Matheson & Coleman) on
acetylation followed by bromination (125) yielded aceto-
bromoglucose. After three recrystallizations the
material exhibited a melting point of 90.5 - 91.5°C.
Following Noller's method (126), acetobromoglucose was
then reacted with octanol in dry ether in the presence
of silver oxide to give -tetraacetyl octyl glucoside.
This intermediate melted at 63 -64°C after two recrystal-
lizations from absolute methanol. Octanol (Eastman Kodak)
was purified by fractional distillation twice under
reduced pressure; only the middle one-third protion was
collected. R-D-Octyl glucoside was obtained after de-
acetylation of f-tetraacetyl octyl glucoside in sodium
methylate solution. This crude product was repeatedly
recrystallized by adding petroleum ether to a dry acetone
solution and then washed with petroleum ether to remove
any residual octanol. The final product was a white and
crystalline solid melted at 63.5 - 65°C. Its purity was
further checked by surface tensions of appropriate aqueous
solutions which were consistent with reported values (127)
and did not show a minimum in the CMC region.

Brij 35 (polyoxyethylene lauryl ether) (Fisher Scien-
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tific Co.) was purified by shaking an aqueous solution with
neutral decolorising carbon (Fisher, Norit A) and then
passed through an aluminum oxide column (M. Woelm, W-200,
basic) to remove any peroxide that might have been gener-
ated through the degradation of the pélyoxyethylene groups.
A white amorphous powder was obtained after freeze-drying
the aqueous eluant. Surface tensions of purified Brij 35

in water did not show any minimum in the CMC region.

Two samples of sodium dodecyl sulfate were used.

One was a gift from Dr. K.J. Mysels, and the other was
supplied by BDH Labs. Both samples were purified by alter-
nate recrystallization from water at 0°C and washing with
ether - until no impurity could be detected by surface
tension measurements (128,129). Sodium myristyl sulfate
(Schwarz/Mann), sodium decyl sulfate (Schwarz/Mann), sodium
octyl sulfate (Schwarz/Mann), lauric acid (Applied Science)
and perfluoro-n-octanoic acid (PCR Inc.) were all used as
received.

Triflupromazine hydrochloride samples were kindly
supplied by Dr. G. Zografi and Squibb & Sons. The material
from Squibb & Sons was recrystallized three times from
isopropyl alcohol before use. It gave results which were
identical with the sample received from Dr. Zografi. Tri-
fluoperazine dihydrochloride, supplied by Smith Kline &

French Labs, was recrystallized once from isopropyl alcohol.
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Chenodeoxycholic acid (Canada Packers Ltd.) was a
kind gift from Dr. A, Hofmann. Cholic acid (Nu Chek),
Deoxycholic acid (Nu Chek), and chenodeoxycholic acid (Nu
Chek) were all purified by foam fractionation of their
agueous solutions of sodium salts at concentrations below
the apparent CMC's. The acids were recovered by precipi-
tation with 0.1 N hydrochloric acid and repeatedly washed
with distilled water before drying. The purities were
checked by thin layer chromatography (130) and titration
with NaOH in ethanol-water (4:1) solutions. The foam part
gave evidence of a considerable number of impurities on
the TLC plate. It was found that all three of the bile
acids recovered by acid precipitation from aqueous solu-
tions contained water of hydration even after extensive
drying in a desiccator over P205 for several days. The
water content in each acid was determined by Karl-Fischer
titration (Sargent-Welch) (131). The NaOH-titration results
were in satisfactory agreement with water contents deter-
mined by Karl-Fischer titration (within about 0.2%).
Residual isomeric bile acids were less than 0.1% in cholic
acid and less than 0.3% inrdeoxycholic acid and cheno-
deoxycholic acid, as estimated by TLC using more than 100
mcg of samples. Sodium taurodedxycholate was the best purity
material obtained from Calbiochem (lot 510160) and was used
without further purification.

Potassium 2-p-toluidinylnaphthalene-6-sulfonate



36

(Sigma Chemical Co.) was purified twice by recrystalliza-
tionfrom water (132) and kept in a desiccator at 0°C. Ethyl
red (Eastman Kodak), quinoline blue (K & K Laboratory),
benzopurpurine 4B (Eastman Kodak), bromthymol blue (East-
man Kodak), and quinine sulfate (Merck) were used as
received. Trifluoroacetic acid (Aldrich) and dg-deuterated
benzene (Aldrich) were spectroscopic grades.

Methyl ammonium chloride (Aldrich), dimethylammonium
chloride (Aldrich), trimethylammonium chloride (Aldrich),
tetramethylammonium chloride (Aldrich), tetraethylammonium
bromide (Aldrich), tetra-n-propylammonium bromide (Eastman
Kodak), and tetra-n-butylammonium bromide (Eastman Kodak)
were dried before use.

All organic solvents were distilled at least once

before use. Inorganic salts were of reagent grade.

2.2. Apparatus

Ultra-violet and visible spectra were obtained using
a Cary Spectrophotometer, Model 14. The Cary Spectrophoto-
meter Model 16 was used for measurements at single wave-
lengths. Uncorrected fluorescence spectra were obtained on
a Perkin-Elmer MPF-4 Fluorescence Spectrometer. All of the
three instruments were fitted with thermo-stated cell
compartments connected to a circulating water bath in order
to maintain the temperature constant within +0.1°C. The

temperature of sample solutions in each cell compartment



37
was checked by a thermistor probe with the aid of an elec-

trometer (Fenwal Electronics and Keithley Electrometer
Model 610B) .Unless otherwise indicated, all spectral measure-
ments were made at 25.0 + 0.1°C.

lgF NMR spectra were obtained on a Bruker HX90E NMR
Spectrometer, modified by Dr. Craig Bradley and Mr. Jim
Blackbourn. A Nicolet 1080 Data System was used in signal
averaging and data manipulations.

Conductance measurements were carried out in a dough-
nut-type dilution cell equipped with a magnetic stirrer
(133), placed in an oil bath at 25°C (controlled within
+0.015°C) . A Beckman Model RC-18A conductivity bridge,
capable of capacitance balancing, was used for resistance
measurements. The average precision of the measurements
was about 0.03%.

Interfacial tensions were measured by the Wilhelmy
plate method with a platinum plate on a tensiometer equipped
with a precision balance of capacity up to 500 mg.

pH measurements were made with either a PHM 64 Re-
search pH Meter (Radiometer) equipped with a combined glass
and calomel reference electrode (Radiometer, type GK 2301C)
or with a Beckman Zeromatic II pH meter equipped with a

Sargent combined electrode (Cat. #S-30072-15).

2.3. Experimental Methods

2.3.1. Solution Preparation
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Double distilled water prepared from alkaline per-

mangnate solution in an all glass apparatus was used in
the preparations of aqueous solutions.

Surfactant or dye solutions of different concentra-
tions were prepared by appropriate dilutions of stock
solution by volume with a Hamilton syringe or by weight.
Density corrections were applied whenever appropriate. A
pyrex pycnometer with a capacity of 2 ml was used for
density determinations. Hamilton syringes were calibrated
with distilled water at room temperature before usage.

The precision of volume delivered from a syringe was usual-
ly better than 0.1% in the 0.5 to 2 ml range.

Aqueous solutions of quinoline blue and ethyl red
were somewhat unstable. They tended to fade after a few
days of storage, especially in solutions at neutral or
alkaline pH's. It was found that in the presence of anionic
surfactants, these dyes were stable over a period of weeks
without any significant reduction in absorbance. In order
to minimize the decomposition of these dyes during measure-
ments, solutions were prepared by mixing aliquots of a dye-
surfactant solution and a buffer solution immediately
before spectral measurements. This procedure was found to
be satisfactory for obtaining reliable and precise measure-
ments of absorbance.

Benzopurpurine 4B, bromthymol blue, and bromphenol

blue soltuions were stable throughout the experimental
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period. All dye stock solutions were stored in the dark
and protected from light during handling.

Triflupromazine HC1l and trifluoperazine 2HCl were
also unstable in aqueous solutions. They were sensitive
to light and air oxidation (134). Freshly prepared stock
solutions of these two compounds were diluted directly in
5 mm NMR tubes before measurement.

Solutions of the sodium salts of lauric acid, per-
fluoro-n-octanoic acid, cholic acid, deoxycholic acid, and
chenodeoxycholic acid were prepared by titration of the
acids to a pH above 8 with freshly prepared NaOH solution
to keep the fraction of unionized acids to low values.

2.3.2. Determination of The Indicator Ratios of Indicator

- Dyes in Surfactant Sclutions

The cationic cyanine dyes, ethyl red and quinoline

blue, carrying ++ and + charges are of the
pat+ = p* + gt
type, in which D' has a strong absorption band in the
visible region and DHt+ only absorbs in the UV range.
The anionic triphenylmethane dye, bromthymol blue,
carrying -- and - charges, has the dissociation equilibrium
Y~ = 87 + g%,

in which Y~ is the yellow form and B~ is the blue form.
The spectra of DY, Y~ and B~ in solutions of different

surfactant or polymer concentrations were measured at suf-

ficiently high pH so that only one form of the acid-base
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pair was predominant. All dye species exhibited bathochro-

mic shifts in surfactant solutions above the CMC or in
hydrophilic polymer solutions of moderate concentrations.
Since only one isobestic point was observed for each dye
species in the presence of various surfactant concentra-
tions, an indicator ratio, R, was defined for each dye at

any surfactant concentration by

(oE_*t*1 + [pE_**] [D, ]
R = s 8 = L - 1 [2-1a]
[Dg*] + [D,*] (D1 + [Dg']
(Y."1 + [¥,7] (o}
or R o= e e . = [2-1b]

[BT] + [BT] [BT] + [B 7]
S a S a

where [DE'TT], [D+], [¥"] and [BT] are the concentrations
of the corresponding dye species, [Dt] is the total dye
concentration, and the subscripts "s" and "a" indicate the
solubilized (or bound) and free dye, respectively.

The total concentration of the solubilized (bound)
and the free D¥ form of ethyl red or B~ form of bromthymol
blue were determined from the absorbance at the isosbestic

wavelength using the following equations:

~ A,
[Dg*] + [Dy*+] = 8—% [2-2]

1sS0
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[Bg™1 + [B7] = —dso [2-2a]
iso

where "L" is the path length of light, and Aiso and eiso
are the absorbance and molar absorptivity at the isosbestic
wavelength, respectively. The approximate isosbestic region
of each dye-surfactant or dye-polymer system was first
determined from solutions containing the same amount of
dye and different concentrations of the surfactant or poly-
mer on a recording spectrophotometer, Cary-14. More precise
values of isosbestic wavelengths and molar absorptivity
were . then obtained by absorbance measurements on the Cary-
16 Spectrophotometer. The precision of the isosbestic point
in most cases was better than +0.5 nm. Sodium phosphate
and acetate buffers were used for pH control. The concen-
trations of dye solutions were in the range of 1.0 - 3.0x
107°M.

The apparent dissociation constant, Ky in dye-

pp’
surfactant or dye-polymer solutions could be calculated

from the measured solution pH and R values by

[2-3]

Similarly, the intrinsic dissociation constant, Ka' i
an indicator dye in bulk solution was determined from the

indicator ratio, R (e.g-., Ra=[DHa++]/[Da+]), in solutions

al
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buffered at different pH's without the presence of

surfactant or polymer, i.e.
K, =-[—HR1]- [2-4]
a

The molar absorptivities of the visible spectra of
quinoline blue exhibited strong concentration dependence
above 5x10~6M. It was, therefore, not possible to study
the acid-base equilibrium of this dye by the same method
used for other dyes. To overcome this difficulty, experi-
ments were designed to take advantage of the lower pK
value of quinoline blue in the micelle-solubilized state.
Solutions were, therefore, maintained at acidic pH in
which the equilibrium shifted to the DH'T form and the
absorbance due to the Da+ form was negligible at a total
dye concentration of 1 - 2x10”°M. The concentration of
the solubilized Dt form, [Ds+], could be determined direct-
ly from the absorbance of the spectrum obtained in the
visible region.

2.3.3. Dissociation Constants of Cationic Indicator Dyes in

Anionic Alkylsﬁlfate Micellar Solutions

Based on the apparent partition coefficients of the
cationic cyanine dyes in mon-ionic micellar systems, it
was expected that the anionic micelle would incorporate
the cationic dyes almost completely at concentrations

above the CMC, as was reported for a similar dye, pinacy-
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anol (135). This simplified the determination of the
dissociation constants for solubilized dyes, since the
concentration of the solubilized D; form could be deter-
mined directly from the absorbance at the wavelength of
maximum absorption. The pH of the solutions was controlled
by sodium acetate or sodium phosphate buffers. For all the
anionic surfactants studied, sodium ion was used as the
main counter-ion, other than HY, unless otherwise stated.
The ionic strength was varied by either adding sodium
chloride to the buffer solutions or by simply adjusting
the buffer concentration in the case of sodiumcacetate.
The concentration of the dye was maintained in the range
of 1.0 - 2.0x10™3M.

2.3.4. Measurements of Spectral Changes of Aggregating

Dye in Solutions of Hydrophilic Polymers

Benzopurpurine 4B was used for this study. Solutions
of benzopurpurine 4B containing different concentrations
of polymers were prepared by weight by dilution of a stock
solution containing dye and polymer with another dye solu-
tion of the same dye concentration. Visible spectra of
the dye solutions containing different amounts of polymers

were recorded on a Cary - 14 spectrophotometer and the



44

absorbances at single wavelength were measured on a
Cary-16 spectrophotometer.

2.3.5. 19F NMR Measurement of Fluorophenothiazine Deriva-

tives and Sodium Perfluoro-n-octanoate

19F NMR spectra were obtained on a Bruker HX 90E
Spectrometer at 84.67 MHz in the Fourier Transform (FT)
mode. Typical settings of the FT parameters were a spectral
width of 5000 Hz and an acquisition time of 2 to 15 minutes,
resulting in an accuracy in the chemical shift determina-
tion of better than +0.007 ppm. The lock signal was obtained
from an external standard solution of 2.5% (v/v) trifluoro-
acetic acid in deuterated d6-benzene sealed in a 1 mm
capillary inside the 5 mm tube with the sample. The chemi-
cal shifts were measured from the singlet of trifluoro-
acetic acid and reported as positive values for upfield
and negative values for downfield shifts. Susceptibility
corrections were estimated to be small and were not applied.

The temperature in the probe was maintained at 33+2°C.

2.3.6. Conductivity Measurements of Surfactant Solutions

Conductivity measurements were made in the presence
of 0.001 N sodium hydfoxide,,in some cases, added to supress
any hydrolysis. The conductance was corrected for the
contribution of sodium hydroxide. The effect of the presence
of sodium hydroxide on the CMC values through the common-ion
effect (8,136) may be considered negligible for comparative

purposes.
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The cell constant of the doughnut-type dilution cell

was determined with standard potassium chloride solutions
and rechecked between experiments. No substantial variation
(less than 0.0025%) was observed. A cell constant of 5.304+
0.0013 cm -1 was used for all the conductivity calculations.

2.3.7. Fluorescent Measurements of Solutions of Alkylsul-

fates and Salts of Bile Acids

Potassium 2-p-toluidinylnaphthylene-6-sulfonate (TNS)
was used as the fluorescent probe. Fluorescence measure-
ments were made on a Perkin-Elmer Fluorescence Spectro-
photometer, MPF-4. Both emission and excitation slits were
set at 7 nm. The uncorrected emission spectra were obtained
by excitation at 370 nm. Fluorescence intensities were
measured at the wavelength of apparent emission maximum
(429 nm and 456.5 nm for bile acids and sodium alkylsul-
fates, respectively). The mixtures of TNS and surfactant
were pre-equilibrated to 25 + 0.1°C in a water bath before
being transferred to the cell holder which was also thermal-
ly controlled to the same temperature. The concentration
of TNS was about 2.74x10-5M.

The emission spectra of TNS obtained from different
surfactant solutions were corrected by Parker's method (137).
A solution of 12 mcg./ml. quinine sulfate in 0.1 N HyS0,
was used as a reference. Its emission spectrum was obtained
under the same conditions as used in measurements of TNS-

surfactant solutions. The apparent intensity of the quinine
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sulfate reference was then compared to a true emission

spectrum of 10 ppm quinine sulfate in 0.1 N H,50,(138).

The ratio of true intensity to the observed intensity of
quinine sulfate at any particular wavelength was calculated
and used as a correction factor. The observed fluorescent.
intensities from TNS-surfactant solutions were then mul-
tiplied by the corresponding correction factors at each
wavelength to obtain the correct emission spectrum. The
wavelength of maximum emission was then located from the
corrected spectrum. Figure 2.1 shows the observed emission
spectrum of quinine sulfate in 0.1 H,S0, The true emission
spectrum of quinine sulfate used as a standard for the
spectral corrections is also illustrated in Figure 2.1.
Table 2.1 summarizes the correction factors normalized to

the value at 450 nm.
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Figure 2.1. The uncorrected emission spectrum (solid
line) of a 12 mcg./ml. quinine sulfate in
0.1N sulfuric acid solution obtained from
a Perkin-Elmer MPF-4 fluorometer at an
excitation wavelength of 370 nm and a slit
width of 7 nm for both emission and exci-
tation. Dashed line shows the true emission
spectrum of a 10 ppm quinine sulfate in 0.1
N sulfuric acid solution reported in Perkin-
Elmer Technical Memo No. 95, November 2,

1971.
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Table 2.1. Correction Factors For Emission Spectrum of TNS
Exicitation Wavelength :370 nm
Exicitation S1lit Width: 7 nm

Emission Slit Width: 7 nm

Wavelength Normalized
(nm) Correction Factor*
380 0.338
390 0.643
400 0.643
410 0.715
420 0.769
430 0.847
435 0.889
440 0.930
445 0.963
450 1.000
460 1.068
470 1.190
475 1.242
480 1.242
490 1472
500 1.600
510 1.747
520 1.824
530 1.945
540 2.024
550 2.085
560 2.186
570 2,232
600 2.517

*Normalized correction factors were obtained by the follow-

ing equations:
true intensity
observed intensity

Correction Factor=

Normalized

. correction factor
Correction Factor=

correction factor at 450 nm
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3. SOLUBILIZATION OF INDICATOR DYES

IN MICELLAR SOLUTIONS

3.1. Review of Literature

dyes have often been used for probing the properties
and microenvironments of micelles (79,80,88,112). Indicator
dyes solubilized in ionic micelles provide information re-
garding the hydrogen ion concentration and the electrostatic
potential at micellar surface. They also serve as model
for studying solubilization and ionization behavior of org-
anic ions at interfaces (79,80,88,268). The ionization con-
stant of a weak acid or base group situated at a charged
interface often differs from the value in the bulk solution
(262) . Hartley and Roe (263) and Davies and Rideal (264)
suggested that the apparent dissociation consfant of weak

acid or base at a charged interface, K is related to the

app’
surface potential and the dissociation constant in the bulk

solution, K5, by the following equation:

pKapp = pK, - elvs/2.303 kT, [3-11
where Yy is the surface potential including sign, e is the
electronic charge, k is the Boltzman constant, and T is the
absolute temperature. Shifts of dissocaition constants of

indicator dyes upon solubilization in micelles have been re-

ported in many surfactant systems.Mukerjee and Banerjee (80) inves-
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tigated the dissociation equilibria of several anionic
triphenylmethyl sulfonate dyes in cationic micelles. When
the data were examined in terms of Equation 3-1, it became
apparent that the dissociation constants at the surface,Ks,
( the value at zero potential) were different from the bulk

value; therefore, the pK differed from pKa both because

app
of the electrostatic potential at a charged interface as
well as the nature of the microenvironment at the interface.
Later Mukerjee and Desai found that the pK values of the
same type of dyes solubilized in nonionic [ -D-octyl gluco-
side or Brij 35 micelles were higher than the pK values in
the bulk solutions (73,267). The change in pK upon solu-
bilization was shown to correlate roughly with the pKa value
of the triphenylmethyl sulfonate dyes. Similar changes in
PK of dyes solubilized in other nonionic micelles have been
reported recently by Funasaki (88) and Fernandez and
Fromherz (79).

Fernandez and Fromherz (79) studied the dissociation
equilibria of two fluorescent coumarin dyes substituted
with a long hydrocarbon side chain, one exhibiting a disso-
ciation of the type A‘== B~ + HY, the other At = B + H'.
These authors reported that the changes of pK values of
these dyes upon solubilization in Triton X-100 nonionic
micelles were equal in magnitude but opposite in sign.By
assuming that the solubilized dyes were in equilibrium with

protons in the agueous solution at the micellar surface,
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they concluded that the pK change upon micellar solubiliza-
tion is primarily due to the local medium effect at the
micellar surface. Also by comparing the dissociation cons-
tants of the dyes in the Triton X-100 micellar system with
those measured in dioxane-water mixtures, after appropriate
corrections for the change of proton activity in the mixed
solvent systems,these authors concluded that the solubilized
coumarin dyes were experiencing a dielectric constant equiv-
lent to 32 in a macroscopic system. This estimate is in fair
agreement with the estimated effective dielectric constant
at micellar interfaces reported by Mukerjee and coworkers
(114,115,265). Based on the spectral changes of a solvent
sensitive inter-ionic charge-transfer system, Mukerjee and
Ray (114) found the effective dielectric constant in the
Stern layer of dodecyl pyridinium iodide micelles to be
about 36. The value obtained for Brij 35 was very similar
(114) . Triton X-100 is expected to be similar to Brij 35 in
this regard.

Mukerjee and Desai (266) suggested that at least three
factors need to be considered in examining the nature of
the effective polarity at’the micelle-water interface:
(a) the proximity of a low-dielectric region, (b) dielectric
saturation in the electric field present in ionic micelles,
and (c) the presence of high local concentration of ions in
the Stern layer of ionic micelles. Factor (c) was shown to

be relatively unimportant for the short-range interactions
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of ion-pairs in the Stern layer. The proximity of a low
dielectric region is likely to‘be important in the solubili-
zation of organic ions and also in the ionization of surface
functional groups (73). Mukerjee and Desai (73,267) explain-
ed the chénges of pK values upon micellar solubilization in
terms of electrostatic image interactions of charges at
interfaces (cf. Chapter 1l). For triphenylmethyl sulfonate
dyes, both the acid and the conjugated base carry permanent
charges in the dissociation reaction, Y™= BT + Ht. since
the dissociation of a proton creates an additional charge
on the dye molecule, the dissociation reaction is made
unfavorable at the micelle-water interface and an increase
in pK is observed. This explanation predicts an opposite
effect on the pK for dyes which have equilibrium of the type
DHt+t= D+ + Ht, which are the subject of present study.
Image interaction has been successfully applied to
explain surface tensions of electrolyte solutions by Onsager
(271). It has also been suggested that the hydrated layers
in proteins which are unavailable to the diffusible electro-
lytes may be a result of image interaction (269). Image
forces are also belie&ed to play crucial roles in the trans-
port of ions across membranes (270). The importance of image
interaction in the formation of ionic micelles has been dis-

cussed by Stigter (28) and Mukerjee (73).
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3.2. Scope and Aims

In biological systems, the presence of an electrical
charge on an organic molecule often plays a major role in
determining its biological activity. For example, many drug
molecules are acidic or basic in nature. Their biological
activity sometimes depend on the degree of ionization or.
the amount of charge carried by the molecule. The binding
or adsorption of a charged organic molecule to a non-polar
binding site on a membrane or a protein, for example, may
also be affected by the ionic nature of the molecule. Solu-
bilization of indicator dyes in micellar system provides a
simple model for examining interactions,such as mentioned
above, occurring at an interface.

The physical and chemical properties of a molecule
solubilized in a micelle are affected by the microenviron-
ment of the loci. It has been shown that molecules that are
even slightly polar tend to be preferentially solubilized at
the micelle-water interface (74). For the polar dyes in the
present study, it may be assumed that the dye, itself, and
the polar dissociable-groups, in particular, are located in
the interfacial region. In other words, these groups are
accessible to water and the agqueous ionic species such as
hydrated protons.

As an extension of previous studies on solubilized

anionic triphenylmethyl sulfonate dyes in cationic and non-
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ionic micelles, the present study covers two cationic
cyanine dyes also carrying permanent charges, solubilized
in nonionic micelles of B-D-octyl glucoside and Brij 35,
and anionic alkyl sulfate micelles. In the case of nonionic
micelles, the changes in acid-base equilibrium of indicator
dyes were studied. The effect of ionic strength and counter-
ion binding on the dissociation constants of solubilized
dyes in anionic micelles were examined. The data have been
analyzed in terms of the micellar surface potential accor-
ding to the electrical double layer theory. It is also the
purpose of the present study to gain some insight into the
role of charges in the solubilization of organic molecules
in micellar systems and to provide a better understanding

of the mechanism of the catalysis of solubilized species.

3.3. Results and Discussion

Figure 3.1 shows the structures of the two cyanine dyes
used in the present study. In both cases, the singly charged
dye exhibits strong absorption in the visible region. The
addition of a proton removes the resonance condition res-
ponsible for the visible absorption band (275,276).

Most cyanine dyes tend to self-associate in aqueous
solutions by forming a stacking type of aggregate (275-278).
Such aggregates are more readily formed by the singly charged

dyes than the doubly charged ones for two reasons. The
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Quinoline Blue

(1, 1' -diisoheptyl-4, 4' -cyanine )

Figure 3.1. Molecular structures and dissociation

equilibria of ethyl red and quinoline
* blue.
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Charge repulsion between aggregated ions is lower and there

is much more restricted rotation around the central carbon
atom (277) in the dye molecule.

The visible spectrum of gquinoline blue, shown in Figure
3.2, exhibits a strong concentration dependence, indicating
self-association of the dye in solution(275). Ethyl red, on
the other hand, does not show any significant change in its
visible spectra in the concentration range of 1x10~°> to
5%10=3 M. The spectrum of ethyl red, as illustrated in
Figure 3.3,is consistent with the spectrum reported by
Feldman,et al. (275). The spectra of quinoline blue are
similar to the spectra of l1,1'-diethyl-4,4'-cyanine, a
molecule analogous to quinoline blue (275).

A pPK value of 6.25 was obtained for ethyl red from the
data in Figure 3.4 which compares well with the value of
6.24 reported by Feldman, et al. From the data in Figure 3.5,
a PK value of 7.95 was obtained for quinoline blue at a
concentration of 1x10~®M. This value is consistent with the
reported pK value of 7.83 for the related dye, 1,1'-diethyl-
4,4'-cyanine, at a concentration of 2.5x10-®M (279%) <
Feldman, et al. have found that the apparent pK value of
1,1'-diethyl-4,4'-cyanine determined from the visible spectra
increases by approximateiy 0.5 units when the concentration
is increased from 2.5x10-6 M to 2.5x10~5 M. The addition of
0.25 N potassium chloride also increases the pPK value by

approximately the same magnitude.
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Figure 3.2. visible spectra of quinoline blue in 0.05N sodium
hydroxide solutions. The concentrations of
quinoline blue were (1) 5%107°M, (2) 3x10'5M,

(3) 1x1079M, (4) 8x10-5M, (5) 4x10-6m.
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Figure 3.3. Visible spectra of ethyl red in 0.01lN sodium
hydroxide solution (1), and 1.3% (2), 1.8% (3),

2.7% (4) PB-D-octyl glucoside.
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Figure 3.4. Plots of log([D+]/[DH++]) versus pH of ethyl
red in buffer solutions (0), with 0.015M sodium
dodecyl sulfate (®), and with 3% B-D-octyl
glucoside (M). The concentration of ethyl red

was 2.5x10-5M. Straight lines have unit slope.
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Figure 3.5. Plots of log([D*]/[DH+]) versus PH for quinoline
blue in buffer solutions with ([d) and without
(0) 3% B-D-octyl glucoside. The concentration
of quinoline blue was 1x10-6M. Straight lines

have unit slope.
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In order to minimize the effects of self-association
of quinoline blue , the concentration of the singly charged
form of quinoline blue was kept as low as possible by main-
taining the solution pH at least 2 units below the pK (see
also discussion in Section 2.3.2).

3.3,1.Solubilization in Nonionic Micelles

The solubilization behavior of the dye acid and its
conjugate base was interpreted using a partition model
(cf. Section 1.6). An isosbestic wavelength was observed in
the solutions of both dyes in the singly charged form.con-
taining varying concentrations of either B-D-octyl glucoside
or Brij 35. Figure 3.4 illustrats the spectral changes of
ethyl red in the presence of different concentration of
B—D—octyl glucoside micelles. At the isosbestic wavelength
the solubilized and the free dyes have equal molecular
absorptivity.

As shown in Figure 3.6, the indicator ratio of ethyl
red in octyl glucoside solutions determined according to
Equation 2-1, changes only slightly with increasing concen-
tration until the CMC is reached. A CMC value of 0.7% was
obtained from Figure 3.6 for B-D-octyl glucoside. The value
is in good agreement with the CMC value reported in the
literature (65). The indicator ratios of ethyl red deter-
mined in pH 5.01 sodium acetate and the pH 5.19 sodium

phosphate buffer yielded the same CMC value.



Figure 3.6. Plots of Ra/R versus the concentration of
B-D-octyl glucoside for ethyl red in pH 5.01,
sodium acetate, and pH 5.19, sodium phosphate

buffer solutions; (O) sodium acetate buffer,

(0) sodium phosphate buffer.
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In order to analyze the solubilization data, the
equations of Mukerjee and Banerjee (80) can be transformed

into the following forms for cationic dyes:

(R/Ry) - 1 Rg R
il T, - KD - [3-2]
¢ /D PR, R,
where
Kp = (IDE] @)/ ([D] ® ) [3-3]
and
- -+
Rg = [DH[T1/[D]]. [3-4]

All the other symbols have been defined previously (cf.
Sections 1.6 and 2.3.2). We define the number Y, obtainable
directly from experiment as

(R/Ry) - 1
Y =

¢/ P

Equation 3-2 then becomes

[3-2a]

By plotting Y versus R, according to Equation 3-2a, the ES
value is obtained at Y = 0. Equation 3-2a shows that the
indicator ratio, R in surfactant solution is affected by

the value of Kp and the value of Rg. In the case of the two
cationic dyes investigated here, there were severe experimen-

tal problems in determining accurate values of Rs’ the
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quantity of primary interest, because of low KD values.Thus,
whereas, the experimental R values at high surfactant con-
centrations were fairly close to the Rs value, (i.e., the
limit of R value in the case of anionic triphenylmethyl
sulfonate dyes (267)), the R values at the highest surfac-
tant concentration accessible to us in this study were far
from the limiting RS values. Further, for the cationic dyes,
it was found that the change in pK on solubilization was
very high, substantially higher than the change observed
for the anionic dyes. As a result, very low values of RS
were obtained. Additional problems arose from the need to
maintain low dye concentration to reduce self-association
effects and from the sensitivity of the cationic dyes to
light and some solution components such as chloride ion.
Figure 3.7 shows plots of the Y function versus R for
ethyl red in solutions of B-D-octyl glucoside in three
buffers of different pH values. A micellar density of 1.1
gm./ml. was used for the calculation of <Dm (142) . Because
of slight change in R in dilute solutions, the value of R
at CMC was used to calculate Y instead of Ra' This makes
no difference in the estimate of‘Rsand only a small diff-
erence in the estimate of KD. The plots are linear indica-
ting a consistency of the data with the two-state partition
model. Figure 3.8 also shows the plots of Y versus R for
ethyl red solubilized in Brij 35 solutions. In order to

minimize the uncertainty of the estimates, a nonlinear
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Figure 3.7. Plots of the Y functions versus the indicator
ratio, R, for ethyl red in B-D-octyl glucoside
solutions of pH 5.01 (O), 5.19 (0), and
5.58 (&)
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Figure 3.8. Plots of the Y function versus R of ethyl red

in Brij 35 solutions of pH 5.01 (0) and pH

5.64 ([O).
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regression method (284) was used to determine RS and KD

simultaneously from a best fit of the experimental values
R and @/ @, in the following equation:

R, + KR (P /D)
R i a D s m a [3-5]

1+ Kp( @/ )

Equation 3-5 is obtained by rearranging Equation 3-2. Table
3.1 summarizes the indicator ratios of ethyl red obtained
in B-D-octyl glucoside and Brij 35 micelles at different

pH values. The standard errors in Rg and Ky and the range
of pKa- sz values are also given. The statistical data
obtained from nonlinear regression analysis are reported

in appendix 1.

From Table 3.1, it can be seen that the PKg values of
ethyl red solubilized in B-D-octyl glucoside or Brij 35
micelles are lower than the pK value in the bulk solution
by very substantial amounts. The results are consistent with
the image interactions of the charged species at the inter-
face. The change in pK in Brij 35 appears to be greater than
that in B-D-octyl glucoside. This is similar to that observ-
ed for the anionic dyes (73, 267). The larger effect observed
in Brij 35 can be ascribed to the presence of a high poly-
oxyethylene concentration at the micelle surface arising
from the head groups. It was found experimentally that the
indicator ratio of ethyl red decreases with the concentra-

tion of the polymer, see Table 3.2. The indicator ratio of
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Table 3.2. Indicator Ratio of Ethyl Red in
PH 5.38 PEG 1540 Solutions

W/V % PEG R L -
0 7.37 6.25
5 2.38 5.76
10 1.36 5.51
15 1.06 5.41

18.2 1.02 5.39
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ethyl red does not show any significant change in aqueous

glucose solution up to a 5M concentration. Therefore, in the
case of B-D-octyl glucoside, the observed changes in pK are
likely to be due primarily to image interactions caused by
proximity of the micellar core with its low dielectric cons-
tant, whereas the head-groups play a minor role. For quino-
line blue, the change in indicator ratio on solubilization
was even more severe than in the case of ethyl red. Solutions
of very low pH comparing to pK of 7.95 and more dilute dye
concentration have to be used to avoid the effects of self-
association of the dye. Figures 3.9 and 3.10 show the vari-
ation of R in B-D-octyl glucoside and Brij 35 solutions.
Reliable estimates of RS value could not be determined.
Table 3.3 shows that the Ky values which are reliable are
5200 times higher as compared to ethyl red. This can be
ascribed to the greater hydrophobic character of quinoline
blue. The change in pK could not be estimated accurately

but was greater than 3.5 for B-D-octyl glucoside and 3.7

for Brij 35. Thus, the effect of microenvironment at the
micelle-water interface is very pronounced in this case.

The results are again consistent with a stronger image inter-
action for the prtt form as compared to the Dt form. This
result also agrees with the observation previously made by
Mukerjee and Desai (73,267) in the solubilization of anionic
triphenylmethyl sulfonate dyes in the same micellar systems.

They found a rough correlation between the change in pK on
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Figure 3.9. Plots of R versus C-CMC for quinoline
blue in B-D-octyl glucoside solutions
of pH 4.22 (0), 4.94 (O), and 5.34 (a).
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solubilization with the pKa of the dye itself. The magnitude

of pK change becomes greater as pK, increases.

The good fit of the experimental results to Equation
3-5 suggests the solubilization process can be satisfactorily
described by a two-state model. The applicability of this
model is also substantiated by the linearity and the unit
slope of the log ([D*]1/[DH**]) versus pH plots shown in
Figure 3.4 for ethyl red and Figure 3.5 for quinoline blue
solubilized in B-D-octyl glucoside micelles.

3.3.2. Solubilization in Anionic Micelles

The electrostétic potential at the surface of several
cationic micellar systems have been examined by Mukerjee
and Banerjee using anionic triphenylmethyl sulfonate indi-
cator dyes (80). A corresponding study on an anionic micell-
ar system has not been performed partly because of the
limited availability of suitable ++ &= + type cationic dyes.
In the present study, ethyl red and quinoline blue have been
used to probe the surface potentials of anionic alkyl sul-
fate micelles.

The dissociation constant of an indicator dye solubili-
zed in ionic micelles is affected not only by the self-
potential, as discussed in the nonionic micelles ,but also
the local hydrogen ion concentration in the vicinity of the
ionizable functional group of the dye. Figure 3.1l shows
the indicator ratio of ethyl red solubilized in sodium

dodecyl sulfate solution of different concentrations of the



Figure 3.11. Plots of the indicator ratio,R, versus the
concentration of sodium dodecyl sulfate for
ethyl red at pH 4.4, 0.01lN sodium acetate

buffer solutions.
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surfactant. The R value decreases as the concentration of

the surfactant is increased. This change can be ascribed
entirely to the changes in hydrogen ion concentration at
the micellar surface because these cationic dyes are essen-
tially completely solubilized (80,135).

The measured indicator ratio, R, defined as [DH++]/[D+],
can be expressed as

log R = pK [3-6]

app ~ PHa
where pHa is the pH in the bulk solution. The corrected
form of Equation 3-1 can be written as

o) = sz - e “L/2°3°3 kT . [3-7]

KaPP
Because the surface potential varies with the counter-ion
concentration, the indicator ratio is expected to vary with
the amount of electrolyte, or more specifically the counter-
ion in the solution. To examine the effects of counter-

ion, it is necessary to use R the value of R at infini-

cMc’
tive dilution of the micelle, to remove effects due to
inter-micellar interactions. The Rome is obtained by extra-
polation of the R values at higher surfactant concentrations
to the CMC. Figures 3.11 and 3.12 show how R changes with
counter-ion and micellar concentration. In the case of

sodium dodecyl sulfate, when the logarithm of Rome is plotted
against the logarithm of sodium ion concentration at the CMC,
as shown in Figure 3.13, straight lines are obtained. It is

well known that the surface potehtial of micelles at the CMC

decreases as the counter-ion concentration increases (8,30).
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Figure 3.12. Plots of the indicator ratio, R, versus the
concentration of micellized sodium decyl
sulfate for quinoline blue in pH 5.6 solutions
of ionic strength 0.01N (0), 0.05N (4A),

0.10N (O), and 0.50N (@®).
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Figure 3.13. Plots of R,y. versus the logarithm of sodium
ion concentration at the CMC of sodium
dodecyl sulfate solutions for quinoline blue
at pH 5.6 (0) and ethyl red at pH 4.4 (@).
The straight lines have a slope of -0.76.
The Roye values at high salt concentrations

were corrected for slight changes in pH.



0.01 0.1
(Noyc

1.0

89



90

The linear relationship seen in Figure 3.13 can be under-
stood on this basis in terms of Equation 3-7.

Huisman calculated the surface potential of a series
of sodium alkyl sulfate micelles at different electrolyte
concentrations (8,30). Figure 3.14 shows the surface poten-
tial data in the reduced form, i.e., expressed as e WY./kT,
of sodium dodecyl sulfate at the CMC obtained from solutions
containing different amounts of sodium ions (30). A linear
relationship is observed. The line has a slope of 1.75. This
linear relationship is consistent with the linear plots in
Figure 3.13. Both dyes give identical slope of -0.76, the
slope expected from the data in Figure 3.14, i.e., -1.75/2.303.
Since the potential calculated by Huisman used the Gouy-
Chapman theory, the present data show a remarkable consis-
tency with this theory in so far as the ionic strength
dependence of the potential is concern.

If the surface potential at the CMC calculated from the
Gouy-Chapman theory (30) is used, the dissociation constant
of the dye in the solubilized state, sz, can be obtained

from Equation 3-7 using the R value or Equation 3-la

CMC
using the pKapp value. The calculated sz values for ethyl
red and quinoline blue in sodium dodecyl sulfate micelles
are reported in Table 3.4. A mean sz value of 2.42 and 3.90
are obtained for ethyl red and quinoline blue, respectively.

The sz values of ethyl red and quinoline blue obtained from

the anionic alkyl sulfate micelles and the nonionic micelles
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Figure 3.14. Plots of -eW,/kT versus the logarithm of
sodium ion concentration at the CMC of
sodium dodecyl sulfate. The straight line
has a slope of-1.75. Data are taken from

reference (30).
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Table 3.4. Dissociation Constants of Ethyl Red and
Quinoline Blue Solubilized in Sodium
Dodecyl Sulfate Micelles

+
Dye [Na ]CMC -e WE/2.303kT sz mean pKS
Ethyl Red 0.015 2.84 2.41
0.052 2.44 2.40 2 42
0.102 2.23 2.41 .
0.251 1.92 2.45
Quinoline 0.015 2.84 3.92
Blue 0.052 2.44 3.90 3.90
0.102 2.23 3.86 .

0.251 1.92 3.90
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are summarized in Table 3.5. In the case of ethyl red, the
pKS values in the nonionic micelles are considerably higher
than the PK; values in the anionic micellar systems. A
similar difference is seen in quinoline blue, although the
magnitude is somewhat lower.

Since the dye carrying opposite charges to the micellar
surface, it is likely that the charged portion of the dye
molecule is solubilized at the Stern layer of the anionic
micelle. Theoretically, the Stern layer is a region where
a strong electric field exists due to the high surface
potential and the rapid drop of the potential within a rela-
tively short distance. It is known that the dissociation
constant of weak acid under a strong electric field incre-
ases as a result of the Wien effect (279,280). The disso-
ciation of indicator dyes at the Stern layer may also be
subjected to such an effect. The 1ow-pKS values of both dyes
in the anionic micelles indicate that the dissociation
constant at the ionic micellar surface is increased as com-
pared to the nonionic systems. Such an effect is also indi-
cated in the dependence of sz values on the chain length
of the alkyl sulfate micelles. The PKg values of both dyes
show a consistent increase , although small, from dodecyl
sulfate to octyl sulfate micelles (see Table 3.5). It has
been shown by Huisman (30) that the Gouy-Chapman potential
at alkyl sulfate micellar surface decreases from dodecyl

to octyl sulfate. The decrease in surface potential is



Table 3.5. Summary of PKg Values of Ethyl Red
and Quinoline Blue Solubilized in
Nonionic and Anionic Micelles

PKg
Surfactant
Ethyl Red Quinoline Blue

B -D-octyl 4.48 <4.45
glucoside

Brij 35 3.92 <4.25
Sodium dodecyl 2.42 3.90
sulfate

Sodium decyl 2.53 4.00
sulfate

Sodium octyl —— 4,20

sulfate
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expected to reduce the electric field and lessen the Wien
effect. The present data, therefore, suggest that the disso-
ciation of dyes in ionic micelles is not only affected by
the local hydrogen ion concentration and the changing in
self-potential but is also subjected to the effect of an
electric field at the micellar surface due to the high
potential.

The observed effect of surfactant concentration on the
indicator ratio can be interpreted in terms of an increase
in the ionic strength of the inter-micellar fluid (80).
Such an increase in ionic strength is due to the negative
adsorption of co-ions from the micellar surface. The effec-
tive ionic strength, I, in a solution of micellar concentra-
tion C, can be approximated by Equation 3.8 (80),

I= ICMC + A Cm ’ [3-8]
where ICMC is the ionic strength at the CMC, C_ is the
equivalent concentration of micellized surfactant, and A is
the negative adsorption expressed as the number of equiva-
lence of co-ion excluded per equivalent of micellized
surfactant. Since the buffer anions act as co-ions, their
increase in concentration in the inter-micellar fluid is by
the factor of I/ICMC' The increase in the ionic strength
causes a decrease of the surface potential. This decrease
can be obtained from the observed effect of counter-ion on
the surface potential, i.e., by the factor of (I/ICMC)0-76.

By combining these two factors, the total effect of negative
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adsorption to the indicator R is then expressed by the

following equation:

|

= (1 +ACy/Icyc 2176 . [3-9]
CMC

w

Equation 3-9 can be rewritten as a power series:

R AC, 0.76x1.76 A%c2
% =1+ 1.76 + L2 +...[3-9a]
CMC Icmc 20 Ifyc

Since A is usually small, the third and higher terms can be
neglected. The negative adsorption, A, can, therefore, be
determined directly from the initial slope of R versus Cn
plots, such as the ones shown in Figures 3.11 and 3.12. The
negative adsorption from sodium dodecyl sulfate micelles as
determined by this method using two indicator dyes, ethyl
red and quinoline blue at pH 4.4 and 5.6, respectively, are
reported in Table 3.6. These data show excellent mutual
consistency. The data can also be compared with the theore-
tical estimates obtained from the cauculated data based on
the Gouy-Chapman theory reported by Huisman (30). The agree-
ment is by and large fairly good. The data determined at
low ionic strengths are relatively less precise because of
the rapid change in R near the CMC.

3.3.3. Relation of Micellar Catalysis to Indicator Dye Ratio

Chemical reactions in aqueous solutions are often
accelerated or inhibited by the presence of micelles. Such

rate effects are related to the nature of solubilization by
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Table 3.6. Negative Adsorption of Sodium Dodecyl Sulfate
Determined by Dye solubilization Method

Negative Adsorption

Ionic Strength Quinoline Blue Ethyl Red Theoretical

At CMC At pH 5.6 At pH 4.4 Value (30)
0.015 0.102 0.100 0.128
0.052 0.097 0.101 0.135
0,102 0.136 0.140 0.148

0,251 0.173 0.181 0.197
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micelles and local concentration of ionic reactants at the

micelle-water interface.

Many studies on micellar catalysis of ester hydrolysis
have been reported (10,281-283). Such hydrolytic reactions
are catalyzed by hydrogen ion. It is, therefore, expected
that anionic micelles, such as sodium dodecyl sulfate, will
cause a rate acceleration because of the higher local hydro-
gen ion concentration at the micelle-water interface.

Dunlap and Cordes (283) conducted a systematic study
on the hydrolysis of methyl orthobenzoate in 0.01M sodium
dodecyl sulfate solutions containing different types of 1l:1
electrolytes of different concentrations. The second-order
rate constants obtained in these salt solutions were found
to decrease monotonically with the concentration of the
added electrolyte. Different curves were obtained for diff-
erent electrolytes. These observations suggested that both
the counter-ion concentrations and the nature of the counter-
ion are important in catalysis. Since the indicator ratio,
R, reflects the local hydrogen ion concentration, the R
value of ethyl red at different concentrations of several
different electrolytes in sodium dodecyl sulfate solutions
were measured. All the electrolytes chosen were used by
Dunlap and Cordes in their studies (283).Figure 3.15 shows
that the R values decrease monotonically with salt concen-
tration. It is also found that at the same salt concentra-

tion the R values differ when the counter-ion is different.
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Figure 3.15. Plots of the indicator ratio, R, versus
the concentration of added salt for
ethyl red in solutions of pH 4.4, 0.01lN
sodium acetate buffer. and 0.01M sodium
dodecyl sulfate. The counter-ions are
(a) it , (o) Na*, (o) cs*, (m) Rb*

at 43°C, and (w) Kt at 43°C .
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If these changes in R values, both with concentration and
the nature of the counter-ion, can be ascribed to changes

in the local hydrogen ion concentration at the micellar sur-
face, then the changes in the R values should parallel the
changes in the second-order rate constants of hydrolysis of
methyl orthobenzoate. In other works, the assumption of the
effective local hydrogen ion concentration at the micellar
interfaces as an imprtant variable in micellar catalysis can
be tested by comparing the kinetic data of Dunlap and Cordes
with the present equilibrium data.

In Figure 3.16 the logarithm of second-order rate cons-
tant is plotted against the logarithm of the R value. The
correlation in the case of sodium and lithium ions are
excellent, as shown by the data falling on a line of unit
slope. For the other counter-ions, the correlation is not
quite as good over the entire concentration range. At high
concentrations, however, many of these counter-ions approach
the slope of unity in the log ko, versus log R plots. Thus,
the extremely complex specific counter-ion effects do seem
to be somewhat different for the indicator dyes as compared
to the catalytic reactions. Nevertheless, the correlations
of the equilibrium R values with the kinetic data indicate
that the easily determined indicator R ratio might provide
an approach towards predicting or correlating catalytic

effects at interfaces.



103

Figure 3.16. Plots of the second-order reaction rate
constants, k,, for the hydrolysis of methyl
orthobenzoate in 0.01M sodium dodecyl
sulfate solutions containing different
amounts of added salt versus the indicator
ratio of ethyl red obtained under the
conditions described in Figure 3.15. The
broken line has unit slope. The rate
constants were taken from reference (283).
The counter-ions are: (@) Nat, (A) Lit,
(@) cst, (0) NH}, (O) CH3NH*3', (a)

(CH3) ,NHY , (O) (CH3);NHT .
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3.4. Conclusion

The dissociation constants of two cationic dyes, ethyl

red and quinoline blue, solubilized in nonionic micelles of
B-D-octyl glucoside and Brij 35 were found to be signifi-
cantly lower than the intrinsic pK values obtained in bulk
solution. These changes in pK value can be explained by the
electrostatic image interactions of the charges carried by
the dye molecule at the micelle-water interface. The effect
of counter-ion concentration and inter-micellar interaction
on surface potentials can also be studied by using these
indicator dyes. The results obtained are in good agreement
with previous studies and theoretical values.

The use of indicator dyes as probes for monitoring the
effective local hydrogen ion concentration even in complex
systems such as micellar solution containing different coun-
ter-ions was investigated by comparing some kinetic data
from the literaﬁure with R values. The kinetic data relate
to the hydrolysis rate constants of methyl orthobenzoate in
0.01M sodium dodecyl sulfate containing various amounts of
added electrolytes of different types. The R values deter-
mined in such solutions show fair correlation with the

kinetic data.
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4. DEAGGREGATION OF AGGREGATED DYE BY POLYETHYLENE
GLYCOLS AND PLURONIC POLYOLS AND THE SIGNIFICANCE

OF APPARENT CRITICAL MICELLIZATION CONCENTRATION

4.1. Background

Polyethylene glycol (PEG) and many of its adducts have
been studied extensively (178,200). Pluronic polyols are
block copolymers of propylene oxide and ethylene oxide. Many
of their properties in aqueous solutions have also been
investigated (178). These polymers are highly surface active
in aqueous solutions (178,218,222). Several papers (207-209,
222) have claimed that Pluronic polyols show micelle for-
mation in the manner of detergents in aqueous solutions and
exhibit a critical micellization concentration (CMC). Many
of these CMC values have been obtained from measurements of
spectral chages produced on iodine and the dye benzopurpurine
4B upon solubilization by the polymer (207-209). There are,
however, serious disagreements in the published CMC values,
which vary by a factor of ten or more, even when obtained
by the same method. Light scattering (210,211) and ultra-
centrifugation (212) studies have indicated an aggregation
number befween one and two for several Pluronic polyols
which are clearly inconsistent with micelle formation.

In some cases, microscopic phase separation can occur
in solutions of block copolymers'having polymeric consti-

tuents of substantially different solubility in the solvent
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used (213-217). The less soluble part of the polymer usually

forms the core of a microspherical particle which is surround-
ed by a layer of the more soluble polymer segments. Such
microscopic phase separation has been interpreted as analo-
gous to micelle formation of detergent solutions (213,216,
217) . Many of the thermodynamic properties of aqueous poly-
pPropylene oxide and polyethylene oxide solutions have been
studied (219-221). The results of these studies indicate

that the polymers of ethylene oxide and propylene oxide do
not form micelles in aqueous solutions (219,220). The solu-
tion properties of polyethylene oxide and polypropylene oxide
are generally similar to each other. It is unlikelyythat
their block copolymers, such as Pluronic polyols, form
micelles or exhibit microscopic phase separation in aqueous
solutions under normal conditions.

Polyethylene oxides have been known to solubilize many
different organic molecules in aqueous solutions (21,22).
The mechanism of solubilization and the interactions of
multifunctional organic compounds with hydrophilic polymers
in aqueous solution are of a complex nature and not fully
understood (19-22,225). It has been suggested that hydropho-
bic interactions may be the main driving force for solubili-
zing nonpolar compounds in PEG solutions (21,223). Hydrogen
bonding has also been proposed by some investigators to
explain the solubilization of some'phenolic compounds (224,

225). In a study on the solubilization of para-hydroxybenzoic
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acid in PEG solutions of different molecular weights,
Mukerjee and Johnson have concluded that multiple-site
interactions are involved in the solubilization process(23).

In order to investigate the anomalies in the reported
CMC values of Pluronic polyols and the solubilization
properties of the polyethylene oxide type of polymers, the
effect of several Pluronic polyols and PEG's of different
molecular weights on the spectral properties of the dye

benzopurpurine 4B has been studied.

4.2. Results and Discussion

Table 4.1 shows the composition and molecular weight
of the Pluronic polyols used in the present study. The
hydrophobicity of these polymers varies with the ratio of
propylene oxide to ethylene oxide. As a result, the solu-
bility of Pluronic polyols not only depends on the molecular
weight but also varies considerably with the propylene oxide
content. The solubilities of Pluronic F108, F68, and P75
in water are greater than 10% at room temperature. Pluronic
L62, with the highest propylene oxide content, has a solu-
bility of approximately 5% at room temperature, even though
it has the lowest molecular weight among the polymers studied.
It was noticed that the solubilities of Pluronic L62 and
P75 increase with a decrease in temperature. This unusual
temperature effect on solubility Qas not investigated.

Figure 4.1 shows qualitatively the effects of aggrega-



Table 4.1. Composition and Molecular weight of

Pluronic polyols

HO—(CHZCHZO)r-($HCH20)S-(CH2CH20)t-H

CH3

Type Molecular Weight W/W % Ethylene oxide
L62 2500 20 to 30
P75 4160 50 to 60
F68 8000 80 to 90
F108 15550 80 to 90

109
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Figure 4.1. Absorption spectra of 5.04x10~°M
benzopurpurine 4B in different solvents
and in aqueous solutions containing
different additives, 1) water; 2) 0.1N
sodium chloride solution; 3) methanol;
4) 0.1N sodium chloride and 5% Pluronic

F68; 5) 5% Pluronic F68 solution.



ABSORPTIVITY x 10~4

300

N\,
! ' L l 1 >~
350 400 450 500 550 600
WAVELENGTH ( nm )

111



112

tion and polymer solubilization on the spectra of benzopur-
purine 4B. The molecular structure of benzopurpurine 4B is
shown in Figure 4.2. It has been reported that this dye is
capable of forming stacking type aggregates in aqueous solu-
tions (226-233). Its visible spectrum in water, like most
aggregating azo dyes, shows very little concentration
dependence (33,226). The absorptivity of benzopurpurine 4B
at 500 nm, the band maximum, increases only by about 1%

when the concentration changes from 2x10~3 to 6.36x10~6M
(226) . Upon the addition of 5% Pluronic P75, the band
maximum shifts to a longer wavelength and the intensity
increases. Similar spectral changes have also been observed
in other Pluronic polyols and PEG solutions. The spectral
characteristics of the dye in the polymer solutions are
qualitatively similar to those obtained in methanol solution,
in which the dyes are primarily in the monomeric form. Light
scattering (232), conductivity (227-229), and diffusivity
measurements (230,231) of benzopurpurine 4B solutions have
indicated that the degree of aggregation of this dye increases
drastically upon the addition of electrolyte to the agqueous
solution. As a result, the spectrum exhibits an appreciable
blue shift and reduction in intensity, as indicated in
Figure 4.1. The band maximum, around 500 nm, in water shifts
to a shorter wavelength in 0.1N sodium chloride solution and
the intensity is reduced considerably. These effects are

characteristic of an increase of the degree of aggregation
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NH, NH,
CUr =T
CH3 H3

SO5 Na S0 Na

Figure 4.2. Molecular structure of benzopurpurine 4B
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(226) . The addition of 5% Pluronic P75 completely reverses
this effect and the spectrum becomes similar to that obtained
in a solution containing the same amount of polymer without
added salt, suggesting deaggregation of the dye by the poly-
mer. The effect of polymer concentration on the absorbance
of the dye at 540 nm, the wavelength at which the maximum
absorbance change occurrs, is shown in Figure 4.3, plotted
as the absorbance change versus the logarithm of polymer
concentration. From such curves, the CMC values of Pluronic
polyols have been obtained by locating a concentration at
which the rise in differential absorbance takes place (207-
209) . For example, a CMC value for Pluronic L62 may be
located at about 0.002% from Figure 4.3. It is clear that
the effects exhibited by PEG 6,000 and 20,000 are very
similar to those of the Pluronics. If the same method is
used,the data indicate micelle formation of both PEG 6,000
and 20,000 at about 0.01%. Other properties of PEG, however,
do not indicate micelle formation in PEG solutions.

Figure 4.4 shows differential absorption data at two
different dye concentrations in solutions of Pluronic F68.
The curves are similar in shape, but the magnitude of the
differential abéorbance is higher at the higher dye concen-
tration. If apparent CMC values are determined, from the
curves where the slope changes rapidly, different CMC values

are obtained at the two different dye concentrations. Both
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Figure 4.3. Differential absorbance at 540 nm of a
5.04 x 10-5M benzopurpurine 4B solution
as a function of additive concentration,
l) PEG 6,000, 2) PEG 20,000; 3) Pluronic
F68; 4) Pluronic L62; 5) Pluronic F108;

6) Brij 35.
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Figure 4.4 Differential absorbance at 540 nm of
5.04x107°M (0) and 1.57x10-4M (e)

benzopurpurine 4B in Pluronic F68 solutions.
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the initial rise and the leveling off of the differential
absorbance occur at a somewhat higher polymer concentration.
These changes, again, are consistent with the deaggregation
of the dye in the polymer solutions.

When the data in Figure 4.3 are plotted against the
concentration of the polymer on a linear scale, as shown in
Figure 4.5, the curves are all characterized by a rapid
initial rise in absorbance produced at low concentrations
of the polymer followed by a gentle leveling off; curves
typical of adsorption or binding equilibria. The relative
effectiveness of the polymers in causing deaggregation of
benzopurpurine 4B is consistent with the hydrophobicity of
the polymer. Thus, Pluronic L62, the most effective deaggre-
gating agent in Figure 4.3, is also the one with the highest
propylene oxide content. A pronounced difference is also
observed between PEG 6,000 and 20,000 in the effectiveness
of deaggregation. Such a difference suggests that a multiple
site interaction with the polymer is involved in the solu-
bilization (binding) of the dye, because, if the effect of
the polymer end groups were negligible and the solubilization
(binding) sites were independent of one another, the effec-
tiveness of deaggregation would be a function of only the
weight by volume concentration of the polymer and not be the
molecular weight. This result is consistent with the conclu-

sion derived previously by Mukerjee and Johnson (23) on the
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Figure 4.5. Differential absorbance at 540 nm of
5.04x10~°M benzopurpurine 4B in polymer
solutions plotted against the concentration
of the polymer on a linear scale, 1) PEG
6,000; 2) PEG 20,000; 3) Pluronic F68;

4) Pluronic L62; 5) Pluronic F108.
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multiple-site interactions of solubilizing para-hydroxyben-
zoic acid in PEG solutions.

For comparison with the hydrophilic polymers, the effect
of a well-known micelle forming surfactant, Brij 35, which
is a laurylether of OH(CHZCH20)23H, is shown in Figure 4.3.
The solubilization of the dye occurs, presumably, mainly in
the hydrocarbon part of the micelle. The shape of the curve
is simpler than that of the others, containing one inflection
point, indicating the nature of solubilization in real mi-
celles. For the polymers, the initial rapid rise is follow-
ed by a slower increase in absorption which, in turn, is
followed by a more rapid increase. This complex shape of
the curve suggests a cooperative interaction between the
bound dye molecules when the concentration of the polymer
is low, i.e., the dye to polymer ratio is high.

A quantitative interpretation of the spectral change
in Figure 4.3 is difficult because of the number of equili-
bria involved. However, a qualitative or semi-quantitative
analysis of the spectral changes may be made by applying
appropriate polymer binding models. Cooperative binding of
small molecules to linear macromolecules has often been
analyzed by a one dimensional Ising lattice model (272-274).
This model assumes a linear polymer as an array of lattice
points, each point corresponding to one binding site. The

length of this array is infinite. Binding of one small



123

molecule to a site whose nearest neighbors are unoccupied
is considered as one type of binding process with a constant
Ky, while binding to a site with either of the nearest neigh-
bor sites occupied represents another type of binding with
a constant K. In other words, only the nearest neighbor
interaction of the bound dyes is considered. A cooperativity
parameter, 0, is defined as

O=Ky / K . [4-1]
The binding process is positively cooperative when O0< 1 and
negatively cooperative (anticooperative) when 0 >1. The
fraction of occupied binding sites (or degree of saturation),

6, which is usually observable experimentally, is expressed

as

8=C,/ 9Cp [4-2]
and

0=2r1-L1-5) ] [4-3]

/(1-3)2+4os

where S = KCe¢ and Cp and Cg¢ are the concentrations of the
bound and free dye, respectively. Cp is the total polymer
concentration and g is the number of binding sites per
polymer molecule. It can be shown that when KO=K,<J=1, the
binding process is non-cooperative and Equation 4-3 reduces

to the Langmuir binding isotherm, i.e.,

8= B Cf . ‘ [4-4]
1 + K cf
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By combining Equation 4-2 and 4-3 and eliminating @, an
equation relating the fraction of the dye bound to the poly-

mer, r, and the concentration of the polymer, C is obtained.

pl

ng 2 r .
= [4-5]
o 7 1l - SO (1L - r)

/
[1-Sg (1-r)12+4 O S (1-1)

here So=KCq, Co being the sum of Cs¢ and Cp-
The term So(1-r) is equal to S in Equation 4-3. If So and
O are known, the concentration of polymer at any value of
r can be calculated. Figures 4.6 and 4.7 show the curves of
r versus log (ng/Co) calculated by Equation 4-5 using
different values of So and ¢ . The curves of S,=2, as
shown in Figure 4.6, vary in shape according to the value
of 0 . For ¢ smaller than unity, i.e., cooperative binding,
the curve becomes biphasic; a relatively rapid rise of r is
observed at low polymer concentrations followed by a gradual
and slow increase in r as the concentration of the polymer
is further increased. All curves share a common intersection
at r=0.5 and ng/Co=l at which the following conditions are
fulfilled:

1 -58,(1-r) =0
and r = (ng/Co)/2
Such an intersection. can be regarded as the transition point

of the binding isotherm. It only exists when S, is greater
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Figure 4.6. Binding isotherm calculated using Equation

4-5 with So=2 and different values of ©

14

as indicated in the graph.
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Figure 4.7. Binding isotherms calculated using
Equation 4-5 with So=1, except as

indicated, and different values of O .
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than unity. When SO equals unity, the curves share a common
intersection at r=0 and Cp=0. Typical curves of So equal to
and smaller than unity are shown in Figure 4.7. In Figure 4.6,
the initial rapid rise of r can be ascribed to a strong co~
operative binding of the dye to the polymer and the bound
dyes are predominantly aggregated. As the concentration of
the polymer is increased, the bound dyes begin to deaggregate
by redistributing to other binding sites. As the degree of
cooperativity increases, i.e., 0 is smaller,the value of r
approaches the value at the transition point more rapidly
and, correspondingly, further increase in r is slower.

Since the visible spectrum of benzopurpurine 4B changes
very little with concentration in water, it may be assumed
that the spectrum of this dye in the bound state is also
unaffected by the degree of aggregation in the bound state.
On can, therefore, assume that the dye exhibits two spectral
states, one in the bulk solution and the other in the poly-
mer bound state. The observed absorbance, A of the dye at
any polymer concentration may be described by the following
equation:

A =1L (ECp+ EcCg) [4-6]

b~b

where L is the path length of the light and Eg and Ef are

the absorptivities of the bound and free dye, respectively.

In the absence of polymer the absorbance can be expressed

as A, = L(ELC) [4-7]
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By subtracting Equation 4-7 from Equation 4-6, the following
equation is obtained,

A - Ao= L (Eb - Ef) Cb [4-8]
Equation 4-8 can be written in terms of the fraction of bound
dye, r, as

A - Ao= (AOO— Ao) x [4-9]
where A5 L EyCy. The differential absorption is therefore,
directly proportional to the fraction of bound dye. The data
of Pluronic L62 is replotted in Figure 4.8, in which the
fraction of bound dye is calculated by using a maximum di-
fferential absorbance, AOO—AO, of 0.5. The curve in Figure
4.8 is calculated based on Equation 4.5 using an So value
of 1.6 and 0 value of 0.0l. The data are represented very
well by the calculated curve based on the Ising lattice model,
suggesting that the binding of the dye is a cooperative pro-
cess and the dye is aggregated in the polymer bound state
when the dye to polymer ratio is high. It should be mentioned
that the present model neglects the self-assocaition of the
dye in the bulk solution completely. Such self-association
effect can be included in the model with a proper description
of the interaction between the dye molecules in the bulk
solution. Inclusion of such interactions will produce some
quantitative changes in the binding parameters. The quali-
tative profile of the binding behavior will remain unchanged.

The differential absorbance versus polymer concentration
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Figure 4.8. Fraction of bound dye in 5.04x10-5M
benzopurpurine 4B solutions containing
Pluronic L62, calculated by Equation 4-9
by assuming A,=0.5, plotted against the
logarithm of the polymer concentration (0).
The solid curve is the binding isotherm
calculated using Equation 4-5 with an So

value of 1.6, 0 of 0.01, and g of 5.
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curves for all the polymers examined, including Pluronic

polyols and PEG's, can be described by the cooperative Ising
binding model. Quantitative comparison between the experi-
mental data and the model is difficult because of the nature
of the self-association of the dye is not known. Nevertheless,
the present data indicate that the spectral change of benzo-
purpurine 4B in the polymer solutions can be ascribed to
binding and deaggregation of the dye by the polymer without

invoking micelle formation or self-association of the polymers.

4.3. Conclusion

The spectral changes of benzopurpurine 4B in aqueous
solutions of polyethylene glycols of different molecular
weights and some Pluronic polyols of different compositions
have been investigated. The effects of PEG and Pluronic
polyols on the spectrum of the dye are very similar in nature.
There is no compelling evidence of micelle formation in these
polymers, although an apparent critical micellization con-
centration can always be obtained from extrapolation of two
linear regions on the plot of spectral changes versus the
logarithm of polymer concentration. The complex pattern of
interactions of benzopurpurine 4B with PEG and Pluronic poly-
ols indicates that dye-dye interactions between bound dye
molecules are important in some cases. A significant depen-

dence of the deaggregation process on the molecular weight
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of the PEG has been observed, suggesting a multiple-site

interaction in the binding process.
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5. SOLUBILIZATION OF A FLUORESCENT
DYE AND AN INDICATOR DYE IN

SOLUTIONS OF BILE SALTS

5.1. Review of Literature

Bile salts are physiological surfactants.They play
important roles in the solubilization and absorption of
fats (47,48,238), formation and dissolution of gallstones
(234), and removal of toxic substances via the biliary
route of excretion (49,50). These physiological and phar-
macological activities are believed to be closely related
to the self-association of the bile salts and their
mutual aggregation with other amphiphates. The commonly
observed bile salts in higher vertebrates are derivatives
of C24 saturated carboxylic acids containing a cyclopen-
tenophenanthrene steroidal nucleus. Most of the physio-
logically active bile salts have either two or three
hydroxy groups on one side of the nucleus. These molecules
are, therefore, hydrophobic on one side and hydrophilic
on the other. Such a characteristic structure has led to
the early postulation that bile salts form cylindrical
aggregates in aqueous solutions by closely packing the
hydrophobic backs of the molecules and exposing the hydro-
philic sides to water (43,44). It has been suggested that

large aggregates of bile salts form by association of the
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primary, cylindrical aggregates via hydrogen bonding (43,
44) . Some investigators have suggested that the formation
of small bile salt aggregates also involves hydrogen
bonding (235(247). There is, however, no compelling experi-
mental evidence for hydrogen bonding in the aggregates
of bile salts (236,237). In fact, dihydroxy bile salts
tend to form aggregates at even lower concentrations than
the trihydroxy salts. This tendency and also the ability
of bile salts to solubilize nonpolar organic molecules
of different sturctures suggest that hydrophobic inter-
actions, rather than hydrogen bonding, are the prime forces
for self-association of bile salts. In some cases, gel
formation occurs in solutions of bile salts at either low
pH or high concentrations of electrolytes (239-241). This
phenomenon has been attributed to the formation of large
helical aggregates of bile salts by hydrophobic inter-
actions (239). A certain molecular geometry of the bile
salt molecules is believed to play a crucial role in the
formation of such aggregates (239-241). The detailed
structure of aggregates and the mode of self-association
of bile salts are not entirely clear.

Solubilization in solutions of bile salts has often
been described as micellar solubilization using the model
of flexible chain detergents (44, 242, 243). With this

model, solubilization is expected to occur only at
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concentrations above the critical micellization concentra-
tion (CMC) and increases with the amount of micelle present
in the solution. Ekwall, et al., (244) and Fontell (245)
investigated the pattern of solubilization of several
different bile salts and concluded that the generally
Observed curves of the solubility of a solubilizate versus
the concentration of bile salt could be divided into
several discrete regions, the change from one region to
another corresponding to a change in the size of the bile
salt aggregates. Mukerjee and Cardinal (46) , in contrast,
showed that the solubilization curve of naphthalene in
sodium cholate solutions exhibits a continuous and gradual
increase over the whole concentration region. Further
analysis of the solubilization data indicated that sodium
cholate and possibly also other bile salts exhibit a
pattern of solubilization different from that of the flex-
ible chain detergents (25,46,62). A complex pattern of
mutual association between the solubilizate and bile salt
aggregates, including dimers and one or more higher oli-
gomer, has been suggested (46). Because of the rigid,
inflexible nature of bile salt molecules, solubilization
in bile salts is likely to be affected by the molecular
sturcture of the solubilizate. More recent data on the
solubilization of P-xylene and other aromatic compounds

in bile salts suggest that bile salts form certain
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preferential adducts with the solubilizates, indicating a

specificity of solubilization (246).

5.2. Scope and Aims

The dye, 6-toluidino-2-naphthalene solfonate (TNS)
(see Figure 5.1 for sturcture) exhibits strong fluores-
cence in nonpolar or rigid media but shows very weak
fluorescence in polar solvents such as water (248-250,
253) . The development of the fluorescence of TNS in aqueous
surfactant solutions occurs upon solubilization (83,85, 86,
251, 252, 254,255). This dye and its analog, 2-N-arylamino-
6-naphthalene-sulfonates (ANS) have been used for the
determination of CMC's in several surfactant systems (83,
252, 255). The high sensitivity of the fluorescence tech-
nique permits the use of a very low concentration of
the dye which minimizes pertubation that may be imposed
on the equilibrium of surfactant self-association. Changes
of the fluorescent spectrum of TNS upon solubilization also
provide a measure of the local polarity in the surfactant
aggregates. The indicator ratio of triphenylmethyl sulfon-
ate dyes (cf. Chapter 3) is sensitive to minor changes in
local hydrogen ion concentration. These dyes, carrying
permanent charges with the same sign as the bile salts,
represent another type of organic ions capable of solubili-
zation in bile salts. A comparative study using the fluo-

rescent dye, TNS, and an indicator dye, bromthymol blue,
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BTB (see Figure 5.1 for structure), as probes for solubili-
zation in the alkyl sulfates, sodium dodecyl sulfate, sodium
decyl sulfate, and sodium octyl sulfate, and the bile salts,
sodium cholate, sodium deoxycholate, and sodium chenodeoxy-
cholate (see Figure 5.2Afor structure), was conducted to
further investigate the pattern of solubilization and the

self-association of bile salts.

5.3. Results and Discussion

5.3.1. Solubilization of The Fluorescent Dye-TNS

The apparent emission spectra of TNS obtained in
surfactant solutions generally exhibit a single broad peak.
Figure 5.3 and Figure 5.4 show the typical apparent and
corrected emission spectra of TNS obtained from solutions
of two different types of surfactants. It was found that
the spectrum of TNS was not significantly affected by the
presence of inorganic salts used for maintaining ionic
strength and pH in the solutions. Corrections on the emission
spectra were made to obtaine the true spectral profile. No
correction was made for the emission intensities. An arbi-
trary unit for the emission intensity was used in the spectra
reported. The approximate maxima of emission bands of the
corrected TNS spectra in different surfactant solutions are
summarized in Table 5.1.

TNS exhibits a very weak fluorescence in water, but
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6-p-Toluidino-2-naphthalene Sulfonate
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Figure 5.1. Molecular structures of 6-toluidino-2-

naphthalene sulfonate (TNS) and brom-
thymol blue (BTB).
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Figure 5.2. Molecular Structures of Bile Acids
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(WU ) HLONITIAAYM

360

380

400

420

440

460

480

S00

520

540

560

580

600

143
FLUORESCENCE INTENSITY

(ARBITRARY UNIT)

Figure 5.4. The apparent (—) and corrected (--)

emission spectra of TNS in sodium
dodecyl sulfate solution (0.0132M)
obtained at an excitation wavelength
of 370 nm.
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Table 5.1. Fluorescence Band Maxima of TNS and
' Polarity Index Values of Surfactant

Aggregates

Surfactant Band Maximum E

( nm ) T
Sodium Octyl Sulfate 468 56.5
Sodium Decyl Sulfate 468 56.5
Sodium Dodecyl Sulfate 465 55.8
Sodium Cholate 435 46.1
Sodium Deoxycholate 438 46.5
Sodium Chenodeoxy- 436 46.2

cholate
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the fluorescence increases upon the addition of surfactant.
Figure 5.5 shows the changes in fluorescent intensity of

TNS as a function of alkyl sulfate concentration. In dilute
solutions below the CMC only a slight increase in fluores-
cence in observed. The fluorescence shows a sharp increase
in the CMC region. After the CMC, the fluorescence continues
to increase rapidly with concentration and then gradually
levels off at high surfactant concentrations. An apparent
CMC value can be obtained, as shown in Figure 5.5 , by
locating the intersection of two straight lines extrapolated
from the concentrations below and above the CMC region. The
CMC values obtained from Figure 5.5 for sodium dodecyl
sulfate, sodium decyl sulfate and sodium octyl sulfate in
water in this manner are 0.0075, 0.0315, and 0.118M,
respectively. These values are approximately 5 to 10% lower
than the best values reported in the literature (65). In
all cases, a small but significant increase of fluorescence
occurs in the premicellar region. This is especially pro-
nounced in sodium octyl sulfate which has a high CMC and

a wider transition range at the CMC. The pre-micellar inter-
action and the downward curvature at concentrations not too
far above the CMC introduce some uncertainties in the

determination of CMC by this method. Such uncertainties can,

however, be reduced by proper treatment of the fluorescence

data, as shown below.
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Figure 5.5. Fluorescent intensity of TNS in sodium
dodecyl sulfate ( A ), sodium decyl sulfate
(O), and sodium octyl sulfate (0O) solutions.
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If the increase in fluorescence of TNS upon the addi-
tion of surfactant is due to the solubilization of the dye
by the micelle and the solubilized dye exhibits one charact-
eristic emission spectrum which differs from the spectrum
in the bulk solution, ﬁhe observed fluorescent intensity,

I, at any given surfactant concentration, C ,can be expressed
as I=E,[D,] + E,[Dg] , [5-1]
where [Da] and [Ds] are the concentrations of the dye in
bulk solution and solubilized state, respectively. Eg and

E, are the corresponding emission constants. It can be shown
that the ratio between the solubilized dye and the dye in

the bulk solution, Q, is related to the fluorescent inten-

sities by the following equation:

_ [Ds] : I - IO
Q= = , [5-2]

[Da] In- i

here I= En[Dt] and Io= Eo[Dt]' [Dt] being the total concen-
tration of the dye. If, at the low TNS concentration used,
only one TNS molecule is assumed to be solubilized in a

micelle, b , of aggregation number n following the

equilibrium
Dy, + b, = Db, [5-3]
an equilibrium constant, F +» can be defined as
. _ by
T ’ ’ [5'4]
[D,] [b]
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in which [Dbn]=[Ds] and [b,] is the concentration of the
untagged micelles. After combining Equations 5-2 and 5-4,

a simple equation describing the function Q is obtained,
i.e., Q =F,lb,] . [5-5]
When the concentration of the dye is negligible as compared
to the concentration of the micelle, [bn] can be approximated
by the total concentration of the micelle, C - CMC, and

o=Fn (c-comc) . [5-5a]

n

In a simple micelle-forming system, Q is zero until the CMC
is reached and the value of Q is then directly proportional
to the concentration of micellized surfactants.

The values of I and I, are experimentally determinable
and the value of In can be obtained by an extrapolation
method based on the following equation obtained by rearrang-
ing Equation 5-5a:

1 n

1
= + [5-6]
I -1 F(I-I) (cCc-cCcMC ) I -1I
n n (@] n O

o

Figure 5.6 shows plots of (I - IO)‘l versus (C - cMC)~! for
TNS in the solutions of different alkyl sulfates. Straight
lines are observed in these plots, suggesting that the
solubilization of TNS in alkyl sulfates follows a two-state
model and can be described by Equation 5-3. The extrapolated

emission intensities at infinite surfactant concentrations



2 149

(OWJ-2)
le OIZ”

Q2

08

Figure 5.6. Plots of 1/(I - I,) versus 1/(C-CMC)
for TNS in sodlum dodecyl sulfate (0),
sodium decyl sulfate (O), and sodium
octyl sulfate (A) solutions.
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are reported in Table 5.2.

When the Q function is plotted against the surfactant
concentration of sodium octyl sulfate, as shown in Figure
5.7, the transition region at the CMC becomes relatively
narrower as compared to Figure 5.5. As expected from
Equation 5-5a, the Q function increases linearly with the
surfactant concentration above the CMC. The CMC values
obtained from the Q versus C plots for sodium octyl sulfate,
sodium decyl sulfate, and sodium dodecyl sulfate are,
respectively, 0.130, 0.0328, and 0.0081M, in good agreement
with literature data. Figure 5.8 shows the plot of Q versus
the surfactant concentration of sodium dodecyl sulfate in
the CMC region. Because of the sensitivity of the fluores-
cence method, the CMC region can be explored in some detail.

The data in Figures 5.7 and 5.8 indicate that the CMC
region does not involve any discontinuity as predicted by
the phase separation model. The sharpness of the change in
Q around the CMC is related to the degree of cooperativity
of the self-association process. This can be examined by
constructing a curve of the first derivative of the Q versus
C plot (cf. Section 1.4). Figure 5.9 shows such plots for
sodium dodecyl sulfate, sodium decyl sulfate, and sodium
octyl sulfate. The derivatives was approximated by the ratio
of the finite differences between two adjacent data points,

AQ/AC. This procedure removes any bias of graphical



Table 5.2. Extrapolated Fluorescent Intensities of
2.74x10-5 M TNS in The Solubilized State

151

Surfactant

Sodium Octyl Sulfate
Sodium Decyl Sulfate
Sodium Dodecyl Sulfate
Sodium Cholate

Sodium Deoxycholate

Sodium Chenodeoxycholate

46
57
107
800
690
730
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Figure 5.7. Plot of Q versus concentration of sodium
octyl sulfate
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Figure 5.8, Plot of Q versus the concentration of sodium
‘ dodecyl sulfate at the CMC region.
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Figure 5.9.

Plots of normalized differential
function of Q versus the normalized
mean surfactant concentration against
the CMC for sodium dodecyl sulfate
(0), sodium decyl sulfate (0O), and
sodium octyl sulfate (4).
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differentiation and gives an exaggerated estimate of rela-
tive experimental precision. For comparing the three sur-
factants, the AQ/AC values have been normalized by the
maximum value at high concentrations. The mean concentration
over which the AQ/A C value is obtained has also been
normalized by division with the CMC value of the surfactant.
Figure 5.9 shows that the plot of (AQ/A C)/(AQ/AC)maX
against C/CMC is nearly identical for all the alkyl sulfates.
A range of values close to zero and a range of values close
to unity are connected by a sharp transition in the expected
CMC region. Below the CMC, a slight increase in Q is obser-
ved in all three surfactants, as shown in Figures 5.7 and
5.8 . This increase indicates that a weak interaction
occurs between TNS and the surfactant monomer or premicellar
aggregates. Such interactions, as well as the interactions
responsible for micellar solubilization, are likely to be
due to the hydrophobic nature of the dye molecule because
it carries the same charge as the surfactant molecule.

In contrast to the micelle-forming surfactants, the

1 for sodium cholate, as

plots of ( I - Io)‘l versus C~
shown in Figure 5.10, exhibit considerable curvature even

at concentrations well above the reported CMC regions (44).
Similar curves are also observed in the sodium deoxycholate

and sodium chenodeoxycholate systems. When the data obtained

from solutions containing different amounts of salt are
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Figure. 5.10. Plots of 1/(I-I_ ) versus 1/C for TNS
in sodium cholafe solutions containing
different amounts of salt: no salt added
(m), 0.05N sodium chloride (A), 0.15N
sodium chloride (0O), and 0.45N sodium
chloride (@).
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extrapolated to infinite concentration of the surfactant,
a common intercept at the ( I - Io)_l axis is obtained for
a particular bile salt system, suggesting that the fluores-
cent intentisty is not affected by the presence of added
salt. The‘In values obtained by extrapolations are included
in Table 5.2.

As shown in Figure 5.11, the Q function of sodium
cholate begins to increase at concentrations considerably
below the reported CMC. A CMC value can not be obtained
from such a plot because of the continuous curvature of the
plot. Curves with a similar characteristic were also obser-
ved in the solubilization of naphthalene in sodium cholate
solutions without added salt (46). The Q data show that the
qualitative behavior is the same even at very high salt
concentrations where large micelles are expected to form
as suggested by the light scattering data (256-258). The
difference in pattern of solubilization between the bile
salt and the micelle-forming surfactant is further demon-
strated in the differential plots, as shown in Figure 5.12,
in which A Q/A C is plotted against the mean concentration
of the surfactant for sodium cholate and sodium decyl
sulfate. The micelle-forming decyl sulfate has a CMC value
similar to that of the reported value for sodium cholate
under the present conditions. It can be seen from Figure 5.12

that sodium cholate does not show a sharp transition at the
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Figure 5.11 Plots of Q versus the concentration of
sodium cholate in solutions containing
no added salt (®), 0.05N (A), 0.15N {8Q);
and 0.45N (O) sodium chloride.
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Figure 5.12.Plots of AQ/AC versus the mean concentra-
tion of surfactant for sodium cholate (@)
and sodium decyl sulfate (@®).
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reported CMC region. Instead, a gradual and continuous
increase is observed.

Solubilization in a surfactant solution involving
aggregates of multiple sizes may be described by a series
of equilibria, as in Equation 5-7, to take into account all
the aggregates and monomers, if necessary, i.e.,

D_. + b = qu , [5-7]

a q

where qu and b are the surfactant aggregates containing
q
q monomers with and without the solubilized dye, respectively.

An equilibrium constant Fq can be defined as

- [Dbg]
q A [5-8]

(0,1 [b]

Since the concentration of TNS is very low as compared to
the total concentration of the surfactant, the probability
of more than one dye being solubilized in each surfactant
aggregate is small. Equilibria such as Equation 5-7 are,
therefore, appropriate for describing the present system.

If the emission constants of the fluorescent spectra of

the dye associated with surfactants of different aggregation
numbers are equal, the Q function obtained from a system
consists of monomer, dimer, up to g-mer may be written as

Q= X F_I[b

. 5=-9
q=qu1 [5-9]

If, however, the emission constant, E , varies with the
‘ q

aggregation number g of the surfactant, then the Q function
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should be expressed as

Q = gZ1 AqFqlbg] ’ 5-10]
1 +q}=:l(1 - Ay Flb.]
where
ag = Eq ~ Eo [5-11]
En~ Eo

and Eoo is the emission constant obtained by extrapolation

of the fluorescent intensity to infinite surfactant concen-
tration, such as by the plot shown in Figure 5.10. The
emission constant Eq is not readily determined experimentally.
Presumably, its value lies between Eo and Eoo‘ The value of
Aq’ therefore, varies from zero to one. For smaller aggre-
gates, Aq and also Fq are likely to be small. This is
particularly true for the monomer, When the aggregates are
large, Aq approaches unity and (1 - Aq) approaches zero.
Aggregates of moderate sizes are relatively more important

in terms of (1 - Aq)F [bq]. Since the total surfactant
concentration is not gery high in most of the systems studied,
the concentrations of aggregates [bq] are relatively low.

The denominator on the right hand-side-of Equation 5-10 may
be approximated to unity and the Q function becomes

Q = Zl Aqu[bq] : [5-10a]
q:

For nonionic surfactants or ionic surfactants containing

high concentration of electrolyte, the concentration of
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aggregate bq can be expressed as [by] = Kq[bl]q. The first
derivative of the logarithm of Q versus the logarithm of
the equivalent surfactant concentration, C, can then be

written as

d 1nQ d 1InQ d ln[bl] N

ns
= : - [5-11]
d InC dln[bj] d 1nC N,
where "
e [5-12]
AF1byl + E AgFgRqlby]9
and 2
[b,] + X K_[b,]9

w [5-13]
q
[bl] 4 q§2 q Kq[bl]

N& is the weight-average aggregation number of the surfactant
including the monomer. ﬁhs may be regarded as the number-
average aggregation number of the surfactant weighted by
solubilization of the probe molecule. The upper and lower
limits of Equation 5-11 are both unity, i.e.,

d 1nQ )
d 1InC c=—0

( - 1

Qﬁd 1nQ ) -

d Inc €

These limits are in agreement with experimental results as

shown below.
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For ionic surfactants, if counter-ion interaction is

important, the concentration of aggregate b may be expressed

q
= P -
as [bg] Kq[bl]q[M] , [5-14]

where [M] is the concentration of the unbound counter-ion
and p is the number of bound counter-ion per aggregate bq.
The effect of the counter-ion term, according to Equations
5-14 adn 5-11, is to increase d 1nQ/d 1nC. Such an effect

is relatively small for smaller aggregates because the
degree of counter-ion binding is small. For large aggregates
the effect of counter-ion becomes relatively more important.
However, at high surfactant concentrations, when the amount
of counter-ion is already sufficient to swamp the surface
charges of surfactant aggregates, the effect of additional
counter-ion on the surfactant aggregation and solubilization
becomes relatively small.

For a micellar system, if monomers and micelles of
uniform size are important, 4 1nQ/d 1nC has a value of one
below the CMC. As the concentration of the surfactant appro-
ches CMC, d 1nQ/d 1nC increases rapidly to a maximum at the
CMC region and then decreases to unity again immediately
above the CMC region. Figure 5.13 shows the plot of log Q
versus log C for alkyl sulfates in water. Figure 5.14 shows
the plot of Alog Q/A log C versus long C for sodium dodecyl
sulfate in water, where C is the mean surfactant concentra-

tion of two adjacent data points. As would be expected from
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Plots of logarithm of Q versus the logarithm
of surfactant concentration for sodium dode-
cyl sulfate (@), sodium decyl sulfate (m) i
and sodium octyl sulfate (4). The straight
lines have unit slope.
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Figure 5.14.

Plot of Alog 9/ Alog C versus log C for
sodium dodecyl sulfate in water, where
C is the mean surfactant concentration.
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Equation 5-11 for micelle formation with a high degree of
cooperativity and large aggregation number of the micelle,
Alog Q/ A log C exhibits a sharp, narrow peak at the CMC
region and a value of unity at concentrations both below
and above the CMC. Because of the limited experimental data
in the CMC region, the maximum value could not be determined.
Nevertheless, the data in Figure 5.13 indicate a high slope at the
Q4C region for alkyl sulfates. The unit slope observed in very
dilute solutions for all three alkyl sulfates suggests a
1l:1 interaction between TNS and the surfactant. Correction
for such interaction at the CMC region will increase the
value of d logQ/d logC substantially.

Figures 5.15 to 5.17 show the plots of log Q versus
log C for the bile salts. A similar profile has been obser-
ved for all three bile salts. In dilute solutions a unit
slope has been obtained in the case of deoxycholate and
chenodeoxycholate indicating a 1:1 interaction also occurs
between TNS and these bile salts. For sodium cholate, where
the concentrations in the dilute region are higher, the
slopes are also somewhat higher indicating the possibility
of dimers or lower oligomers interacting with TNS. Figure 5.18
shows the variation of A log Q/Alog C values with concen-
tration of the bile salt, sodium cholate, containing differ-
ent amounts of added salt. Figure 5.19 shows similar data

for sodium deoxycholate and sodium chenodeoxycholate without
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Figure 5.15. Plots of log Q versus log C of sodium deoxycholate
solutions containing no added salt (0), 0.05N (a),

0.15N (O), and 0.45N (®) sodium chloride. The dashed
lines have unit slope.
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Figure 5.16. Plots of log Q versus log C of sodium chenodeoxychclate
in solutions containing no added salt (0), 0.05N (4),
0.15N (Q), and 0.45N (@) sodium chloride. The dashed
lines have unit slope.
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Figure 5.17. Plots of log Q versus log C of sodium cholate solutions
containing no adéed salt (©), 0.05N (a), 0.15v (a),
and 0.45N (e®) sodium chloride. The dashed lines have
unit slope. ’
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added salt. It shows the close similarity of the TNS solu-
bilization in these two isomeric bile salts.

The plots of Alog Q/A log C versus log T for all bile
salts show a single peak as in the case of alkyl sulfates.
The peaks for the bile salts are much broader, however, than
those obtained with a micelle-forming surfactant, and the
maximum value is between 6 and 7 in all cases. As shown in
Figures 5.15 to 5.17, a mean slope of 6 to 7 is obtained
in the log Q versus log C plot over a wide range of Q values,
roughly over two to three orders of magnitude. If corrections
are made for the very low intensities observed at low con-
centrations, which are due to the monomer-TNS adducts, these
slopes do not change very much and continue to hold over a
wide range of bile salt concentrations and Q values. Even
the addition of large amounts of salt does not change the
slope of the linear region in the log Q versus log C plots
very much. As shown in Figures 5.15 to 5.18, the curve merely
shifts to lower concentrations and the maximum slope incre-
ses slightly. The shift can be ascribed to the reduction of
ionic repulsions between TNS and the bile salts at high salt
concentrations.

Although the aggregation patterns of bile salts are not
understood very well, it is known that the average degrees
of aggregation vary over a very wide range with the added

salt concentration and the type of bile salt (44,258). A
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roughly constant slope of about 7 in relatively dilute

solutions in all the bile salt solutions is thus an indica-
tion of a preferential adduct formation of TNS with about

7 bile salt anions. For such an adduct d 1nQ/4d ln[bl] has

a slope of 7, if other aggregates do not interact with TNS.
The pattern of solubilization, at least in the initial
stages, bears very little relation with the pattern of
self-association. At high concentrations, as shown in
Figures 5.15 to 5.17, the slope of log Q against log C
decreases because d ln[bl]/d InC decreases as a result of
self-assocaition of the bile salt.

The fluorescence data with TNS can also be used to
estimate the effective polarity of the microenvironment of
solubilized TNS. It is known that the fluorescent intensity
and the band maximum of TNS emission spectrum are sensitive
to the polarity and rigidity of the solvent system (249,250,
253) . The fluorescent properties of this dye and other
similar type of dyes, e.g., ANS, have been studied extensive-
ly by Kosower, et al. (249,250,259). These authors proposed
that an intramolecular , excited-state charge-transfer
reaction plays a key role in the solvent effect on the
fluorescence of this type of dye. The charge-transfer reac-
tion involves two distinct emitting species depending on
the relative position of the two ring systems in the molecule,
Consequently, the fluorescent intensity and band maximum of

TNS increase with the decrease in polarity or increase in
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rigidity of the solvent. As shown in Table 5.1, the fluore-

scent band maxima of TNS solubilized in different surfactant
systems are all at a shorter wavelength than that of water.
The band maximum in the flexible chain surfactants corres-
ponds to a solvent polarity index value, ET(30) (260,261),
of approximately 56 in all three alkyl sulfates. The Ep (30)
value of bile salts is approximately 46. This value is
also the same in three different bile salts, indicating a
similarity of packing which is also shown by the roughly
constant slopes of d 1nQ/d 1nC curves discussed earlier.

The value is also significantly lower than that of the
flexible-chain surfactant. As indicated in Table 5.2, the
extrapolated fluorescent intensities of TNS in bile salts
are also considerably higher than those of the alkyl sulfate
micelles. These results indicate that the microenvironment
of TNS in the surfactant aggregates is less polar than water.
The microenvironment in the bile salt aggregates seems to be
more rigid and less polar than that in the flexible chain
micelles. This is consistent with the expected structural
differences of the aggregates.

5.3.2. Solubilization of Bromthymol Blue

The dissociation constant of indicator dyes often changes

upon solubilization in micelles. Such a change has been as-
cribed to the proximity effect of the nonpolar micellar core

and , in the case of ionic micelles, to the micellar surface

charge (cf. Chapter 3). The pK value of an anionic dye is
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usually higher in the micellar solubilized state than its
intrinsic pK in the bulk solution (80). As a result, the
indicator ratio of this kind of dye increases in the presen-
ce of nonionic or anionic micelles. Under the condition of
very low dye to surfactant ratio, the solubilization process
can be described by the following equilibria:

Y + bq = qu and B + bq = Bbq,
where Y and B represent the yellow and blue form of BTB. The

corresponding equilibrium constants can be written as

[qu] [Bbq]

E = E

- [5-15]
vl 5 [Byllbgl .

Here [Ya] and [B,] represent concentrations of the dye in

the bulk aqueous solution. Since the indicator ratio for the
dye in the bulk solution, Ra’ and in the surfactant solubili-
zed state, Rs, are defined as

[¥.] [Yb_]
R_ = a and R = g
(Bbg]

Ts,) >

a ratio Q, can be obtained for the solubilization of the
yellow form of the dye, i.e.,

(R/R_ - 1)
Q. = Fyqbg] [5-16]
(1 - R/R.)

A similar equation can be derived for the blue form of the
dye. The values of R and R, are directly determined experimen-

tally. qu can be estimated by an extrapolation method as
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discussed before (cf. 3.3.). Mukerjee and Banerjee (80) have
reported that the apparent pK of bromophenol blue, an analog
of BTB, increases from a value of 3.84 in the bulk solution
to 5.67 upon solubilization in sodium dodecyl sulfate micelle.
Such an increase in pK corresponds to an approximately 67
fold increase in the indicator ratio , i.e., Ra/RSq=O.015.
The pK value of BTB solubilized in the nonionic R-D-octyl
glucoside micelle has been reported to be 1.3 units higher
than that in the bulk solution (73). According to Equation
3-la, if the pK value of BTB in Q-D-octyl glucoside micelle
is assumed to be the sz and the Gouy-Chapman potential of
either sodium dodecyl sulfate or sodium decyl sulfate micelle
is used, the apparent pK of BTB in these micelles would be

2 to 3 units higher than the pK value in the bulk solution.

The ratio of Ra/Rs should, therefore, be smaller than 0.01.

q

Since R varies from R, to R the ratio R/R is small as

sq’ sqg
compared to unity at low surfactant concentrations. Equation
5-16 can then be approximated by
o= - = . -17
Qp = (R/R, = 1) = Fy_[b] [5-17]
For a surfactant system involving multiple aggregates, Equa-
tion 5-17 can be expanded into the following form:

Q% = I Fyglpy] [5-17a]

Equation 5-17a is smilar to Equation 5-la,derived for the
solubilization of TNS in surfactant solutions. For a micellar

system, if only the monomer, bl' and the micelle, bn’ are
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important , Equation 5-17a takes the following form

Qé = [b.1 + FY [bn] [5-18]

F
Yl 1 n
At concentrations below the CMC, only monomers exist. Equa-
tion 5-18 becomes
''=F __C. 5-18a
Qr Y1 [ ]
The monomer concentration is approximately constant above

the CMC and Equation 5-18 can be written as

Qé = FYl(CMC) + FYn(C - CMC) /n
F F
= (Fy; - =) - (amc) +_ P ¢ [5-18b]
n n

A plot of Q; versus C is, therefore, expected to show two
straight lines, one with a slope of FYl at concentrations
below the CMC and the other FYn/n at concentrations above
the CMC. At the CMC region, a transition occurs. This
phenomenon is demonstrated in Figure 5.20, in which Qé is
plotted against the concentration of the surfactant, sodium
dodecyl sulfate, in solutions of pH 7.56 and an added sodium
ion concentration of 0.0450N. Two linear regions are obser-
ved in this plot. The line at concentrations below the CMC
has a slope of approximately zero, indicating that the
interaction between BTB and the surfactant monomer is rela-
tively unimportant. A slope of 3200 is obtained from the
data at concentrations above the CMC. This slope measures

FYn/n. Figure 5.21 shows a similar plot for BTB in sodium

decyl sulfate solutions of pH 7.56 and 0.0423N added sodium
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Figure 5.20. Plot of R/R -1 versus the concentration of sodium decyl
sulfate in solutions of pH 7.56 and an added sodium icn
of 0.0235N.
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Figure 5.21. Plot of R/Rael versus the concentration of sodium decyl
sulfate in solutions buffered to PH 7.56 and having an
added sodium ion concentration of 0.0235N.
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ion. The straight line above the CMC has a slope of 2400.

It is expected that the surface potential of sodium dodecyl
sulfate is higher than that of sodium decyl sulfate micelles
in the buffer used (30). The higher surface potential, in the
present case, should reduce the solubilization of the charged
dyes. Nevertheless, the data indicate that BTB is solubili-
zed more in sodium dodecyl sulfate than in the decyl sulfate
micelles. The higher affinity of BTB towards the sodium
dodecyl sulfate micelles is probably partly due to the larger
sizes of these micelles.

The CMC values obtained from Figures 5.20 and 5.21 for
sodium dodecyl sulfate and sodium decyl sulfate are 2.58x10~3
and 2.16x10‘2M, respectively. These values are in good agree-
ment with the predicted CMC values, 2.3x103 and 2.2x10-2M,
obtained by interpolation of the literature CMC data to the
corresponding sodium ion concentration at the CMC (65).

Figure 5.22 shows the plot of Qé versus the surfactant
concentration of sodium taurodeoxycholate in solutions of
PH 7.33 with an added sodium ion concentration of 0.061N.
Unlike the alkyl sulfates, the Q; value of taurodeoxycholate
increases nonlinearly with the surfactant concentration
beginning at very dilute solutions. The data start to show
downward curvature at a relatively low value of Qé in solu-
tions of moderate surfactant concentration where the plots

of sodium decyl and sodium dodecyl sulfates are linear.
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Because of the nonlinearity in the Q' versus C plot, an

: -
unbiased CMC value can not be obtained. As shown in Figure
5.23, the intersection of two straight lines drawn from the
data points at low and at high concentrations varies consider-
ably depending on the section of data being considered. The
gradual change in Q; with the surfactant concentration ,on
the other hand, suggests a low degree of cooperativity of
solubilization in the sodium taurodeoxycholate system.

To further examine the pattern of solubilization, a
plot of log Qé versus log C is constructed and shown in
Figure 5.24. Unlike those of the TNS-bile salt systems, the
solubilization curve of BTB in sodium taurodeoxycholate
solutions exhibits an initial slope of approximately 6 and
remains at the same slope for a wide concentration range.
This indicates that BTB does not interact with sodium
taurodeoxycholate aggregates smaller than hexamer. In other
words, at least six taurodeoxycholate molecules are required
to solubilize one BTB molecule. The extended linear region
in the log Q; versus log C plot suggests that an adduct of
one BTB with at least six taurodeoxycholate molecules is
formed over a wide concentration range. For TNS the data

suggested that seven molecules of bile salt were required

for solubilizing one molecule of dye.
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Figure 5.23. Plot of R/Pé-l versus C for sodium taurcdeoxycholate
at low concentrations.
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Figure 5.24. Plot of log (R/R;-1) versus log C of sodium taurodeoxy-
cholate system. ' :
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5.4. Conclusion

The development of the fluorescence of TNS upon solu-
bilization has been used to compare the pattern of solubi-
Jlization of bile salts and alkyl sulfates. In the case of
sodium dodecyl sulfate, sodium decyl sulfate, and sodium
octyl sulfate, the pattern of solubilization is consistent
with a process of micelle formation with a high degree of
cooperativity. The bile salts, including sodium cholate,
sodium deoxycholate, and sodium chenodeoxy cholate, show
a much lower degree of cooperativity than the flexible chain
surfactants. The solubilization of TNS in bile salts appears
to involve the formation of a mixed aggregates which seems
to be relatively independent of the pattern of self-associ-
ation exhibited by the bile salts. The fluorescent bands
are sensitive to medium polarity. The polarity of the micro-
environment of TNS solubilized in bile salts has been found
to be different from that in alkyl sulfate micelles.

The indicator dye, bromthymol blue, has also been used
as a probe for comparing the pattern of solubilization in
the alky sulfate micelles and sodium taurodeoxycholate. As
in the case of the fluorescent dye, the solubilization
pattern of BTB in the micelle forming alkyl sulfates exhibits
a high degree of cooperativity. The bile salts, on the other
hand, shows a less cooperative solubilization pattern which

involves the formation of a preferential adduct between
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BTB and six bile salt ions at least in the dilute solutions.
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6. FLUORINE NUCLEAR MAGNETIC RESONANCE STUDIES

OF AGGREGATION PROPERTIES OF TRIFLUORO-
PHENOTHIAZINE DERIVATIVES AND FLUOROCARBON

SURFACTANT

6.1. NMR Studies of Surfactant Solutions

Nuclear magnetic resonance signals are sensitive to the
environment of the nuclei involved. Changes in NMR spectra
of surfactants upon aggregation provide information on the
local environment in the aggregate as well as on the mode of
association. Many studies of surfactant solutions by NMR
technique have been reported (99,100,105-108,166-175) and
an extensive review has also been published recently by
Nakagawa and Tokiwa (122).

The reported NMR studies are mostly measurements of
chemical shifts (99,100,105-108,166-172), spin-lattice,
spin-spin or nuclear quadrupole relaxation (173-177) of
suitable nuclei of the surfactant molecule, solvent molecule
or solubilizate. Several papers have also appeared recently
regarding the use of chemical shifts for the determination
of CMC (105-108,171,172). The major requirement of this kind
of measurement is that the chemical shifts of one or more
nuclei of the surfactnat must change appreciably with the
change in environment. Changes of chemical shifts on micelle
formation are relatively small for proton and 13C NMR,

because of their low sensitivity to changes of solvent polarity
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(179-182). As demonstrated by Muller and coworkers (105-108),

the change of 19¢ NMR Cchemical shift is large between mono-
meric and micellized surfactants. These authors also syn-
thesized several partially fluorinated long chain surfactants
and determined their CMC values from 19 chemical shifts.

The chemical shift measured from a surfactant solution,
0, is generally assumed to be a weight average of the chem-
ical shifts from the monomeric, bl’ and the aggregated
surfactant, bn, by the following relationship:

o = ([by1/C) 0, + (b 1/C) o, [6-1]
where C is the total equivalent surfactant concentration,
[bl] and [bn] are the concentrations of the monomer and
aggregate containing n surfactant molecules. The CMC is
frequently determined from the & versus c-1 curve by locating
the intersection of two straight lines extrapolated from the
low and high concentration regions (122,196). At concentra-
tions below the CMC, the chemical shift is only due to the
monomer, The value of bn can be obtained by extrapola-
ting the & versus c-1 plot to a zero value of C-l., cMC values
obtained by this method are generally in agreement with the
results obtained by other methods for flexible chain sur-
factants.However, this method is not without some uncertain-
ties, especially for systems exhibiting gradual changes in
the CMC region. The main uncertainty arises from the inher-
ent character of the reciprocal concentration scale, in

which the data at high concentrations tend to be compressed
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and low concentrations expanded. Deviation from the ideal
micelle formation , such as pre-micellar association, can
often be concealed in such a plot. It is also possible that
this type of plot may lead to false CMC values in systems
which do not show much cooperativity of self-association
(1,25,62). For these reasons, the NMR data would need more
careful analysis for CMC determinations. In the present
study, 19F chemical shift of trifluorophenothiazine deriva-
tives and long chain fluorocarbon surfactant are examined.
The changes in chemical shift as a function of surfactant
concentration are analyzed in terms of different patterns of

self-association.

6.2. Review of Literature on Aggregation of Phenothiazines

Many phenothiazine derivatives exhibit pharmacological
activity in the central nervous system. Derivatives contain-
ing aminoalkyl groups attached to the phenothiazine ring
nitrogen are major tranquilizers (183-185). These derivatives
are also surface active and form aggregates in agueous solu-
tions (186.187.189,190,195). Surface tensions of several
phenothiazine derivatives have been studied by Seeman and
Bialy (37), Zografi and Munshi (189), and Kitler and Lamy
(190) . Triflupromazine and trifluperazine have been found
to show surface tension depression comparable to that of

the micelle forming surfactant, sodium dodecyl sulfate, in
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the concentration range of 10~% to 10-5M in Ringer's buffer
solution (37). Chloropromazine and promethazine are also
fairly surface active. Monolayer formation of several of
these compounds under different conditions have also been
studied by Zografi and coworkers (189,191-194). Florence and
Parfitt (171,197) reported the proton NMR chemical shifts
of several phenothiazine derivatives at different concentra-
tions. An upfield shift of the aminomethyl protons was ob-
served when concentration of the phenothiazine derivatives
was increased. The chemical shift data were interpreted
according to Equation 6-1 with an a priori assumption that
these compounds formed simple micelles. CMC values obtained
from the plot of chemical shift versus reciprocal concentra-
tion were reported by these authors. Based on the magnitude
and the direction of shift of the aminomethyl protons, they
proposed that the phenothiazine derivatives associate in a
manner of vertical stacking with the N-alkyl side chain
alternating to the opposing sides (171). Light scattering
study of the same derivatives, on the other hand, indicated
a low degree of aggregation even at concentrations two or
three times above the reported CMC (195).

The aggregation behavior of a phenothiazine dye,
methylene blue, has been investigated in detail by Mukerjee
and Ghosh (32,38-41). A pattern of continuous stepwise self-

association with a stacking structure has been suggested by
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these authors based on the isocextraction data and comparison
with several theoretical models of self-aésociation. A low
degree of aggregation has been indicated because of the low
cooperativity in the formation of such an aggregate (1,25,
62) . It has also been demonstrated that an apparent CMC can
be obtained for such a system when a solution property is
plotted as a function of the concentration. Such a OMC value may
not have much physical significance because of the absence

of a strong cooperativity of aggregation.

6.3. Scope and Aims

The large change in 19F NMR chemical shifts upon
micelle formation provides a sensitive means of monitoring
the self-association of fluorine containing surfactants.
Triflupromazine and trifluoperazine are two of the major
tranquilizers which exhibit strong surface activities in
solution (188). Their aggregation properties are expected
to be similar to other phenothiazine derivatives on
structural grounds.Based on the aggregation behavior of
methylene blue in aqueous solutions, a similar stacking inter-
action is also expected for these two trifluorophenothiazine
derivatives. If this is the case, their pattern of self-
association should be different from micelle formation of
flexible chain surfactants. 19F NMR studies on these two
compounds have not been reported to date. For the purpose of

comparison, a long chain fluorocarbon surfactant, sodium
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perfluoro-n-octanoate (SPFO), has also been studied. The

hydrochloride salts, triflupromazine hydrochloride (TEPO
HCl) and trifluoperazine dihydrochloride (TFPE 2HCl) (see

Figure 6.1 for structures ) have been used in the study.

6.4. Results and Discussion

The 197 NMR spectrum of a 0.1M SPFO solution is shown
in Figure 6.2. All chemical shifts are upfield from the
external standard, 2.5% trifluoroacetic acid in ds—benzene.
The measured chemical shifts are consistent with the reported
values ( 108) with two well defined triplets at about 6 ppm
and 41 ppm, corresponding to the w-trifluoromethyl and the
fluorine atoms on the C-2 carbon atom, respectively. In
addition, a broad peak near 51 ppm from the C-7 fluorines
and several unresolved peakes between 46 and 48 ppm due
to the overlapping of the fluorine signals on carbons at
C-3 to C-6 positions have also been observed. Among all
the chemical shifts, the w-fluorines exhibt maximum change
upon micellization. Therefore, only the center signal of
the triplet from the w-fluorines has been used for data
analyses. In the solutions of TFPO HCl and TFPE 2HCl, only
one singlet down field from the external standard has been
observed in each case.

Figure 6.3 shows the plots of chemical shifts as a
function of the reciprocal concentration of SPFO in water

and in 0.054N sodium chloride. Similar plots for TFPO HC1l



193

Figure 6.1. Molecular structures of triflupromazine
hydrochloride and trifluoperazine dihydro-

chloride.
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19

Figure 6.2. F NMR spectrum of a 0.1M sodium perfluoro-

n-octanoate aqueous solution.
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Figure 6.3. Plots of chemical shift versus the recipro-
cal concentration of SPFO in water (0) and

0.0547N sodium chloride (0O).
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and TFPE 2HC1l are shown in Figure 6.4. The CMC values of
SPFO obtained from the reciprocal plots are reported in
Table 6.1.

When two straight 1lines are extrapolated from the high
and low concentration regions in the TFPO ﬁCl and TFPE 2HC1
curves, the intersections are at 0.0246 and 0.0125M for
TFPO HC1l in water and 0.05N sodium chloride solution, res-
pectively,and 0.043M for TFPE 2HCl in water. These values
are in good agreement with the reported CMC values of simi-
lar phenothiazine derivatives obtained by proton NMR measure-
ments (171,197). However, a plot of the chemical shifts
against the concentration of the surfactant, as shown in
Figure 6.5, shows that a substantial change of chemical shift
has already occurred at concentrations well below the
"apparent CMC" obtained from the reciprocal plots. The
difference between the micelle forming surfactant SPFO and
the phenothiazine derivatives is apparent in Figure 6.5.
There is no appreciable change in chemical shift in SPFO
until the CMC is reached. A sharp change in chemical shift
occurs in a relatively narrow concentration range correspon-
ding to the CMC of SPFO. The lacking of such a change in TFPO HC1
and TFPE 2HC1l suggests that a different pattern of aggrega-

tion is involved in these phenothiazine derivatives.
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Figure 6.4. Plots of chemical shift versus the recipro-
cal concentration of TFPO HCl in water (0),
TFPO HC1l in 0.05N sodium chloride solution

(®), and TFPE 2HC1l in water (m@m).
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Table 6.1. CMC Values of Sodium Perfluoro-n-
octanoate at 33°C (mole/liter)

from from
Solvent

dvs c-1 cdvs C
water 0.0322(0.031)* 0.0328
0.0152N 0.0272 0.0289
NaCl
0.0310N 0.0236 0.0249
NacCl
0.0547N 0.0194 0.0205
NaCl

* From reference

(1L08), CMC determined at 35°C.
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Figure 6.5. Plots of chemical shift versus the concen-
tration of SPFO in water (A), TFPO HCl in
water (0), TFPO HCl in 0.05N sodium chloride

solution (®), and TFPE 2HCl in water (m).
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6.4.1. NMR Data Treatment

In order to eliminate the ambiguity of the reciprocal
plot and to further examine the significance of the appa--
rent CMC in the phenothiazine derivatives, Equation 6-1 is
rearranged into the following form:

cCO = ( bl - bn)[bl] + an % [6-1la]
For a system exhibiting simple micelle formation, when C®
is plotted against the total equivalent surfactant concen-
tration, C, Equation 6-la predicts two straight lines with
slopes of bl and bn intercepting at the CMC. Such proper-
ties are a consequence of the monomer concentration being
equal to the total equivalent surfactant concentration be-
low the CMC and becoming approximately constant above the
CMC. The following information may be obtained from this
type of plot: (i) deviation from linearity at concentrations
below the expected CMC indicates the occurrence of an early
aggregation, (ii) the constancy of chemical shift in the
aggregated form, bn’ can be examined from the linearity of
the data at concentrations above the CMC, (iii) the sharp-
ness of the transition at the CMC reflects the degree of
aggregation and also the cooperativity of association.

The data obtained from SPFO in solutions of different
salt concentrations are presented in Figure 6.6 as CO
versus C plot. The micelle forming property of SPFO is

clearly indicated by the presence of two linear regions and
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Figure 6.6. Plots of C & versus the concentration of
SPFO in water (®), 0.0152N sodium chloride
(0), 0.0310N sodium chloride (A), and

0.0547N sodium chloride (0O) solutions.
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a sharp transition at the CMC. Chemical shifts at concentra-
tions below the CMC are not affected by the presence of salt.
At concentrations above the CMC, parallel lines are obtained
indicating that the chemical shift in the micellar state is
constant within experimental error and also not affected by
the presence of added salt. The CMC values obtained from
Figure 6.6 by linear regression are reported in Table 6.1.
A somewhat higher CMC,by 2 to 6%, has been observed in the
CO versus C plots than that obtained directly from the
curves of O versus C-l. The logarithm of the CMC is linearly
related to the logarithm of the total sodium ion concentra-
tion at theCMC, as shown in Figure 6.7. A slope 0f-0.56 is
obtained from the straight line as compared to an estimated
value of-0.53 from the CMC data reported for potassium
perfluoro-n-octanoate (188).

The change of chemical shift in TFPO HC1 is relatively
small and no appreciable curvature is seen in the CO versus
C plot, see Figure 6.8. A plot of C( O - bl) versus C curve
was then constructed to magnify any change in the chemical
shift as a function of concentration, where O is the chemical
shift at concentration C and bl the extrapolated chemical
shift at zero concentration from Figure 6.5. The data show
a continuous increase beginning from very low concentration.
If straight lines are forced through the data points at low

and high concentration regions, an apparent CMC can always
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Figure 6.7. Plot of logarithm CMC versus logarithm of
sodium ion concentration at the CMC of

SPFO determined from Figure 6.6.
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Figure 6.8. Plots of C & versus the concentration of

TFPO HCl in water (@) and C(d- bl) versus

the concentration of TFPO HC1l in water (0).
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be obtained even though it may not have much physical
significance. Curves similar to the one showing in Figure
6.8 have been reported in the light scattering studies of
several other phenothiazine derivatives in which the tur-
bidity is ploﬁted against the concentration of phenothiazine
(195).

The pattern of surfactant self-association, as discussed
in Chapter 1 (cf. Sections 1.3 and 1.4), can be qualitatively
examined by constructing a differential curve, in which the
gradient of a suitable solution property is plotted against
the total surfactant concentration. The differential curves
of the chemical shifts measured in SPFO and TFPO HCl are
shown in Figure 6.9 as d(CQ® )/dC versus C and A(Cd )/ AC
versus C, respectively, where A(C®) and A C are the differ-
ences between two adjacent experimental points, and C the
mean concentration of these two adjacent points. Only the
data of TFPO HCl in 0.05N sodium chloride solutions are
plotted in Figure 6.9, because of an enhanced aggregation
is expected in the presence of salt. Nevertheless, the data
of TFPO HCl are distinctively different from the micelle
forming surfactant SPFO. The differential data of SPFO do
not show significant change at concentrations below the CMC.
A sharp increase occurs at the concentration range corres-
ponding to the CMC and followed by a rapid levelling off to
another approximately constant value. The middle point of

the transition corresponds to the CMC observed from the CO
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Figure 6.9. Differential plots of d(Cd )/dC versus the
concentration of TFPO HCl in 0.05N sodium
chloride solution (0) and A(Cd®)/AcC
versus the mean concentration of SPFO in

water (0O).
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versus C plot. TFPO HCl , on the other hand, does not show

any transition at the apparent CMC observed previously. The
d(C® )/dC increases continuously from the lowest concentra-
tion up to and beyond the apparent CMC at 0.125M. The diff-
erential curve of TFPO HCl is qualitatively similar to the
curve of either a continuous stepwise association without
cooperativity or a dimer or trimer formation as shown in
Figure 1.1.

For further analysis, an assumption of the same chem-
ical shift for all the aggregated species from dimer up to
n-mer is made and the concentration of the monomer at any

concentration C is given by

byl=c (-8 , [6-2]
&, - &,

Figure 6.10 shows the concentrations of monomers of
SPFO and TFPO HCl calculated from Equation 6-2. In systems
exhibiting micelle formation, there is no significant
aggregation below the CMC, and the slope of a plot of [bl]
versus C is unity. Above the CMC, the monomer concentration
changes very slightly or remains practically unchanged. The
surfactant SPFO clearly shows the typical micelle forming
behavior. In constrast, the monomer concentrations of TFPO
HCl start to deviate from the line of unit slope at very low
concentrations and continuously to increase appreciably

beyond the apparent CMC region. The caluculated data at the
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Figure 6.10. Plots of monomer concentration versus the
total concentration of SPFO (O) and
TFPO HC1l (O) in water. The monomer concen-
trations were calculated from Equation 6-2
by using &,=4.195, ® =6.770 for SPFO and

bl=14.4oo , bn=14.7so for TFPO HC1.
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highest concentrations are not very reliable because of
small differences between & and bn in Equation 6-2. The
fraction of surfactant present as monomer has also been
calculated and is shown in Figure 6.11. The difference in
the monomer fraction between TFPO HCl and SPFO is very
pronounced at low concentrations. If a classical model of
micelle formation, assuming no aggregation below the appare-
nt CMC, is employed for the estimation of the monomer con-
centration of TFPO HCl, an error of 20 to 30% can easily be
introduced. This monomer fraction is believed to have con-
siderable importance to pharmacological activity and drug
transport (201-203,25). It should, however, be noted that
the chemical shifts of aggregated fluorophenothiazines may
not remain constant as the degree of association changes.
It is more likely that the chemical shift increases as the
aggregation number increases, at least for the smaller
aggregates, as the environment surrounding the trifluoro-
methyl group changes with the degree of aggregation. If
this is the case, the true concentration of monomer at each
surfactant concentration will be lower than that calculated
by assuming a single value of chemical shift for the aggre-
gated species in the dilute region.

The molecular structure of several phenothiazine tran-
quilizers have been shown by x-ray diffraction (199,204) to

be of a nonplanar, butterfly-shaped configuration with a



220

Figure 6.11 Plots of monomer fraction versus the total

concentration of SPFO () and TFPO HC1 (0).
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dihedral angle of approximately 130° along the sulfur and
nitrogen axis in the central ring. Theoretical calculations
of similar compounds indicate that the bulky alkylamino
side chain creats an energy barrier for the inversion of
the central ring system (205). These molecules are, therefore,
likely to retain their rigid configuration in solution.

A stacking structure with back-to-face and alternating
location of the polar amino or Piperazine groups on opposite
sides of the ring System, as suggested by Florence and Parfitt
(171) and Mukerjee (57,62), is likely to be the mode of
association. The NMR data presented are consistent with this

type of aggregate.

6.5. Conclusion

Fluorine nuclear magnetic resonances of SPFO and two
trifluorophenothiazine derivatives, TFPO HCl and IFPE 2HC1,
have been studied. The chemical shifts of 19F NMR of the
micelle forming surfactant, SPFO, show evidence of a sharp
transition at the critical micellization concentration
region, as would be expected for a process with a high
degree of cooperativity in self-association. TFPO HC1l and
TFPE 2HC1l, on the other hand, do not show such sharp tran-
sition at the reported CMC regions. The data indicate that
the self-association of these two drugs is not consistent

with the typical cooperative aggregation of detergents. They
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are more in agreement with a pattern of stacking interactions
as suggested by their structures. The apparent CMC values
from plots of the chemical shifts against the reciprocal
concentration may not have any significance as regard to the
nature of the aggregation in TFPO HCl and TFPE 2HCl. A plot
of d(C®)/dC versus C is suggested for testing the gpplica-
bility of a micellar model and for the qualitative identi-
fication of the pattern of association, particularly with

respect to cooperative processes.
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7. MIXING PROPERTIES OF FLUOROCARBON AND

HYDROCARBON SURFACTANTS

7.1. Background

Formation of mixed micelles may be regarded as a special
case of solubilization in which the "solubilizates" are also
surfactants and capable of forming micelles by themselves.
Generally, hydrocarbon surfactants are miscible; they form
mixed micelles of various compositions depending on the
concentrations of the individual components in the solution.
Since the micellar core of long chain surfactants is usually
considered to be liquid-like (cf 1.6), the formation of mixed
micelles of surfactants carrying similar polar head-groups
but different hydrophobic chains may be treated in terms of
the mixing of liquids consisting of the hydrophobic chains
(140,141). It has been shown that the mixing of hydrocarbon
moieties of homologous long chain surfactants is nearly
ideal (140,142), and the CMC values of their binary mixtures
fall within the range of the values of the individual pure
components (139). CMC of mixture of ionic and nonionic
pPolyoxyethylene type surfactants has been found to exhibit
an apparent negative deviation from ideal mixing (142,143).
This deviation is believed to be mainly due to the inter-
actions between the hydrophilic polyoxyethylene chains and

the ionic head groups of the surfaétants (143).
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Recently, Mukerjee and Mysels (109) pointed out that

the well known, but often neglected, nonideal mixing beha-
vior of hydrocarbon and fluorocarbon compounds may also
exist in micellar systems. From available CMC data, they
have found that, although the perfluoroalkyl surfactants

are more hydrophobic than the hydrocarbon ones containing
the same number of carbon atoms, partially fluorinated
surfactants exhibit considerably higher CMC values than the
hydrocarbon surfactants. By analyzing the available surface
tension data and CMC values of sodium dodecyl sulfate and
perfluoro —n-octanoic acid mixtures,they have also bound

a strong mutual phobicity between these two types of surfac-
tants in forming mixed micelles. An observation reported by
Tiddy and Wheeler, who found the solubilization of octanol
by ammonium perfluorooctanoate micelles is about four times
less than that in sodium octanocate (144), is in accord with
the expected non-ideality effects (109). Anacker et al. have
also observed that the solubilizing power of w-trifluoro-
dodecyltrimethylammonium bromide micelle for a hydrophobic
dye, orange-OT, is only about one half of dodecyltrimethyl-.
ammonium bromide (145). Interfacial tensions of partially
fluorinated surfactants at heptane/water interface have been
reported recently by Thoai (146). The lowering of the inter-
facial tension at low concentrations is greater for the
partially fluorinated surfactants than their hydrocarbon

homologues, but the limiting value of the interfacial tension,
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in contrast to their low air/water interfacial tension (147,
148), is much higher. This fact is attributed to the hydro-
phobic and lipophobic nature of the fluorocarbon moiety
which leads to a low packing density of the adsorbed surfac-
tants at the oil-water interface and, therefore, to a high
limiting value of the interfacial tension. The mutual
phobicity between fluorocarbons and hydrocarbons-has also .
been observed in contact angle measurements of fluorocarbon
surfactant solutions on several non-fluorine containing
low energy solids (149).

The aforementioned observations suggest that the non-
ideality of interaction between hydrocarbon and fluorocarbon
moieties may be widespread and may significantly affect the
properties of (i) carbon-fluorine compounds in biological
systems (150), (ii) fluorine-labeled molecules for probing
the hydrophobic environments of proteins, enzymes, lipid
membranes, or micellar systems (151-158) ,and (iii) surfac-
tants at interfaces, such as in wetting, adsorption, or
emulsification phenomena, when fluorocarbon-hydrocarbon
interactions are involved (149,159).

Muller and his coworkers (105-108) used fluorine NMR
chemical shifts to study the local environment of fluorine
atoms in micelles of sodium perfluoro-n-octanoate and
several w-trifluoroalkyl surfactants. In order to character-

ize this environment, they developed a parameter, Z, defined
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as

6m - bw
6o-bw

where O is the chemical shift and the subscripts m,o0,and w
indicate micelle, organic solvent, and water, respectively.
If no water is present in the vicinity of the fluorocarbon
group in the micelle, bnf:bo and Z = 1. In micelles of the
w-triflurinated surfactants, Cjj and Cio carboxylates (105),
Ci2 sodium sulfate (106), and a C8 nonionic (107) system,
they found the Z values close to 0.5 in each case indicating
a semi-aqueous environment of the terminal CF3 group. Based
on the implicit assumption that this group randomly sampled
the core of the micelle, they concluded that water molecules
penetrated into the interior of the micelle (105). This
conclusion is in opposition to all available evidence about
the hydrophobic nature of the micellar core (cf 1.6). It is
also important to note that the Z values of the terminal

CF5 group in micelles of perfluorosurfactants, i.e., 0.82
for C4 carboxylic acid (109) and 0.84 for Cg sodium carboxy-
late, are considerably higher than that of the partially
fluorinated w-trifluorosurfactants (108). This result suggests
that the CF3 terminal group of the partially fluorinated
surfactants may be present at the micellar surface more

often than expected from random mixing because of the mutual

phobic nature of the fluoro and hydrocarbon moieties (109).



228

7.2. Scope and Aims

The mutual solubility between hydrocarbon and fluoro-
carbon compounds in binary mixtures has been investigated
extensively, and summarized by Hildebrand, Prausnitz, and’
Scott (160). The regular solution theory (161-164) is useful
for qualitative explanation of certain unusually large posi-
tive deviation from ideal mixing in liquids.

The only quantitative study on the mixing properties
between long chain hydrocarbon and fluorocarbon surfactants
was reported by Klevens and Raison (165) on the surface
tension measurements of sodium dodecyl sulfate and perfluoro-
octanoic acid mixtures. This study was not focused on the
nonideal mixing behavior of these two surfactants. Although
they noted the peculiar character of their results, they
did not provide any explanation. In addition, the sodium
dodecyl sulfate sample investigated by them contained minor
impurities which prevented precise determination of the
CMC values from their surface tension data.

In the present studies, the mixing properties of a
fully fluorinated surfactant, sodium perfluoro-n-octanoate
(SPFO) , with hydrocarbon surfactants, sodium dodecyl sulfate
(SDS), sodium decyl sulfate (SDeS), and sodium laurate (SL),
have been investigated by electrical conductivity and 19p

NMR chemical shift measurements. The measured CMC values of
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mixed micelles are compared with theoretical values calculated
from ideal mixing and complete demixing cases. The regular
solution theory for nonideal mixtures is also applied to
estimate the magnitude of the non-ideality of mixing between

the fluorocarbon and hydrocarbon surfactants.

7.3. Results and Discussion

The CMC values of SPFO and mixtures of SPFO with SDS,
SDeS, or SL in the presence of 0.001N sodium hydroxide or
in water adjusted to pH about 8.6 by the addition of sodium
hydroxide solution were obtained from plots of equivalent
conductance against the square root of the concentration,
in equivalent/liter, a procedure particularly useful for
mixtures of ionic surfactants (139). Typical plots of the
CMC determinations are shown in Figure 7.1 for SPFO and SDS
mixtures. Values of the CMC obtained in this manner are
listed in Table 7.1. Figures 7.2 and 7.3 show the CMC curves
of the binary mixtures of SPFO with various mole fraction of

hydrocarbon surfactants, SL, SDeS, and SDS.

7.3.1. Ideal Mixing

The interactions of hydrophobic chains in mixed micelles
may be treated by solution theories of liquid mixtures (140,
141). For an ideal binary liquid mixture, the ratio of actual
vapor pressure, P, to that of the saturated vapor pressure

over the pure liquid, Py, is equal to the mole fraction of
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Figure 7.1l. Equivalent conductance of SPFO and SDS
mixtures; SDS-.only (A ), 0.5 mole fraction
SDS (©), 0.3 mole fraction SDS (m),
0.2 mole fraction SDS (0), 0.1 mole frac-
tion SDS (@), 0.05 mole fraction SDS (a),

SPFO only (A).
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Table 7.1. CMC values of mixed micelles of SPFO
and hydrocarbon surfactants (x103 M)

mole mole mole

fraction cMca fraction cMca fraction cMcP
of SL of SDesS of SDS

1.00 25.6 1.00 31.5 1.00 8.1
0.83 27.8 0.90 32.7 0.50 12.3
0.66 31.9 0.75 36.2 0.36 14.9
0.50 35.4 0.50 40.6 0.20 20.9
0.42 37.4 0.25 35.4 0.10 29.9
0.33 37.5 0 31.1 0.05 31.0
0.16 33.4 0 311
0 31.1

@ solutions contained 0.001N sodium hydroxide.

b solutions were adjusted to pH 8.4 with sodium hydro-
xide.
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Figure 7.2. CMC data of mixtures of SPFO-SDeS (A)
and SPFO-SL (0) at 25°C. Dashed lines
show expected values on ideal mixing of
the micelles. Curves 1,2,3, and 4 are the
expected CMC values of complete demixing
of micelles. Curves 2,3, and 4 calculated
for Ki=l.645. Curve 1 calculated for

Ki=l. 56.
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Figure 7.3.
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Observed CMC values of mixtures of SPFO
and SDS (0) at 25°C and calculated CcMC
values of ideal mixing (curve 1), complete
demixing (curve 4), and nonideal mixing
of micelles according to regular solution
theory assumingW/RT = 2.0 (curve 2) and
W/RT = 3.0 (curve 3). Dashed lines are
expected micellar composition of ideal
mixing (curve 5) and nonideal mixing of
micelles according to regular solution
theory, assuming W/RT = 3.0 (curve 6).
Dotted lines show the corresponding

compositions of monomer and micelle.
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the liquid in the mixture. By applying the same principle
for the ideal mixing of surfactants, the ratio of the actual
monomeric concentration of surfactant "i" at the CMC of a
mixed system, Cim’ to the concentration of the CMC of pure
system, Cig' (in the presence of the same counterion concen-

tration) is equal to the mole fraction Yi in the micelle:

Cim

= ¥, [7-1]
Cig :

The observed CMC of the mixed system Cm is equal to the sum
of the individual monomeric concentrations at this point
and also equal to the total counter-ion concentration,gq,
(for 1:1 electrolytes). Thus, for a binary mixture of

components 1 and 2,

cm — clm *Cs =0T [7-2]

The mole fraction of component "i" in the monomeric form,

X is defined by
C.
= im -
Xy = . [7-3]
Cm
The CMC of the ionic surfactant, C; is related to the total

igr
counter-ion concentration by the well known empirical equa-
tion
ol
= ia -
Cig - . [7-4]

where Ki is a constant, whose value depends on the nature of
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the surfactant and the counterion, Cia’ is the CMC of the
surfactant in the absence of added salt. After combining
Equations 7-1 to 7-4 and eliminating Cig' the following

Equation is obtained

C :
vy, = x,(__m_)Kl . [7=5]
it e,
ia
Using this Equation for a binary mixture, and noting that
Yl+Y2=l, and Xl+X2=l, Equation 7-5 can be rewritten for
Xl as

C
1 = (——) K2

C2a
Xl = [7-6]
C C
m Kl m K2
(=) {=men)
Cia C2a

It is, therefore, possible to calculate xl for any value
of Cp from Ciar Coar Kj» and K, which are usually experi-
mentally obtainable. The composition of the micelle, ¥,
and Y,;, can be calculated from Equation 7-5 using the value
of Xl‘ For SDeS micelle, a K; value of 1.645 has been
reported (285 ). A Ki value of 1.56 has been obtained from
the CMC's of SPFO determined by 19z MR chemical shifts
as reported in Chapter 6.

The expected values of mixed CMC's on the ideal

mixing of micelles, according to Equation 7-6 and assuming
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K; of 1.56 for SPFO, are shown in Figures 7.2 and 7.3.

The micellar compositions of SDS-SPFO system, caluclated
from Equation 7-5, are also included in Figure 7.3. It

has been found that the values of Cp and Y; are not
sensitive to minor variations of Kj. A 10% change in K;
causes approximately a 2% variation in Y; and C - in the
SDS-SPFO system. Smaller effects are expected for the
SDeS-SPFO and SL-SPFO systems because of the similar CMC
values for the pure components. The mixing of carboxylate
and sulfate head groups has relatively little effect on
the CMC. This is evident from the measured CMC of an
equimolar mixture of SL and SDeS, for which a CMC of
0.0294 M was obtained as compared to the value of 0.0282 M
calculated from ideal mixing with K; of 1.645 for both

SL and SDeS. On the other hand, substantial deviations

of the CMC values from ideal mixing are observed in all
systems where fluorocarbon and hydrocarbon chains are
mixed. The observed nonidealities are consistent with a
positive deviation from Raoult's law observed in binary
mixtures of hydrocarbon-fluorocarbon‘systems (160,163,164).
Such nonideality effects are likely to lead to high activi-
ty coefficients of the individaul chains in the mixed
micelles and, consequently, to a lower stability of the
mixed micelles. If the nonideality effects are sufficient-

ly intense, two kinds of micelles may form as a result of
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phase separation.

7.3.2. Demixing Case

To access the intensity of such nonideality of mixing,
the experimental data are first examined in terms of
complete demixing of the micelles. If the surfactants
are nonionic, the CMC-mole fraction diagram is composed
of two curves corresponding to each of the two components

given by Equation 7-7,

C_. = - [7-7]

For ionic surfactants, however, the counterion of one
component affects the CMC of the other through common-ion
effect (136). According to Equation 7-4, the CMC of a

completely demixed ionic system is given by

Cia
C_ = - [7-8]

Figures 7.2 and 7.3 show curves of CMC's for the demixed
case calculated from Equation 7-8 by the use of the same
K; value, 1.645, for SDeS, SDS, and SL. The calculated
CMC's are not sensitive to small variations of Ki. In
the case of SPFO, Ki values of ;.56 and 1.645 were both

used in Figure 7.2 and only the former value was used in Figure 7.3.

Both Figures 7.2 and 7.3 show that the experimental CMC
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data are not too far from the calculated case of complete
demixing indicating that the nonideality of mixing is
indeed severe in these cases.

7.3.3.Partially Miscible Micelles

The intensity of nonideality of mixing exhibited
by the CMC data shown in Figure 7.2 and Figure 7.3 sug-
gests the possilibity of demixing micelles, i.e., the
presence of two kinds of micelles coexisting in the solution.
To investigate this possibility the conductance data of
SDS-SPFO system are analyzed. The data are shown in Figure
7.4 as differential conductance, 103 AK/AC=103(K2-K1)/(C2
-C1) where K2 and Kl are the specific conductances at two
adjacent concnetrations, C, and C;, respectively, plotted
against the mean concentration EE(C2+C1)/2. AK/AC is
thus an average value of dK/dC over the concentration range
C2—Cl. The differential curve, as mentioned previously,
(cf. Chapter 6 and Section 1.4.), is capable of indicating
the relatively abrupt change in solution composition at the
CMC (139 ). Curves 1 and 7 of Figure 7.4 represent the
data for individual surfactants, SDS and SPFO, respectively.
The AK/AC shows an abrupt drop in the CMC region and then
attains a nearly constant value. The AK/ AC of SPFO-SDS
mixtures (Curves 2,3, and 4), in contrast to the solution
of single surfactants, changes its character and becomes
biphasic; it shows two inflection points before leveling

off at high concentrations. The first drop corresponds to
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Figure 7.4. Differential conductance versus the mean
concentration of surfactant for mixtures
of SPFO and SDS in pH 8.4 solutions,
curve 1l:SDS only, curve 2: 0.5 mole frac-
tion SDS, curve 3: 0.35 mole fraction SDS,
curve 4: 0.20 mole fraction SDS, curve 5:
0.10 mole fraction SDS, curve 6: 0.05 mole

fraction SDS, curve 7: SPFO only.
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the onset of micelle formation i.e., the CMC. This biphasic

character of conductance data is consistent with the
explanation suggested by Mukerjee and Mysels for explaining
some complex surface tension data of SDS and perfluoro-
octanoic acid mixtures (109 ). They have proposed that

the first micelles formed are composed primarily of the
more hydrophobic SDS component. As the total concentration
increases, the concentration of monomer as also the ratio
of monomeric SPFO to SDS increase. At about the second
inflection point, the activity of SPFO becomes sufficiently
high to form micelles which are composed primarily of the
SPFO component. At the highest concentrations, the two
kinds of micelles coexist, one rich and the other poor in
the fluorocarbon component.

The partial miscibility between SDS and SPFO is further
substantiated by the 19 MR chemical shift data. The
chimical shifts obtained from the mixture of SDS-SPFO are
shown in Figure 7.5 as A(Cd )/ AcC=(C, o] 2—Clb 1)/ (Cy-Cq)
plotted against the mean concentration of SPFO, where bi is
the chemical shift of the terminal CF3 group in SPFO. For the
purposes of comparison, the differential conductance data
are also included. The value of A(C®)/AC shows only
a slight increase at concentrations corresponding to the
first drop of AK/AC, indicating that the first micelle

formed has only a small amount of SPFO. As the total
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Figure 7.5. Differential chemical shift,A(C® )/AC,
plotted against the mean concentration of
SPFO of the equal molar mixture of
SDS-SPFO (0), SPFO only (O), and SPFO in
0.0152N sodium chloride solutions (A).
Differential conductance of equal molar
mixture of SDS-SPFO plotted against the

mean concentration of SPFO (e@).
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concentration increases, A(C®)/AC shows little change
before reaching the second inflection of AK/ AC, suggest-
ing that the micelles formed in this region do not change
in composition very much. The rapid increase of A(Cd)/
A C, at about the second inflection point of AK/AC,
followed by a leveling off to a constant value at higher
concentrations is consistent with the formation of micelles
composed mainly of SPFO. The limiting value of A(Cd)/AC
is, however, significantly lower than that of the pure
SPFO surfactant or in the presence of added salts. This
result suggests that the micelles formed at high concentra-
tions contain some SDS. The SDS content of these micelles
appears to be low enough, however, to have only a minor
effect on the second transition. As indicated by the
AC d)/Ac curves, the concentrations at the mid-point
of the transition in the mixture is similar to the CMC
of SPFO in the presence of added salt, the two systems
having a comparable concentration of counterions at the CMC.
To explore further the nonideality effects and the
possible "phase separation" in the micellar "phase", the
theory of regular solutions for nonideal mixing of liquids
is used. It is well known, that hydrocarbon fluorocarbon
liquid mixtures are not described very well by this theory
(160) . Nevertheless, this theory using a single nonideality
parameter is the simplest one to use and should account

for the gross behavior of mixed micelles.



248
7.3.4.Regular Solutions

In a binary mixture, if the two components exhibit
completely random mixing and satisfy all the conditions
to form an ideal solution except that the interchange
energy is not zero, the partial vapor pressure of compo-
nent i over the mixture is related to the vapor pressure

of the pure liquid by the relation (161)

7.0 - i exp[ (1-¥;) 2 (w /RT) ] [7-9]

where W is the interchange energy, and R and T are the gas
constant and absolute temperature, respectively. The
mutual solubility and conditions for phase separation,
under this approximation, depend solely upon the value
of W/RT. When W/RT equals 2, the system is in a criti-
cal mixing condition. For any value of W /RT>2, two
phases coexist in the system.

One can rewrite Equation 7-1 in analogy to Equation

7-9 for the binary mixtures of surfactants as

C.:

1im
Crynilid expl (1-¥;) 2 (W/RT)]. (7-101

By combing Equation 7-10 with Equations 7-2 to 7-4, one

then obtains for component 1,
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1
-v.) 29 _ -
ln?I+Kl In Cy,+(1 Yl) RT Kl 1n Cm [7-11]
and U
Y X Cq,
In——+[u(1-¥;) 2-v2]241n—1— = uk,1n22  [7-12)
1-Y; RT  1-X; B

2
where u= R .

The formulas for component 2 are analogous.

The composition of the micelle in terms of Y, values
and the observed CMC, Cps of a binary mixture can, there-
fore, be calculated by Equations 7-11 and 7-12. It has
also been found that u can be assumed equal to unity in
Equation 7-12 without introducing serious errors in either

C. or Yi' A value of 1.645 has been used for both Kl and

m
K, in Equations 7-11 and 7-12 for the calculations of Cn
and Yi by using several different values of W/RT for

the SDeS-SPFO and SDS-SPFO systems as shown in Figures

7.3 and 7.6.

The observed CMC values of SPFO and SDS mixtures
(Figure 7.3) are close to the calculated lines of nonideal
mixing of micelles according to regualr solution theory
using Ww/RT=3.0. As indicated by the micellar composition

curve, Curve 6 of Figure 7.3, the first micelles formed in

an equimolar mixture of SPFO with SDS contains very little
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Figure 7.6. Observed CMC values of SPFO-SDeS mixtures
at 25°C (0), and the expected CMC values
(solid curves) and micellar compositions
(dashed curves) calculatedby Equation 7-11 and
Equation 7-12, assuming Kl=K2=l.645 and
different values of W/RT: curve 1 W/RT=

1.7, curve 2 W/RT= 2.0.
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SPFO (as shown by the dotted lines). This is consistent

with the previous observations based on the conductance
and lgF NMR chemical shift measurements at the concentra-
tion corresponding to the onset of the first micelles.

As total concentration increases, the composition and
concentrations of the monomers change gradually along the
CMC curve towards the higher concentrations. The micellar
composition shows only a slight change as the total
concentration increases which is also consistent with

the measured NMR chemical shift data of Figure 7.5. When
the monomer concentration reaches the maximum value on
the CMC curve, a new kind of micelle composed mainly of
SPFO begins to form. The two different kinds of micelles,
one rich in SPFO and the other in SDS, coexist in the
solution. Further increases in the surfactant concentra-
tion will not change the composition or concentration of the
monomers but will result in the formation of more micelles
of the two different compositions. The two kinds of mi-
celles, as indicated by the composition curve of Figure
7.3, contain less than 10% of the corresponding minor
component. These results are in good agreement with the
proviously drawn conclusion and explanations for the con-
ductance and 12F NMR data obtained from the SPFO and SDS
mixtures.

The observed CMC values of SPFO-SDeS mixtures, on the
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other hand, are slightly below the expected CMC line

calculated by the regular solution model with an wW/RT
value of 2.0, as shown in Figure 7.6, suggesting that the
formation of two kinds of micelles ("phase separation")
may not happen in these mixtures. The reported critical
mixing temperature of perfluoro-n-heptane and n-heptane
mixture is 50°C, and that for the perfluoro-n-heptane

and isooctane mixture is about 25°C (160 ). It is possible
that the cirtical mixing temperature for the SDeS and

SPFO micelles may be below 25°cC.

However, the micellar composition curve of SPFO-SDeS
mixtures is not far from that calculated using w/RT=1.7,
which is close to the point of phase separation. In
view of the approximate nature of the treatment of micelles
as a pseudo-phase, and the simplicity of the regular solu-
tion theory, the semi-quantitative agreement of the data
with the theory is gratifying. For a more detailed analysis,
it will be necessary to obtain information about the varia-
tion of micellar composition with concentration and to use

more realistic mass-action models.

7.4. Conclusion

The severity of the nonideality of mixing between
fluorocarbon and hydrocarbon surfactants is clearly indica-

ted in the CMC's, the differential conductance and 19F NMR
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data of mixtures of SPFO with SL, SDeS, or SDS surfactants.

The analysis of the experimental data and their comparison
with a simple regular solution model also indicates that
the partial miscibility between perfluorocarbon and hydro-
carbon surfactant micelles is to be expected under certain
circumstances. The present observations, along with some
others on the anomalous behavior of partially fluorinated
surfactants, suggest that effects due to this nonideality
may be widespread and may significantly affect the proper-
ties of systems involving fluorocarbon-hydrocarbon inter-

actions.
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APPENDIX 1

NONLINEAR REGRESSION ANALYSIS OF SOLUBILIZATION DATA

The indicator ratios of ethyl red and quinoline blue
solubilized in nonionic micelles (cf.3.3.1l) were obtained
by analyzing the experimental data based on Equation 3-5 by
a nonlinear regression method. A "NLIN" subroutine of a
SAS software system was used on an IBM 370 for this
analysis. Equation 3-5 was transformed into the following

formate in the computer program
R = (RA + AxRSx*C)/ (1l + A*C)

where RA = Ry, A = K, RS = R, and C = @/ P, .

D’ St
The "NLIN" subroutine produces least-squares estimates
by first performing a grid search within a specified bound-
ary condition to determine the starting values for the
coefficients RS and A. A modified Gauss-Newton iterative (284)
method is then used to find the least-squares estimates
until a pre-specified convergence criterion is fulfilled. The
convergence criterionused was the difference between the
last the current residual sum of squares less than 10-8.
No particular weight was imposed on any of the parameters.

The computer program and out-put of the regression analysis

are listed in the following pages.



Computer Program For Nonlinear Regression Analysis

PHDYE1l.DATA

00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130

DATA;

INFILE AAA;
INPUT RA C R;
CARDS;

TITLE PKA OF MICELLAR SOLUBILIZED DYE BY R VS.

PROC PRINT;
PROC NLIN BEST=10 METHOD=GAUSS;
PARMS RS=0 TO 0.6 BY 0.002
A=500 TO 2000 BY 10;

BOUND RS =0 A =0;

MODEL R= (RA+A%RS*C)/ (1+AxC);
DER.A=Cx% (RS=RA) / (1+A*C) %% 2;
DER.RS=AxC/ (1+Ax%C) ;

C;
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