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ABSTRACT

Viscometry was used to investigate micelle sizes in hexadecyl-

trimethylammonium bromide solutions containing both inorganic salts and

organic solutes. Increasing concentrations of sodium bromide produced

rod-shaped micelles of increasing size. The electroviscous effect for

hexadecyltrimethylammonium bromide micelles in aqueous solution was

estimated to be 2.37. The solutes n;-hexane and n-octane decreased

micelle size in 0.1 M hexadecyltrimethylammonium bromide-0.1 M sodium

bromide; the solutes benzene and 1-hexanol increased micelle size in

the same system. The viscosity of 0.1 M hexadecyltrimethylammonium

bromide was increased by electrolytes in the following order (a lyo-

tropic series): sodium fluoride < sodium bromide < hydrogen bromide

< sodium nitrate < potassium chlorate.

Counterion binding to micelles was investigated using ion-speci

fic electrodes and calorimetry. At the critical micelle concentration

the degree of dissociation of the micelles of decyltrimethylammonium

bromide, dodecyltrimethylammonium bromide and hexadecyltrimethylammonium

bromide was found to be independent of the concentration of added sodium

bromide. The same behavior was observed for the first two surfactants

at concentrations above the critical micelle concentration. For 0.005 M

and 0.01 M hexadecyltrimethylammonium bromide the degree of dissocia

tion of the micelles increased with increasing sodium bromide concentra

tion; at 0.1 M surfactant the opposite behavior was observed.

A lyotropic series was found to exist for displacement of bromide

iv
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ions from hexadecyltrimethylammonium bromide micelles by other ions;

chloride - hydroxide < nitrate < tosylate. In the presence of increas

ing concentrations of hydroxide and nitrate ions the degree of dissoc

iation (including all ions) of hexadecyltrimethylammonium bromide mi

celles decreased or stayed roughly constant. A lyotropic series for

the enthalpy of binding of anlons to these micelles was also observed:

hydroxide < nitrate < tosylate (most exothermic).

Observed enthalpies of transfer for anions from water to 0.1 M

hexadecyltrimethylammonium bromide or 0.075 M dodecyltrimethylammonium

bromide could be arranged in a lyotropic series: carbonate < sulfate

< acetate < formate < nitrate < bromide < tosylate (most exothermic).

The observed enthalpies of transfer gave straight lines when plotted

against the Stokes' Law hydrated radii for the anions. Lyotropic effects

with cations were also observed for these surfactants. Observed enthal

pies of transfer from water to 0.04 M sodium dodecylsulfate for cations

also showed a lyotropic series: lithium < sodium < ammonium < potassium

< tetramethylammonium < calcium.

Interactions of organic solutes with hexadecyltrimethylammonium

bromide micelles were studied by calorlmetry as well as viscometry.

London dispersion interactions of solutes with surfactant N-methyl groups

were found to be important. Compounds containing aromatic rings were

found to have especially favorable enthalpies of transfer from water

to 0.1 M hexadecyltrimethylammonium bromide. Observed enthalpies of

solution for phenols in 0.1 M hexadecyltrimethylammonium bromide

supported surface solubilization for these compounds. Ultraviolet

spectroscopy also supported this type of solubilization.
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Benzene and benzole acid were found to displace bromide Ions from

the micelles In 0.1 M hexadecyltrlmethylanmonlum bromlde-0.1 M sodium

bromide. Benzene caused llne-broadenlng In the nuclear magnetic reson

ance spectrum of the methylene and N-methy1 protons of the surfactant.

Alkaline hydrolysis of.alkyl sallcylates was not catalyzed by

hexadecyltrlmethylanmonlum bromide. This lack of catalysis was pro

posed to be due to a difficult proton transfer prior to decomposition

of the tetrahedral Intermediate for the hydrolysis. Rate versus con

centration profiles for blmolecular reactions on mlcellar surfaces when

one reagent Is hydroxide Ion were rationalized In terms of decreasing

hydroxide Ion concentration In the mlcellar phase. Hydroxide Ion bind

ing data for hexadecyltrlmethylanmonlum bromide micelles supported this

explanation.
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CHAPTER I

GENERAL INTRODUCTION

The formation of molecular aggregates called micelles by

surfactant molecules in solution has been knovm for many years. The

surfactant or detergent molecules are amphiphilic, that is they pos

sess regions of hydrophobic and hydrophilic character. The hydrophobic

portion of the molecules consists of a hydrocarbon chain, frequently

unbranched and unsubstituted; the hydrophilic portion may possess polar,

uncharged groups such as ether oxygens, or it may be a charged group,

e.g., sulfate, carboxylate, or ammonium ions. Surfactants are accord

ingly divided into nonionic and ionic types. We will be concerned

exclusively with the latter in the course of this work.

Micelles first appear in surfactant solutions over a small range

of concentration which is operationally defined as the CMC, the critical

micelle concentration. More formally, the CMC is the concentration of

surfactant at which the concentration of micelles would become zero if

it were to decrease as it does at concentrations above the CMC.^ The
2

CMC is the saturation concentration of singly dispersed species. The

latter definition ignores the possibility of so-called premicellar aggre

gation, for exaiq>le dimerization of surfactant occurring at concentra-

3
tions below the CMC. Frequently it is assumed that at the experimentally

3
determined CMC 2% of the surfactant is present in micellar form. CMC

-4 -2
values of 10 M to 10 M are commonly found for ionic surfactants; the

CMCs are much lower in nonionic systems.^ At the Clffi, the dependence



2

of a number of physical and chemical properties on concentration changes

sharply. This phenomenon can be used to determine the CMC experimen-

4
tally. Figure 1 illustrates this change for the viscosity of surfactant

solutions. Conductivity, surface tension, partial molal volume, solu-

bilization (which will be discussed below) and several other physical

2
properties have also been used. The CMC is determined from the inter

section of extensions of the two linear branches of the experimental

curve.

At the CMC micelles are generally considered to be spherical.

They may contain from 20 to approximately 100 monomers. For ionic

micelles three general structural regions can be distinguished;^*^

(1) the hydrocarbon core, (2) the Stem layer and (3) the Guoy-Chapman

double layer. These are shown in a cross-sectional view in Figure 2.

The hydrocarbon core is liquid in nature, which is demonstrated by the

formation of mixed micelles (micelles containing more than one kind of

surfactant molecules) and by the phenomenon of solubilization as well

2
as various spectral techniques. In particular, solids which are

sparingly soluble in water may be very effectively dissolved in solu

tions containing micelles; without the liquid core postulate the forma

tion of mixed crystals would have to be envisaged. ESR measurements on

solubilized nitroxide radicals show considerable mobility for the solu-

bilizate and confirm the liquid nature of most micelles.^ There is
11

evidence that the outer portions of the core contain some water. The

Stem layer consists of the ionic head groups and a fraction of the

O

associated counterions. The thickness of the layer is within 1 A of
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the radius of the hydrated head group; the counterions are also con

sidered to be completely hydrated.^ The Stem layer therefore contains

considerable water, but the dielectric constant is lower than in the

12
bulk solution. One reason for this is undoubtedly the "roughness"

13of the micellar surface: part of the hydrocarbon chain is considered

to be sticking up through the Stem layer. This view arose from the

discrepancy between observed and calculated electrophoretic mobilities

for certain micelles. Calculations on the amount of micellar surface

14area per head group and on the free energy of transfer for a methyl-

ene^^ group from water to micelles further substantiate this.

Values for the free energy of transfer are less than for a methylene

group going into a pure hydrocarbon environment. The Guoy-Chapman

double layer contains the remaining counterions, their concentration

18
obeying the Boltzmann distribution law. The double layer may extend

up to several hundred Angstroms into the solution, depending on the

total concentration of electrolyte in the solution and the surface

potential of the micelle.

For nonionic surfactants the micelles obviously have no associated

double layer. They are composed of a hydrocarbon core and an outer

capsule or mantle composed of the hydrophilic groups.^ Commonly these

are polyoxyetheylene groups; the ether oxygens are extensively hydrogen-

bonded to water. Nonionic surfactants have much lower CMCs than ionic

surfactants because the driving force for micellization, transfer of

the surfactant hydrocarbon chains from water to a hydrocarbon environ

ment, is not opposed by Coulombic repulsion of ionic head groups. With
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Ionic surfactants micelle formation is observed only when the gain in

free energy from the hydrophobic interactions in the micelle core is

19
sufficient to overcome this Coulombic repulsion. The decrease of the

2
CMC with increasing chain length for a homologous series of detergents

can be explained in the following way: for a given head group, the

repulsive term is approximately constant; with increasing chain length

the hydrophobic interaction term increases, making micellization pos

sible at progressively lower concentrations. This simple explanation

ignores the variation in surface area per head group with the radius

14
of the micelle. This variation is not large. The micellar radius

may be satisfactorily estimated by assuming that the hydrocarbon chains

of the surfactant are fully extended when in micellar form.^

The postulate of spherical micelles as the only micellar species

at the CMC is not completely general. For some surfactants the micelles

are rod-shaped, even in very dilute solutions; sodium oleate is one

20
example. These micelles are referred to as Debye micelles, after

2
Debye, who first proposed them; the rod ends are considered to be hemi-

21
spherical. Recently Tanford has reexamined and extended the work of

Tartar on certain surfactants; he finds that the length of the hydro

carbon chain and the number of surfactant molecules per micelle (the

aggregation number) necessitates the existence of ellipsoidal micelles

for many detergents. It is also important to keep in mind that even

in the spherical micelle, the hydrocarbon chains cannot be arranged

radially, as schematically indicated in Figure 2 (p 4). To assume this

requires assuming a variation of density with distance within the hydro-

carbon core; the core is thought to be analogous to a drop of liquid
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hydrocarbon and therefore of constant density throughout. Finally, the

size of the micelles at the CMC almost certainly varies over a small

range, i.e., the aggregation number is not the same for each micelle.

22 23The micellar system is then said to be polydisperse. ' The varia-

22tion in aggregation number is greater for larger micelles.

As the concentration of surfactant increases beyond the CMC,

larger micelles may be formed in certain cases. Small angle X-ray

20
scattering and light scattering techniques have shown this; molecular

weights have been calculated. According to some workers, formation of

rods decreases the micellar surface area available per head group

this should increase the degree of counterion binding. Others see the

rod as the micellar shape with the maximum surface to volume ratio,

and hence the minimum electrical free energy.

Micelle formation and dissociation is rapid, with rate constants

for the dissociation of one monomer from the micelle in the 10^-10^

sec ̂  range. Common methods used to determine these rate constants
24include temperature-jump techniques (micelles observed by light

25scattering), EPR measurements on paramagnetic surfactants (nitroxide

free radical head group) and NMR studies. There is a large discrepancy

between the temperature-jump results and the other techniques; an exam-

26
pie has been reported for dissociation of a nonionic micelle. It is

not certain that the same processes are being measured. At this time,

27it seems that the EPR and NMR techniques are more reliable.

The energetics of micellization may be approached in a number of

different ways: (1) by considering micelle formation as the separation
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of a second phase from a previously homogeneous system, (2) by using a

mass-action model and (3) for the case of ionic surfactants, a modifica

tion of (2) which takes into account the electrical free energy necessary

to assemble the charged head groups in close proximity to one another.

2
Shinoda has emphasized that (1) can strictly be applied only to micelles

with large aggregation numbers; accordingly one speaks of the treatment

as the pseudophase model for micelle formation. Several objections have

3
been raised to its use; it predicts that the change occurring at the

CMC will be infinitely sharp, it gives differing results for ionic and

nonionic surfactants for the chain length dependence of the free energy

of micellization, and it predicts enthalpies of micellization which are

contrary to experimental results for certain surfactants. The pseudo-

28 29
phase model also has its defenders. '

In the pseudophase model the CMC is considered as a saturation

concentration (the solvent is saturated with surfactant monomers and

a second phase forms). This is one of the formal definitions of the

CMC given earlier. For the pseudophase model the free energy of micel

lization, ^, is equal to RTLn CMC, where the CMC is expressed in mole
3

fraction units. This takes into account the loss of translational

entropy experienced by the monomers upon entering the micelles. The

same expression is frequently used for both ionic and nonionic surfac

tants; in the former case the effect of the counterions is neglected.

Shinoda and Hutchinson have modified this treatment to take charge of

30 31
effects into account. However, Tanford considers that the entropy

of mixing of the micellar "phase" with the solvent has been neglected.
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The mass-action model, Equation 1, involves the aggregation

number, n, and the degree of counterion binding to the micelle (illu

strated for a cationic micelle):

nS"*" + mX" ̂  . (1)

For anionic surfactants appropriate sign changes need to be made; non-

ionic surfactants of course have no associated counterions. The symbol

f denotes an activity coefficient. The free energy of micellization

per monomer is (-kT/n)(InK^). This is expanded in Equation 2. This

expression frequently appears as Equation 3. Note that this is not the

AGmic = (-kT/n){lnf^ + ln[M] - n lnfg+ -n InCS"*"] - m ln[X~]}(2)

AG

(-lnf^)/n-(ln[M])/n+lnfg+ + ln[S+] + (m lnf^)/n + (mln[x'])/n (3)

free energy for addition of one surfactant molecule to a micelle already

containing n-1 such molecules. For nonionic surfactants the terms

involving the counterions are omitted. In practice, activity coefficient

effects are often neglected, since CMC values may be quite low. In addi

tion, Infjj is divided by n, which makes it quite small. The term [S^]

should be taken as the CMC; to determine [M], the assumption that 2% of

the surfactant is present as micelles at the CMC may be used. Note that

for a nonionic surfactant with a large aggregation number (and activity

coefficient assumed to be equal to unity) AG^^^/kT reduces to In CMC,

which is equivalent to the pseudophase model. For ionic surfactants.
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m/n represents the fraction of counterions bound to the micelles and

may be determined by a number of experimental techniques. Unfortunately,

these techniques may give differing values for the same surfactant; some

of these will be presented in a later section on counterion binding.

A more physical approach to the binding of counterions than is

found in the mass-action model involves calculation of the electrical

3
free energy of the micelles. The terms in Equation 3 (p 9) involving

[X ] and f^_ are replaced by F^^/kT, being the change in electrical

free energy on the formation of the micelle. The result is Equation 4.

AGmic/kT = -(lnf^)/n -(ln[M])/n + lnfg+ + ln[S+] - F^^/kT (4)

The value F^^ can be evaluated using the tabulated functions provided

18by Loeb, Overbeek and Wiersema for spherical charged particles of

varying radius and surface potential. It is important to note that for

micelles of most surfactants, the Poisson-Boltssmann equation cannot be

linearized, due to the high surface potentials involved.

3
Mukerjee has used both the mass-action and the electrical frefe

energy approach for NaLS (sodium dodecylsulfate) and he finds that the

two give different results. He prefers the mass-action approach because

AGmic calculated in that manner agrees with an estimate obtained from

a C^2 nonionic surfactant. One reason for the discrepancy is thought to

be the fact that F , calculations do not take the bound counterions'
el

loss of entropy into account. In the mass-action approach this is

included in the ln[X ] term, where [X ] is expressed in mole fraction

units.
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Finally, it must be noted that many surfactant monomers almost

certainly undergo some sort of self-association, probably dimerization,

3
below the CMC. Corrections for pre-CMC dimerization will affect the

calculated values of AG , .
mic

The most widely used and best technique for determining the

1 2 19aggregation numbers for micelles is light scattering, * * which

gives the weight-average micellar molecular weight from a graph of

H(C - CMC)/(t-t^) versus C - CMC. H is a constant involving geo

metrical and refractive index factors of light scattering, t is the

turbidity of the system under consideration, and is the turbidity

of the system at the CMC. Micellar size is dependent on the tempera-

32ture, decreasing as the temperature increases for ionic surfactants.

For nonionic surfactants the micellar size increases with increasing

33
temperature.

The CMC of any surfactant is dependent on the temperature at

which it is measured. For ionic surfactants, the CMC generally has a

minimum at around 25°, indicating that the micelles are the most stable

at this temperature. The existence of a minimum indicates that con

tributions to the free energy of micellization from hydrophobic bonding

34and electrical effects have opposite temperature dependences.

Scheraga claims the minimum should be at 60°, if one considers only

35the hydrocarbon portion of the micelles. Poland and Scheraga feel

the discrepancy is explained by a negative enthalpy change associated

with a charged head group's solvation changing upon entering the micelle.

For at least one surfactant, NaLS, there is considered to be no such
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36
change In solvatlon, however, or the solvation change is considered

37
to be endothermic.

Both the CMC and micellar size for a given surfactant are

affected by added salt. The CMC is lowered and the micellar size

38
increases. The nature of the head group for ionic surfactants also

influences the micellar size, when the hydrocarbon portion of the

surfactant remains constant. The factors influencing the aggregation

number are the distance of closest approach of the counterions to the

site of charge of the head group and the hydrophobic bonding between

adjacent alkyl groups in the micelles. The dependence of the CMC on

17 39
electrolyte concentration may be expressed by the empirical Equation 5 '

log CMC = -(m/n) log (CMC + C ) + constant (5)

where m/n represents the fraction of counterions bound to the micelle

and C equals the concentration of counterions contributed by added
SL

salt. Determination of the CMC for a surfactant at varying concentra

tions of coimterions thus represents an experimental method of deter

mining m/n. The CMC is independent of the concentration of co-ions

because the micelle's surface potential depends only on the charge

density due to the head groups and the effect of the counterions in

2 17
reducing the potential. * This will be explored in more detail later.

An increase in micellar size with addition of added electrolyte is also

the result of a decrease in surface potential. This means that the

40
electrical free energy contribution to micelle formation is diminished.

At sufficiently high concentrations of electrolyte or surfactant
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spherical micelles may change Into rod-shaped micelles, containing many

more monomers than the spherical micelles from which they were formed.

The area per head group Is less for a rod-shaped micelle than for a

spherical one, provided the mlcellar partial specific volume remains

41
constant. This would result In a higher surface potential and hence

electrical free energy of micelle formation, were It not for the pres

ence of sufficient counterlons to reduce them. A decrease In area per

head group Implies Increased Interaction between the hydrocarbon chains

of the surfactant monomers In the micelle, and hence an Increased favor

able hydrophoblc Interaction term when considering the free energy of

42
mlcelllzatlon.

For nonlonlc surfactants a decrease In CMC with the addition of

electrolytes Is also observed. This has recently been explained In

terms of the saltlng-out of the hydrocarbon chains In these surfac-

43tants; using Equation 6, where C^ Is the molar concentration of

logCMC = -k C + constant (6)
s a

added salt and Is the salt-effect constant for the particular hydro

carbon chain and salt Involved. The appropriate k may be calculated
s

44
according to the treatment of Long and McDevlt.

It Is known that for a homologous series of surfactants, the

alkyltrlmethylammonlum bromides for example, the CMC decreases with

2
an Increase In the length of the alkyl chain. The empirical Equation

7 expresses this dependence where m Is the number of carbon atoms In

logCMC » A - Bm (7)
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the alkyl chain. The quantity A depends on the kind and number of head

groups in the surfactant; B depends on the energy change involved in

the transfer of a methylene group from water to the hydrocarbon environ

ment and the fraction of bound counterions for ionic micelles. Lin and

45
Somasundaran feel that B contains a hydrophobic and an electrostatic

interaction term.

For ionic micelles, a variation in the counterion can affect

46-49
the CMC and micellar size, even when studied at constant counter-

ion concentration. The magnitude and direction of effects are con

sistent with the lyotropic series for ions;^*^"^^ for a series such as

the alkali metals cations or the halide anions the effects appear

40 48 53explicable in terms of the ions' hydrated radii, * * The smaller

these radii the closer the distance of approach between head group and

counterion; this affects the surface potential of the micelle. For

alkylammonium cations interacting with anionic micelles, hydrophobic

effects are important; the same is almost certainly true for large

organic anions, e,g, benzoate, interacting with cationic micelles.

The addition of various nonelectrolytes also affects the CMC

of surfactants; this occurs as the result of solubilization, dissolu

tion of the additive in the micellar "phase." Historically, solubili

zation referred to the increase in solubility for organic substances

1 54
in water when a surfactant is added, ' The micelles are known to be

involved in the process because solubilization is slight or nonexistent

at surfactant concentrations below the CMC; this phenomenon was discov-

49
ered by Hartley. This is somewhat confusing, since the additives
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themselves will lower the CMC. Solubilized material may be located in

the micelle's hydrocarbon core, adsorbed on the surface, or oriented

radially with polar groups (if any) near the micelle surface (i.e., in

the Stem layer), The position of solubilizates has been studied by a

variety of physical techniques,^ including ESR,^"^ UV
62 63and potentiometric ' measurements. In general, hydrocarbons are

located in the micellar core, but compounds like benzene are adsorbed

54on the surface. Polar and ionic compounds are usually solubilized

in the Stem layer of the micelle. The lifetime of a solubilized

molecule in the micelle is quite short, say 10~^ to 10~^ sec.^^

Strictly speaking solubilization refers to the transfer of a solute

from the pure state to the micelles. Micellar binding should be used

to describe the transfer from aqueous solution to the micelles.

The partition coefficients for additives between the aqueoiis

and micellar phases can be determined by gel filtration chromatography^^

or potentiometric studies, ' if the solubilizate has a dissociable

group. The values obtained depend on the hydrophobic character of the

solubilizate, as well as on its charge relative to the surfactant

involved. Partition coefficients determined by saturation solubiliza

tion are somewhat less satisfactory because of the uncertainty in the

activity coefficients for the solubilized material. This method assumes

that all of a solubilizate which dissolves in a surfactant solution,

above the solubilizate's solubility in water, is due to solubilization

by the micelles present in the solution. The solubilizate may also be

present in different regions of the micelle. For example, a nonpolar
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solute may go first into the core of the micelle and only after this

is "saturated" will it associate with the micellar surface. The opposite

situation may also occur. A free energy associated with solubilization

in each region will of course exist. Also, the presence of large

amounts of the solubilizate will affect the structure of the micelle.

Thus a different process is measured by saturation solubilization

than that using techniques which operate with very low solubilizate

concentrations.

Micelles contain considerable water; the first several

methylene groups of a typical surfactant chain may be in a partially

27
aqueous environment. Solubilization at the micellar surface has

been interpreted as causing displacement of some of these water

molecules.

A surfactant's effectiveness in solubilization depends on its

chain length, its charge type^ (cationic surfactants are usually^^

better than anionic, at constant chain length), the size of the head

67 68
group and on the presence of added electrolyte (it increases

solubilization). Solubilization is important physiologically in

explaining the action of bile salts on the transport of fats.^^

Because of certain similarities to globular proteins, micellar

systems have been used in the catalysis of a variety of organic reac

tions. Although the rate enhancements produced by micellar

catalysis do not approach those which enzymes are capable of producing,

certain features of enzymatic catalysis are found. These include

catalyst-substrate specificity, saturation of catalyst with substrate
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and vice-versa, catalyst-substrate and catalyst-inhibitor con^lexes,

and proximity effects. In general, hydrophobic interactions and

electrostatic effects (concentration in or exclusion from the micellar

phase for a charged reactant) can be used to explain these phenomena.

In particular, very high Ks for certain micelle-substrate complexes

are found. Micellar systems can be used to carry out reactions which

require a reasonable dielectric constant but whose reagents are not

significantly soluble in water or other polar solvents.



CHAPTER II

PROPERTIES OF THE HEXADECYLTRIMETHYLAMMONIUM BROMIDE, SODIUM DODECYL-

SULFATE AND DODECYLTRIMETHYLAMMONIUM BROMIDE MICELLAR SYSTEMS

Because of the vast amount of data available In the literature

on the properties of various surfactants, this chapter of the Introduction

will be confined to the three ionic surfactants chiefly studied in this

works hexadecyltrimethylammonium bromide (CTAB), sodium dodecylsulfate

(NaLS) and dodecyltrimethylammonium bromide (DTAB).

A. Micellar Shape and Size: Counterion Binding and

the Effects of Added Salts

lo Hexadecyltrimethylammonium Bromide

The size of the CTAB micelle has been determined by Ekwall^^

using light scattering; it contains 95 surfactant molecules per micelle

immediately above the CMC at 25°. Keh^^ on the other hand quotes an
72 73

aggregation number of 80; Hyde and Robb report 61 - 72, When a

salt such as potassium bromide is added to the system higher values are

obtained: 174^^ in the presence of 0.013 M KBr, 207^^ with 0.0125 M

KBr; at 30° 80^^ in the presence of 0.003 M KBr, and 270^^ - 288^^ in

the presence of 0,025 M KBr. At higher salt concentrations rodlike

78
micelles are observed; Granath has used viscosity and sedimentation

data to characterize these micelles, and Scheraga has used flow bire

fringence.^^ Debye and Anacker^^ report micellar molecular weights

for CTAB in 0.178 M KBr and 0,233 M KBr at 30° which correspond to

18
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aggregation numbers of 2200 and 5110 respectively. Some workers feel

81
these values are anomalously high, however. CTAfi itself has a tran

sition from spherical to rodlike micelles at a concentration of

approximately 5% by weight.

Light scattering gives molecular weights for the unhydrated

micelles, from which the aggregation numbers above are then calculated.

The effects of charge, particularly with regard to the refractive index

84
increment, must be taken into account since one is dealing with ionic

surfactants. It is not clear in all cases whether the workers whose

values are reported above have done this. Viscosity and sedimentation

measurements on the other hand give data on the hydrated micelle; Ekwall

claims that the CTAB micelle is very strongly hydrated, having about

70 water molecules associated with each surfactant molecule in the

micelle. A monolayer of water of hydration corresponds to 10-12 water

85molecules per monomer; this value has been found for potassium laurate,

86
the sodium salt of sulfonated di(2-hexyl)succinate and sodium dode-

87
cylsulfate. Granath, working with CTAB in the presence of 0.2-0.4 M

KBr, found the hydration to be 40 molecules of water per molecule of

surfactant. These data suggest the hydration requirements of cationic

36
and anionic micelles are quite different. However, work with mixed

cationic surfactants in carbon tetrachloride shows water binding of only

88
10-15 molecules per molecule of surfactant, as shown by IR. CTAB was

not included in this study, but DTAB was.

Even for CTAB at very low concentrations the micelles are

21
probably not spherical. Tanford has calculated the maximum aggregation
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number consistent with a spherical micelle for various surfactant chain

lengths, CTAB must have ellipsoidal micelles according to his calcula

tions, The more methylene groups which are still exposed to bulk water

at the surface of the micelles, the more pronounced the deviation from

spherical will be. This fact, together with neglecting the electro-

81 89 90
viscous ' * effect on viscosity results for CTAB in the absence of

salt, may contribute to Ekwall's high estimate of hydration for its

micelles.

There is evidence that CTAB molecules form dimers below the

91critical micelle concentration. Bair and Kraus found that a plot of

equivalent conductivity versus /c" at concentrations below the CMC

exhibited a slope greater than that predicted for a 1:1 electrolyte;

92
Czemiawski has computed a dimerization constant of 2,171 from con

ductivity measurements, Dimerization may partially account for the

fact that the free energy of transfer per methylene group for CTAB

methylene groups from water to the micelle is only -1,13 kT^^ instead

of the theoretically possible -1.4 kT. Another important factor is of

course the water present in the micelles.

At higher salt concentrations there is evidence that the sizes

of the micelles present in CTAB solutions vary, i.e., that the system

22 79 22is polydisperse, ' The variation may be as much as a factor of two

about the average micellar molecular weight, which is given by light

scattering, Polydispersity is considered to be reasonable when one

considers the formation and dissolution of micelles: binary collisions

(micelle plus one molecule of surfactant) are much more likely than
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23 93 74
multiple collisions. ' At low salt concentrations, Attwood and

94
Birdi find no evidence for polydispersity in the CTAB micellar system.

Birdi finds that the aggregation number of CTAB micelles increases as

the temperature decreases.

The CMC for CTAB has been determined by a variety of

92 95-99
techniques; ' many of the values fall closely around 0.0009 M

at 25°. The technique used by Malik^^^ is especially worthy of men

tion for the simplicity of data collection and presentation. He

measures the bromide ion activity in solutions of varying CTAB concen

trations using a mercury, mercurous bromide cell. The measured cell

voltage is a measure of a plot of versus -log shows

a change in slope at log CMC. Using this technique, Malik obtains a

value of 0.000912 M for the CMC at 30°. The addition of urea is found

99
to increase the CMC of CTAB.

As mentioned in Chapter I, an appreciable fraction of a

surfactant's counterions will be bound to the micelles in solution.

These bound counterions are considered to be part of the kinetic

micelle, the micelle upon which hydrodynamic and electrokinetic mea

surements are made. For CTAB solutions at 75°, two different kinds

of counterions have been observed, as indicated by two superimposed

resonance lines in the NMR. Presumably one line corresponds to

bromide ion in the Stem layer, the other to bromide ion in the diffuse

double layer. The fraction of free counterions, a, for CTAB micelles

has been deteirmined by light scattering as 0.116^^^ and 0.0915,^^ the

latter being in the presence of 0.013 M KBr. Values determined by
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23
osmotic pressure measurements and use of a bromide ion selective

103
electrode agree closely with 0.116. These values were all obtained

at 30°; since counterion binding is exothermic, a should increase with

increasing temperature. Keh,^^ using potentiometric measurements,

has found a to be 0.22; Hyde^^^ and Mathews^^^ report 0.20-0.25.

Hartley^^^ and coworkers, by interpreting conductivity measurements,

found that a depends on the concentration of CTAB, being 0.26 at 0.02 M

CTAB but 0.35 at 0.1 M CTAB. The reported values differ because the

methods of measurement differ. Light scattering apparently takes

into account a greater fraction of the counterions bound in the double

layer than conductivity measurement for example. Mukerjee has com

mented on the differences in degrees of dissociation obtained.^®

Values of a may be used to calculate the free energy of

108micellization for CTAB, using Phillips' equation. Equation 8. The

AG = 2.3(2 - oi)kT log CMC (8)

CMC is to be expressed in mole fraction units; using a ■ 0.11, =

-20.8 kT =-12.4 kcal/mole at 25°. For a = 0.25, AG°^ - -19.3 kT =
*  mic

-11.5 kcal/mole. Phillips' equation may be derived from Equation 3^ 9)

neglecting activity coefficients and [M], setting [X and m/n =

921-a. Czemiawski has reported the enthalpy and entropy of micelli

zation for CTAB over the temperature range 25-35°. The enthalpy of

micellization is -3.77 kcal/mole; the entropy is -12.4 eu, a very sur

prising result since micellization is generally considered to be

entropy-controlled.^ The associated A(G°. would be -0.70 kcal/mole.
mic
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O

Assuming the correct entropy value is +12.4 eu, Is still only

-7.47 kcal/mole. Phillips is using unit mole fraction as the standard

state, but Czemiawski most probably is not.

1 39
Adding salts to micellar systems is known to decrease the CMC *

and increase the aggregation number, as has been seen for CTAB; one

103
might also expect some effect on a, Pearson has assumed that a is

independent of CTAB concentration, with good results, while Hartley, as

109mentioned earlier, found a concentration dependence. Cohen, using

light scattering, found a to increase with the addition of KBr to a

CTAB solution.

The surface potential for the micelle (}p^) depends on the total

concentration (C^) of counterions present in the solution (in equiva

lents of effective ions per liter) and on the surface charge density

of the micelle (a) according to Equation 9. The electrical free energy

=> (kT/e) {In (2000 a^/DNkT)-lnC^} (9)

of micellization depends on the fraction of counterions, m/n (see

2
Chapter I) bound to the micelle: E , = (m/n)e tp . The higher the con-

ei 0

centration of added salt, the smaller E^^^ will be; this operates through

The above expression for implies that a counterion's effect

on depends upon its charge only. This might imply that a counterion's

effectiveness in decreasing a surfactant's CMC or increasing its aggre

gation number should depend on charge only also. That this is not gen-

109
erally the case can be seen by considering Cohen's work on the CMC

of CTAB in the presence of NaC103, NaN03, NaBr and NaSCN. Sodium chlorate
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is the least effective in lowering the CMC per mole added; NaSCN is the

most effective. For CTAB, one can also note a study on the effects of

added quaternary alky^ammonium bromides on its CMC at 30°.^^^ Initial

addition of salt produces a decrease in CMC, but this situation is

reversed as additional salt is added. The observed behavior is attri

buted to the solvent-organizing properties of the higher quaternary

alkylammonium bromides. In a well-organized solvent, the entropy of

micellization decreases, and the CMC increases.

2. Lyotropic Series Effects

Specific effects of ions on the properties of surfactants are

considered in this section, effects which do not depend upon differences

in ionic charge. In order to more fully consider these effects, the

so-called lyotropic or Hofmeister series of ions^^*^^ will be briefly

discussed before considering DTAB and NaLS. (It turns out that even

ions of the same charge as the surfactant involved have a slight effect

on the CMC.)^^^'^^^

The Hofmeister series was first constructed by observing the

order of effectiveness of a series of anions or cations in denaturing

52euglobulina. An effective ion is said to salt in the hydrophobic por

tion of the protein chains, decreasing the free energy of transfer for

these portions from the hydrophobic environment of the native protein's

interior to the bulk solvent, water. Typical lyotropic series are:

anions: SO^ ̂  < C2H302~ < Cl~ < Br~ < N03~ < ClO^" < I~ < CNS~
cations: (CH3)^N''' < NH4''" < Rb+,K+,Na+,Cs+ < Li+ < Mg^"^ <

with the ions at the right being the most effective denaturants.
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Lyotropic series are also observed for the solubility of nonelectrolytes

44in aqueous salt solutions. The results can be expressed in terms of

the Setchenow equation, Equation 10. is the solubility of the non-

electrolyte in pure water; S is its solubility in a salt solution of

log Y = log(S /S) = KG (10)
U  So

molarity Cg. Kg is the salting-out coefficient for a given salt; it

also depends on the nonelectrolyte. If Kg is positive, the nonelectro-

lyte is said to be salted out; it is less soluble in aqueous salt solu

tion than in pure water, Salting-in is the opposite behavior. Virtually

all salts tested salted out compounds such as benzene.

According to Long and McDevit^^ the internal pressure concept.

Equation 11, can be used to explain the relative magnitudes of the Kg

^s " V^^s " Vg°)/2.3 eoRT (11)

values, where (V - V )/6 is the internal pressure factor. The
s  s o ^

compressibility of the solvent is given byg^, V^° is the partial molar

volume of the nonelectrolyte solution at infinite dilution, Vg is the

molar liquid volume of the pure salt and V ° is the partial molar
s

volume of the salt in solution at infinite dilution.

For polar nonelectrolytes and for proteins, whose molecules

contain polar and nonpolar regions, salting-in is observed. Any salt

which is an effective denaturant for a protein will have a negative Kg

114for that protein. Studies by Schrier and Schrier on simple amides

indicated that an observed K could be divided into contributions from
s
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the amide group and the nonpolar groups in the molecule; every salt of

a given charge type salted the amide group in to the same extent, while

a typical lyotropic series was observed for the salting-out constants

for methylene and methyl groups, Jencks and Robinson, using a

tetrapeptide derivative, acetyltetraglycyl ethyl ester (ATGEE), came to

a quite different conclusion. Their results suggest direct salt-amide

dipole interactions, with the importance of these interactions forming

a lyotropic series. Certain salts, especially those with large organic

anions or cations, show curved lines when log y for ATGEE is plotted

against C^, Jencks sees this as intervention of the following associa

tion (the ion I binds directly to an amide group):

ATGEE + I ATGEE'I; K = [ATGEE°I]/[ATGE5][I] (12)

von Hippel and Schleich^^ have measured binding constants for a series

of anions and cations with polyacrylamide; they observe lyotropic series.

No such series are observed with materials lacking amide groups, such as

polystyrene, Duynstee and Grunwald^^^ have observed direct solute-salt
118interactions in the hydrolysis of methyl 1-naphthanoate. Moss has

observed a lyotropic series effect on the stereochemistry of the nitrous

119acid deamination reaction in micelles. Voet has attempted to put

lyotropic series on a quantitative basis, by assigning lyotropic numbers

to the various cations and anions. Hydrolysis rates for an ester in the

presence of a salt, as well as properties of the ions themselves, such

as heat of hydration, are then linear functions of these lyotropic numbers.
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For proteins, interactions of added cations or anions with the

charged groups are not considered very important in determining the

extent of denaturation, as the majority of these groups should be in

contact with bulk solvent before and after denaturation. For micelles

such interactions are important, however; lyotropic series effects on

the micellar properties of NaLS and DTAB will be considered below. For

simple tetraalkylammonium salts the association constant for ion pairs

follows a lyotropic series, with ion pair formation being much more

120-122
extensive for an iodide salt than for a chloride salt. The

specific adsorption of certain anions at the water-hydrocarbon inter

face occurs for monolayers of CTAB; the ionic potential and dipole

123
moment in the double layer are influenced by the nature of the anion.

The effectiveness of a counterion in promoting association seems to

124be correlated with its hydrated radius. The work of Cohen and

109
Vassiliades, considered earlier, and the work of Bungenberg de

125 126
Jong * on coacervation of CTAB solutions containing various salts

shows the operation of a lyotropic series. Anions such as NO^ , I ,

and SCN are most effective at producing coacervation.

3. Sodium Dodecylsulfate

81 76 93
Sodium dodecylsulfate micelles contain 40 -62 * monomers in

the absence of added salt (the higher value is generally accepted); the

aggregation numbers increase as sodium chloride is added, reaching

29 93 127
126 -142 in the presence of 0.50 M NaCl. Anacker has a good com

pilation of aggregation numbers determined by several workers using a
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/ 29 5'^a range of sodium chloride concentrations. The CMC is 0.0081 M, * *

128with a second CMC at 0.065 M, Viscometric studies indicate the pres-

129ence of an electroviscous effect up to 0.12 M NaCl; the hydration

of micellar NaLS is considered by some workers to be 10-12 molecules

of water per molecule of surfactant, as mentioned earlier. Mukerjee,

129using Kushner's viscosity data, computes the hydration to be six

moles water per mole of surfactant; he considers this value to be the

36same before and after micellization. The micelles are thought to be

21
spherical in the absence of salt; this is not supported by Tanford's

calculations, which predict a slightly ellipsoidal shape. Dimer forma

tion at concentrations below the CMC occurs, as indicated by deviation

130of the conductance of very dilute solutions from Onsager's theory.

13
Stigter and Mysels first proposed the concept of the rough

micellar surface, with one or two methylene groups from the monomers

48sticking up from the surface into the water solution. Mukerjee cal

culates the portion of the micellar surface which consists of hydro

carbon groups to be approximately two-thirds of the total micellar

surface area. Counterions bound in the Stem layer of the NaLS micelles

are considered to be fully hydrated;^ the water molecules in the hydra-
131tion sheath rapidly exchange with bulk solvent molecules.

The degree of dissociation a of the sodium ions, determined by

132 39
several methods, ranges from 0.14 (pH 12.3) to 0.54, with most of

the values falling around The degree of

dissociation increases slightly as sodium chloride is added to the

13 29
system; ' it also increases slightly as the concentration of NaLS
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130 135
is Increased, ' or decreased, depending on the work under con

sideration.^^

In the presence of cations other than sodium, a for the sodium

ions increases, i.e., there is a competition for binding sites on the

133
micelles. This effect has been studied for added magnesium ions

using a sodium ion sensitive glass electrode; when the molar concen

tration of magnesium sulfate reaches one-half the molar concentration

of NaLS, a = 0,86. Since this technique gives a = 0.25 for NaLS only,

138
the competition is quite striking. Venable has investigated the

2+ 2+ 2+ 2+
effects of Mg , Cu , Zn and Pb on NaLS micelles; they all give

micelles of similar size and a (0.16). Urea also increases a for NaLS,

presumably because it increases the dielectric constant of the solution.

53
Goddard determined the effect of added salts containing various

cations on the CMC of NaLS. Dye solubilization was used to determine

the CMC in each case. Although the method is reputed to give anomalously

low values, these workers obtained a CMC for NaLS only of 0.008 M, which

agrees with the values obtained by other methods. The cationic order of

112
effectiveness (anions have little or no effect) in lowering the CMC

forms a lyotropic series:

Li"*" < Na"*" < k"*" < Cs"^ < (CH3)4N''"i~ < C^H^N'^'CCHj) 3Br~ < PhN"''(CH3)3r .
Recall that tetra-n;-butylammonium bromide has the opposite effect on

CTAB: it increases the CMC.^^^

For the alkali metal cations, plots of log CMC versus the

reciprocal of the cations' hydrated radii give reasonably straight lines,

but plotting against the reciprocal of the dist£inces of closest approach
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of the cations (from the Debye-Huckel approach) gives an even better

one. It is felt that the smaller the distance of closest approach the

more effectively the micellar charges will be screened.

48
Mukerjee has further amplified the importance of the size of

the hydrated cation in a study on the MLS surfactants, where M is a

variety of univalent cations. The CMC values, determined by conduc

tivity, decrease in a manner consistent with the lyotropic series for

alkali metal cations reported by Goddard for NaLS. The following order

of effectiveness for decreasing the CMC for tetraalkylammonium ions was

found: (CH2)^N^ < (C2H^)^N^ < (C2Hy)^N^. The degree of dissociation
of the counterions, determined from the conductivity measurements, is

lowest for the ions most effective at decreasing the CMC. The varia

tion in a is much larger when light-scattering data are tised. The

closer the approach of an alkali metal cation to the charged head groups

on the micellar surface, the lower the degree of dissociation is and

the more compact the double layer surrounding the micelle will be. For

the tetraalkylammonium ions on the other hanld, the ion most effective

at decreasing the CMC has the largest Stokes' Law hydrated radius.

Mukerjee suggests that hydrophobic interactions of the ion's alkyl groups

with the exposed hydrocarbon on the micellar surface are responsible for

these ions' effectiveness. In light of results with CTAB, it would be

interesting to examine the effects of large added concentrations of the

tetraalkylammonium salts. Presumably, if the sites available for the

interaction of cations with the NaLS micellar surface could be saturated,

water structure effects on the CMC might show up. Interestingly, data
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obtained for a for the tetraoethyl- and tetraethylammonlum surfactants

39by using a Corrin plot indicate a larger a for the tetraethylammonium

compound. Although Mukerjee reports some a values for the dodecylsul-

fate surfactants in the presence of added common ion salts, no large

effects are seen.

Mukerjee calculated the free energy of micellization for the

various surfactants investigated, using the mass-action approach. He

finds that micelles form more easily as the size of the hydrated ion

becomes smaller. Unfortunately, size data are not available for all the

93surfactants. Mysels and Princen did find the micelles of the sodium,

lithium and tetramethylammonium surfactants to be very close to the

same size. Mukerjee's value for NaLS is AG° = -14.5 kT = -8.6
mlc

108kcal/mole, for a = 0.31. Phillips obtained the value -15.9 kT using

Equation 8 (p 22) and an a value of 0.15, obtained from light scattering.^

Obviously one needs to choose a values determined by a single experi

mental technique in order to reliably compare free energies of micelliza

tion calculated using them.

3
Mukerjee has also used the Loeb, Overbeek and Wiersema method

(EquStion 4, p 10) for calculating the electrical free energy contribu

te micellization and hence to AG° . The value, -13 kT, is different
mlc

from the value calculated using the mass-action approach. Mukerjee

thinks this is the result of neglecting the loss of translational

37entropy by the counterions upon micelle formation. Rehfeld has inves

tigated micelle formation for NaLS calorimetrically; he finds that for

a = 0,29 (determined by electrophoresis), the enthalpy of micellization
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O

(AH^^) at 25° is 0.52 + 0,04 kcal/mole and the entropy of micelliza-

tion is 18.3 + 0.3 gibbs/mole, using a 1 M standard state. The

AH^ic value agrees well with the 0.6 kcal/mole obtained from the tem-
133perature dependence of the CMC for NaLS. This corresponds to AG°, =

mic

-4.93 kcal/mole; this value differs from Mukerjee's because the letter's

calculations are based on a standard state of mole fraction one.

Rehfeld has determined the enthalpy, entropy and free energy of

binding of sodium ion to the dodecylsulfate anion: AH° » -1.09 +0.14

kcal/mole, ASp = 7.8+0.5 gibbs/mole and AGp = —3.4 kcal/mole. For

sodium sulfate, AS for the interaction is 1.3 gibbs/mole, and AH is

-0.49 kcal/mole, from which Rehfeld concludes that the high affinity

of NaLS micelles for sodium ions is primarily an entropy effect. He

feels that the micelle interacts with the solvent over a very large

volume, although he gives no values for hydration. In contrast to

Stigter's view on full hydration in a micelle's Stem layer, Rehfeld

feels the solvation in the immediate vicinity of the sulfate groups is

reduced.

139 140
Jones and coworkers ' have studied micellization of NaLS

in the presence of sodium chloride and urea. They also present a good

tabulation of AH^^^ values obtained by previous workers using calorim-

etry. The values range from -0.45 kcal/mole to 0.10 kcal/mole. Their

own calorimetric value for AH°. at 25° is 0.087 kcal/mole, which does
mic '

not agree with Rehfeld's work. The value of AH^^ ̂  is very sensitive

to the temperature, being -0.609 kcal/mole at 30°, according to Jones.

The AH°. value is -0.153 kcal/mole in 0.023 M sodium chloride and
mic
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-1.443 kcal/mole In 3 M urea at 25°. For the urea case, AS°. decreases
'  mlc

from 17.2 eu for NaLS in water to 10.9 eu in the urea solution. This is

interpreted to occur because of urea's partial breakdown of the iceberg

region around the hydrocarbon in water. Jones points out that a

increases with temperature, indicating the removal of counterions from

the micelle is endothermic. This is consistent with Rehfeld's data.

4. Dodecyltrimethylammonium Bromide

Dodecyltrimethylammonium bromide micelles contain roughly 40-60

monomers; the two best values come from light scattering data in which

the micellar charge was taken into account, but they differ widely:

32 127 12743 and 61 at 25°. Anacker has compiled the values obtained by

previous workers, none of whom considered charge effects. The micelles

36are not vei^r strongly hydrated, according to Mukerjee's calculations

81using the viscosity data of Kushner on dodecyltrimethylammonium

chloride (DTACl). The size of the DTAB micelle increases with the

addition of various electrolytes; as in the case of NaLS, the increase

is not particularly sharp. In the presence of 0.1 M sodium bromide,

29 32reported aggregation numbers range from 72 to 78. At high concen

trations of sodium bromide (2.0 M), there is evidence for a polydis-

127
perse micellar system. DTACl micelles are considerably smaller,

having 37 monomers per micelle in pure water and 62 in 0.1 M sodium

chloride. For DTAB the CMC is 0.0146 DTACl has a

81
CMC of 0.0185 M. The CMC of DTAB is temperature-dependent, reaching

a minimum at 25°, but the aggregation number decreases with increasing

32
temperature in the range 15-55°.
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The degree of dissociation cx of the bromide counterlons Is

127 32
0,15 -0.171 at 25° when determined by light scattering; use of mem

brane electrodes gives 0,24^^^-0.256,^^^ An Increase In temperature

prodpces an Increase In a, regardless of the method by which It Is

measured. Addition of sodium bromide, however, does not produce regular

32
changes In a. From the temperature dependence of a the enthalpy of

desorptlon of bromide Ions from the DTAB mlcellar surface has been cal-

104 32
culated to be 2,0 -2,2 kcal/mole. For DTACl a Is 0,24 at 25°, as

141calculated from the electrophoretlc mobility of the micelles,

142
Jones and coworkers have measured the enthalpy of mlcelllzatlon

for DTAB In pure water and In the presence of sodium bromide and urea.

At 25° In water Is -0,333 + 0.022 kcal/mole; In 0,1 M sodium

140bromide It Is -0,491 kcal/mole. Urea further decreases AH°. , to
mlc'

-0,633 kcal/mole, but AS^^ Is less favorable, 10,6 eu compared to

13,3 eu In water. As for NaLS, this change In AS^^^ may be attributed

to partial destruction of the Iceberg regions formed about the surfac

tant hydrocarbon chains In water. Urea Increases the CMC of DTAB, as

143
would be expected; the favorable decrease In AH°. Is not sufficient

mlc

to counteract the unfavorable decrease In AS°. , It Is not certain
mlc

whether urea Increases or decreases a for the DTAB micelles, Jones has

found both effects, having measured an ot of 0,244 In the presence of

3 M urea on one occasion, 0.277 on another, Both of these values

were obtained using membrane electrodes.

32
Jones has attempted to calculate the electrostatic end

hydrophoblc contributions (AG^^) to the free energy of mlcelllzatlon
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for DTAB, using the equation RTln CMC = F , - AG, . Emerson and
el he

29 144
Holtzer ' have used the same treatment, but their method of calcu

lating has been very elegantly criticized by Mukerjee.^^^ Jones

used the method developed by Verwey, Overbeek and Stigter^^^ for cal

culating F^^; the micellar surface potential and charge density, which

are needed in the computations are obtained from the tables of Loeb,

18al. This method assumes the micelles are completely ionized.

The average value of AG, at 25° for DTAB is -6.34 + 0.1
he —

kcal/mole, much less than the -9.5 kcal/mole calculated by Emerson

and Holtzer. Some of the methylene groups near the charged head groups

are certainly exposed to the bulk solution; Jones' value is much less

than that obtained from the solubilization of simple hydrocarbons in

147micellar systems. The value of 4Gj^^ is independent of the concen

tration of added sodium bromide. Jones attempted to break AH° ̂ into an
mic

electrostatic and hydrocarbon contribution, but the numbers obtained

were small and the attendant errors large.

Lyotropic effects on the dodecyltrimethylammonium micelle may

be seen by considering the CMCs and aggregation numbers reported for

DTAX, X being a variety of counterions. Anacker and Ghose^^ have

determined the CMCs, aggregation numbers and degree of dissociation

for DTAB in the presence of 0.5 m NaX by light scattering. Surfactant

concentrations did not exceed 0.06 M; all calculations were done taking

charge effects into accQunt. Assuming that only X were bound to the

micelle, or X and Br in proportion to their stoichiometric concentra

tions produced no differences in the calculated values of the aggregation
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numbers. The effectiveness of the added anions In decreasing DTAB's

CMC followed this order:

F~ < CH02~ < 10^' < Cl~ < Br03~ < Br~ < NOj" .

This is a lyotropic series. Although the measurements were carried

out at 31-32°, NaT and NaSCN caused the DTAB to precipitate. The

anions' effectiveness in increasing the aggregation number was some

what different:

IO3" < CH02~ < BrO^" < F" < Cl~ < NO^" < Br' < ClO^" < SCN" .

In the case of thiocyanate, the micelles were quite large: 8700 mono

mers per micelle. The decrease in degree of dissociation a showed the

same order as the increase in the micellar aggregation number, although

the effects were quite small. For 0.5m sodium bromide a was 0.17,

which is the same a obtained for DTAB by light scattering in the absence

of ̂ dded salt. Muller has found that F~ and Br" are equally bound to

micelles of 12,12,12-trifluorododecyltrimethylammonium ions; he gets

values for a of 0.50, using an NMR technique.

For 0.5 mNaCl, NaBr and NaNO^, Anacker's aggregation number

results for DTAB agree quite closely with Holtzer's^^ for the surfactant

DTAX in 0.5 m NaX, X = Cl", Br", NO3". For X = Cl", Anacker obtains

62, Holtzer 68; for Br 84 versus 88; for NO3 79 versus 86.

In view of the influence of the nature of the counterion on the

free energy of micellization, as manifested through variations in the

CMC and the degree of dissociation of the counterion, it would be very

informative to have additional data on counterion interactions with

micelles. These interactions could be studied by the use of ion-specific
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electrodes to determine the nature of the counterion binding when more

than one kind of anion or cation is present. Calorimetric techniques

could also be profitably used to measure enthalpies of binding to the

micelle surface for various counterions.

B. Solubilization

The general characteristics of solubilization by micelles have

been presented in Chapter I. Accordingly, this section will, in large

part, be restricted to solubilization studies carried out using CTAB.

Where appropriate, conclusions from work with DTAB and NaLS will also

be included.

The complete phase diagram for two ternary systems containing

149CTAB have been worked out, the CTAB-l-hexanol-water system and the

CTAB-hexanoic acid-water system. Lawrence and Pearson^^^ have

looked at a four-component system, CTAB-cyclohexylammonium bromide-1-

hexanol-water. Only one aspect of this work is really of interest with

respect to dilute CTAB solutions containing small amounts of solubili-

zates, with which we will be mainly concerned. This aspect is the high

viscosity observed in the solution phase (the water-rich phase) for

CTAB-hexanoic acid-water.

CTAB solubilizes a variety of organic solutes it has

been used in commercial preparations^^ to keep normally insoluble

materials in aqueous solutions. The sites for solubilization have

been studied by a variety of spectroscopic techniques; the methods all

involve measuring a parameter for the solubilizate which is sensitive
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to solvent polarity and then comparing this parameter's value in a

micellar solution with its value in water and other solvents. Dorrance

98
and Hionter have studied the monomer and excimer fluorescences of pyrene

in DTAB and CTAB; the spectra obtained are identical to those obtained

in hydrocarbon solvents, which indicates pyrene is solubilized in the

micellar interiors. Pyrene mobility is considered to be quite low; DTAB

appears to present a more rigid arrangement of hydrocarbon chains (over

a period of time) than CTAB. Perylene is also solubilized in the interior

158
of CTAB micelles, while anthracene is solubilized at the surface. ESR

9
measurements using a nitroxide free radical containing a steroid ring

system solubilized in 0.15 M CTAB give a spectrum which correlates with

the radical's spectrum in hexadecane at -22° (hexadecane is solid at

this temperature). This indicates a very rigid micellar interior for

CTAB; the use of the same free radical with NaLS indicated a relatively

fluid and more polar environment for solubilizates in its micelles.

159
Calorimetric data on the heat of solution of shorter chain alkyl-

trimethylammonium bromides (Cs-G^^g) in CTAB micellar systems supports

a liquid nature for the micellar interior. The enthalpy of transfer

from water to the micelle is -0.1 kcal/mole of methylene groups. If the

micellar interior were solid the enthalpy of transfer should be at least

-1 kcal/mole, reflecting the heat of crystallization of a methylene

159
group, according to Aveyard and Lawrence.

Thakkar and Hall^^ have investigated the site of solubilization

of testosterone by DTAB and CTAB by using the UV absorption of the

steroid's carbonyl chromophore. The wavelength at which maximum
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absorption occurs In the surfactant solutions is compared to the

solvents for which Kosower's Z values are known. Below the
ulaX

surfactants' CMC, Z is essentially that of pure water; above the CMC

it drops to 85 at approximately five times the CMC and then remains con

stant as the surfactant concentration increases. This Z value corre

sponds to 90% methanol, indicating that testosterone's carbonyl group

is in a very polar environment. Thakkar and Hall feel that testosterone

is essentially solubilized at the micellar surface, because of results

with potassium laurate. Potassium laurate is even better on a mole per

mole basis than CTAB (and CTAB is better than DTAB) at solubilizing

testosterone; Thakkar and Hall invoke hydrogen bonding between the C-17

hydroxyl group of testosterone and the carboxylate head groups of the

potassium laurate.

Eriksson and Gillberg^^ have studied tl>e solubilization of

benzene, N,N-dimethylaniline, nitrobenzene, isopropylbenzene and cyclo-

hexane in 0.1729 M CTAB solutions at 35° by NMR. The micelles involved

in this study cannot be spherical. Solubilization of the first

three compounds significantly affects the chemical shift of the methy-

lene group adjacent to nitrogen; these solubilizates are considered

to be adsorbed at the micelle-water interface up to concentrations of

0.7-1.0 mole per mole of CTAB, at which point transition to solubili

zation in the hydrocarbon core occurs. This is supported by the dif

ferential UV spectroscopy work of Rehfeld. Gordon and coworkers^^^

have calculated a Z value for benzene in CTAB from Eriksson's data; in

this case Z = (6^^ - hydrocarbon "
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the chemical shift of benzene in the appropriate medium. They compute

Z = 0,18, which indicates a very polar environment for benzene. With

0.4 M sodium decanoate, Z = 0.33; with 0.4 M sodium decanoate in 1 M

sodium chloride, Z = 0.55, a very interesting salt effect. NMR studies

on benzene in the presence of NaLS indicate a lifetime in the micelle of

-4 57
10 sec or less for the solubilizate; differential spectroscopic

measurements^^ indicate that benzene on the average occupies the hydro

carbon core of the NaLS micelle. It is thought to be at varying dis

tances from the hydrocarbon center, however.

For isopropylbenzene and cyclohexane, the preferred site of

solubilization with CTAB is the micelle interior. Initially, however,

some isopropylbenzene is solubilized by interfacial adsorption; Eriksson

and Gillberg suggest that the benzene rings are oriented towards the

water with the isopropyl groups in a more hydrocarbon-like environment.

The solubilization by adsorption is thought to displace some of the

water molecules present in the hydrocarbon core near the micellar sur-

81face. The nuclear quadrupole relaxation of Br in CTAB solutions

containing benzene, N,N-dimethylaniline and 1-hexanol indicate that these

83solubilizates displace bromide ions from the micelle surface. Veiry

high CTAB concentrations, around 12-20% by weight are required. Cyclo

hexane has no effect on the counterion binding.

164
Mankowich has investigated dye solubilization and has

calculated AH and AS for the process of adsorption onto a micellar

surface. He finds that solubilization is not a true adsorption, since

he calculates a positive entropy change.
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The effect of solublllzatlon on mlcellar size has been studied

by light scattering and by conductivity. Gotz and Heckmann^^^ have

observed the growth of rodlike CTAB micelles (0,4 M CTAB) upon addition

of benzene or 1-heptanol. The micelle size is considered to increase

because the solubilizate is located near the surfactant's head groups,

spreading them apart and hence decreasing their repulsive electro-

72 73static interactions. Hyde and Robb ' have investigated the size of

the CTAB micelle by light scattering in solutions containing simple

hydrocarbons. The hydrocarbon concentrations used were all below

saturation; micellar molecular weights were determined by simple Debye

plots. Addition of solubilizates is known to affect a for CTAB in cer

tain cases the counterion activity for NaLS is increased

by the addition of alcohols, according to conductivity measurements.

Upon addition of n-octane, i^-decane and cyclohexane the aggregation

numbers of the CTAB micelles increase only slightly, with n-decane being

the most effective on a molar basis. Initial solubilization of benzene

causes a decrease in micellar size, from 72 monomers per micelle to 52

monomers per micelle when the benzene is present to the extent of 15

molecules per micelle. The size then increases with further addition

of benzene. The concentration of benzene at the transition from decreas

ing to increasing micellar size does not correspond to the concentration

at the transition from surface to interior solubilization. The same

decrease in aggregation number is observed with the solubilizate

1-decanol, which should have its hydroxyl group located at the micellar

surface.



42

Conductivity measurements have also provided useful data on

solubilization sites in the CTAB micelle. Hyde and Lawrence^^^ found

that the equivalent conductivity of CTAB solutions increases with the

addition of several polar solubilizates: phenyl ethyl alcohol,

mj-cresol, aniline, and various aliphatic alcohols. Nonpolar additives

such as ethylbenzene produced a linear decrease in equivalent conduc

tivity with increasing additive concentration. Hyde and Lawrence

interpreted the increases in conductivity in terms of increased dis

sociation of counterions from the CTAB micelles; emf measurements

using silver, silver bromide electrodes in the case of phenyl ethyl

alcohol substantiated this claim. Increased counterion dissociation

83has been observed by NMR for 1-hexanol in CTAB . Nonpolar additives

were considered to cause an increase in micelle size, which would lead

to decreased micellar mobility, and hence decreased conductivity.

Hyde and Stevenson^^^ studied several nonpolar additives'

effects on the conductivity of CTAB solutions; they found results

identical to those for ethylbenzene in the case of n-hexane, n-octane,

n-decane, cyclohexane, toluene, £-xylene and isopropylbenzene. They

presented two interpretations of the conductivity decrease, one the

size increase mentioned earlier and a second interpretation based on

a decrease in a for the micelles. Tentative emf measurements indi

cated that a decrease in a did indeed occur for CTAB micelles contain-

168ing solubilized hydrocarbons. Ward and Chitale found thad naphthalene,

2-naphthylamine and 2-naphthol all lower the equivalent conductivity of

CTAB solutions, which is certainly not consistent with the other results

discussed here.
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Benzene solublllzed in CTAB produces conductivity behavior

intermediate between the two types discussed above. Initial

additions of benzene produce no change in equivalent conductivity,

followed by a linear decrease at higher benzene concentrations (beyond

a 1:1 molar ratio with surfactant). The plateau region appears only at

CTAB concentrations of 0.02 M and above. Hyde and Stevensot?"'^^ do not

have an explanation for the behavior of CTAB solutions containing ben

zene. They do note that the plateau and decreasing conductivity

regions correspond roughly, with respect to benzene concentration, to

the two regions observed by Eriksson and Gillberg in their NMR studies.

It should also be noted that similar behavior is observed with benzene

in NaLS, although a true plateau region is not present. CTAB solu

tions containing benzene in a 1:1 molar ratio are viscoelastic.^^^

Two studies in which large viscosity increases were observed

upon the solubilization of certain aromatic compounds in CTAB micelles

should also be mentioned. Although this is not a quantitative tech

nique for determining solubilization sites, it is generally accepted^'^^^

that solubilizates which are located at or near the micellar surface

are the most effective at decreasing micellar surface charge density

and hence increasing micellar size. An increase in viscosity of a CTAB

solution containing certain solubilizates then indicates a qualitative

increase in micellar size.

Nash^^^*^^^ observed large viscosity increases for CTAB in the

presence of phenol and naphthols; Wan^^^ found similar effects for

salicylic acid (o-hydroxybenzoic acid). DTAB and the C^^^ homologue.
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tetradecyltrimethylammonitun bromide, also showed large viscosity

increases in the presence of salicylic acid. Neither the m- nor

£-i8omers show these viscosity increases; benzole acid, acetyl sali

cylic acid, nitro-, chloro- and aminobenzoic acids are also not effec

tive. The solubility of salicylic acid in the surfactant solutions is

independent of chain length, but the maximum viscosity increase is not.

Because low pH was used, 1.6-2.2, the acids were unionized in all cases,

172Bungenberg de Jong and coworkers have observed viscoelasticity with

CTAB and sodium salicylate, but coacervation does not occur. They sug

gest the salicylate ions are adsorbed on the micellar surface at low

concentration, with the aromatic ring penetrating into the micelle at

higher salicylate concentrations.

For solubilizates possessing ionizable groups, pK may be affected

by incorporation into CTAB micelles. Nash found a lowering of the

observed pK^ for phenol and the naphthols in the presence of CTAB, using

a titration technique. Mukerjee,^^ on the other hand, found an

increase in the observed pK^ (decrease in ionization) for the dyes bromo-

phenol blue and bromocresol green. He feels that the actual pK^ at the

surface of the micelle for these dyes is greater than in the bulk solu

tion. This increase is ascribed to the difference in dielectric constants

for the two environments. Bunton^^ has preliminary NMR evidence for the

solubilization of phenol at the micellar surface, the benzene ring being

between CTAB head groups.

Although some properties of CTAB micelles in the presence of some

solubilizates have been studied, there is very little work on enthalpies
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159of solublllzatlon or on counterion binding in ternary systems

containing CTAB. It is the purpose of this work to partially fill

these gaps.



CHAPTER III

MICELLAR CATALYSIS

A. Background

Systematic investigation of catalysis by micelles of ionic and

nonionic surfactants began in 1959, with the work of Duynstee and

Grunwald on the alkaline fading of cationic triphenylmethane dyes.^^^

Since that time many other studies have appeared^ which provide insight

into several important effects which operate in micellar catalysis,

namely: (1) hydrophobic interactions, (2) electrostatic interactions,

(3) proximity effects, (4) salt effects, (5) substrate saturation with

surfactant and so forth.

An understanding of hydrophobic interactions important to

micellar catalysis must include an explanation for a homologous series '

increasing catalytic effectiveness with increasing chain length, for

the free energy and enthalpy changes involved in the transfer of a

substrste from the aqueous to the micellar phase (and hence a knowledge

of K, the distribution coefficient for the substrate,also called the

substrate-micelle association constant) and for the dependence of

micellar catalysis on micellar size. The location of the substrate

in the micelle is also important. With regard to electrostatic inter

actions, one needs to consider the preferential accumulation of counter-

ions at the micelle surface. One also needs to consider the stabilizing

effect the micellar charge has on a transition state bearing the opposite

46
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charge. Enthalpies and entropies of activation for the catalyzed and

uncatalyzed reactions are relevant here. Salt effects on the reactions

need to be examined not only in terms of changes in micelle structure

and in surface charge density, but also in terms of coiiq)etition for

the binding sites on the micelles normally occupied by substrate mole

cules. Salt effects have been used to rationalize the observed rate

versus surfactant concentration profiles for several reactions; this

merits closer examination. In general, micellar catalysis does

not alter the products formed in a reaction, but there are excep-

118,174-176
tions. '

It is generally assumed that reactions catalyzed by micelles

take place in the Stem layer, because the two reagents necessary need

to be in reasonable proximity to one another. This is particularly

true for reactions involving a neutral substrate and a charged nucleo-

phile. There is no evidence for the incorporation of charged nucleo-

philes or other small ions into the micelle interior. One would expect

very high activity coefficients indeed for these species. Furthermore,

there is NMR evidence that solubilizates such as benzene, N,N-dimethyl-

aniline and nitrobenzene are adsorbed onto the surface of CTAB micelles.

58
Cordes has found that orthoesters and acetals occupy water-rich sites

in DTAB and NaLS micelles, sites where substrate-solvent hydrogen bonding

can occur. The dielectric constant at the micellar surface, while less

than that of bulk water, is nevertheless substantial. Mukerjee has

found a value of 36 for micelles of an N-alkylpyridinium surfactant

this is generally quoted for a variety of other micelles.
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It is not the Intention of this Chapter to review all the papers

which have appeared on micelle-catalyzed reactions. It will concentrate

instead on those reactions which have been studied using the cationic

surfactant, CTA4 and its homologues. For these surfactants certain

characteristics which they all share when participating in catalysis

will be emphasized, but the differences which are found will also be

pointed out. This is particularly important when comparing one class

of micelle-catalyzed reaction to another. To a lesser extent, the use

of the anionic surfactant NaLS will also be considered.

B. Reactions Catalyzed by Hexadecyltrimethylammonium

Bromide and Related Surfactants

Cordes and coworkers have investigated the alkaline hydrolysis

of some £-nitrophenyl esters I in the presence of several cationic

R  la R - CH3-

Ib R - C5Hj^]^-

I  Ic R = C^^H23 -

surfactants,^^®'^^^ R'irhMe3X (R' = to C]^8H33). All reactions were
carried out at 25®, in the presence of 0.01 M KCl and 0.01 M carbonate

buffer, 50% base; the rate of reaction was determined by monitoring the

appearance of the £-nitrophenolate ion spectrophotometrically. The

substrate concentrations used were in the 10 ̂  M range, so that the

hydrolysis could be considered as a pseudo first-order reaction. Since

the CMC for these surfactants are quite low, only one molecule of sub

strate is considered to be solubilized per micelle. Rates for each
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ester were obtained at several surfactant concentrations; for all the

surfactants investigated, Ia(p 48) showed little rate enhancement in the

presence of micelles. No catalysis for any of the substrates was

observed below a surfactant's CMC. Catalytic effectiveness depends

on both R and R', with the hydrolysis rate increasing for either an

increase in R or R'. Rate maxima are observed as the concentration of

surfactant is increased. With increasing chain length of the surfac

tant, the maxima occurred at lower and lower surfactant concentrations.

This is a reflection of the decrease in CMC with increase in surfactant

chain length. The lower the CMC, the larger the concentration of

micelles at a given total surfactant concentration. The concentration

at which the maxima occurred is also dependent on the substrate,

decreasing for a given surfactant as one goes from lb to Ic. Cordes

concludes that the dependence of the rate on substrate is due to varying

degrees of incorporation into the micellar phase. He used molecular

sieve chromatography^^ to measure K for la and lb in the presence of

tetradecyltrimethylammonium chloride; K = 33 M~^ for la, but 16,000 M~^

for lb. Cordes defines K using Equation 13. Other workers have used

K = [ester]^^/[ester]^^^j^ (C-CMC) (13)

the concentration of micelles instead of surfactant this requires

knowledge of the aggregation number of the surfactant under the experi

mental conditions used in the kinetic studies. When conqparing K values

from different sources this difference should be kept in mind. The large

difference in K when going from la to lb supports Cordes' explanation of

the observed rate dependence on the substrate chain length. Hydrophobic
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Interactions are considered to be the reason for the variations in K.

The value of AG for transfer of lb (p 48) to the micellar phase is 3.7

kcal/mole more favorable than the transfer of la; if one considers this

as due entirely to the four additional methylene groups-in lb, the AG

-0,925 kcal/mole (free energy of transfer per methylene group). This

corresponds to-1.56 kT per methylene group for the transfer; the

accepted value for complete transfer of a methylene group from water to

3 27 108hydrocarbon solvents is about-1.4 kT ' * (not-1.4 kcal, as Cordes

indicates). Thus some other factor must also be involved in explaining

the size of the difference in the two Ks. One must invoke stabilization

for the transition states produced from la and lb in the hydrolysis,

since the observed catalysis would not occur otherwise. The hydrolysis

181of Ic has been studied by other workers in the ternary system CTAB- 1-

butanol-water, pH 11.5 (phosphate buffer). Here the maximum rate

enhancement (1500) is much larger; catalysis occurs in the reversed

micelles also.

For studies on the inhibitory effects of added salts, Cordes

used lb, 0.009 M tetradecyltrimethylammonium chloride and a 0.02 M

triethylamine-ammonium chloride buffer. In addition, the solvent con

tained 3% acetonitrile by volume, which certainly must be solubilized

to some extent by the micelles present, altering their properties. It

is not clear whether any acetonitrile was present in the chain-length

dependence work done with la-Ic and various surfactants. The chloride

ion containing surfactant was used because bromide ion was found to be

an effective inhibitor of the hydrolysis reaction. It is assumed only
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the anlons of the added salts are effective inhibitors; the order of

effectiveness then follows the lyotropic series for anions.^®*^^ For

a sufficient concentration of bromide and nitrate ions the rate of

hydrolysis actually drops below the rate in the absence of surfactant.

The anions are much more effective inhibitors at low concentrations

(say below 0.1 M) than they are at higher concentrations. The order of

-  2- - -effectiveness is F < SO^ < C1 < Br < NO^".

Added anions may exert two effects on the hydrolysis in the

micellar phase. Due to the positive charge of a CTAB micelle, one would

expect hydroxide ion to be concentrated at the micellar surface. One

would also expect the positive charge to electrostatically stabilize

the negatively charged transition state for ester hydrolysis. The added

anions may alter both of these phenomena. The anions may compete with

hydroxide ions for binding sites within the Stem layer; they may reduce

the surface charge density (and surface potential) of the micelle, thus

reducing the electrostatic stabilization of the transition state. It

should be emphasized that this stabilization must be fairly substantial

in order for AG^ (reaction in the micellar phase) to be lower than AG^
o* bulk

(maximum rate enhancement for Ih» p 48 with CTAB is about five), because

starting ester is stabilized considerably by incorporation into the

micelles. Exclusion of the substrate from the micelles by added salt is

not a factor, as K values measured in the presence of salts are sub

stantially the same as in their absence. Further, exclusion of substrate

from the micellar phase cannot explain the results obtained with added

nitrate and bromide ions. Lapinte,^^^ in a study of hydroxide ion
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catalyzed elimination and substitution reactions for l-broiiio-2-phenyl-

propane In the presence of CTAB, has found the explanation of electro

static stabilization as a major factor In mlcellar catalysis Inadequate.

The order of Inhibitory effectiveness for the anlons Is the

same as their ability to decrease the CMCs and raise the aggregation

numbers for catlonlc surfactants (I.e., the anlons form, a lyotroplc

series) the fraction of bound counterlons should Increase In

the same order.

The rate maxima with varying surfactant concentration observed

with these ester hydrolyses can be explained by counterlon Inhibition,

according to Cordes, since the counterlon concentration Increases as

the surfactant concentration Increases. If the total counterlon con

centration Is maintained constant, while the surfactant concentration

Increases, no Inhibition Is observed.

179
Cordes has also Investigated the hydrolysis of la and lb 48)

In the presence of CTAB with leuclne and morphollne. The reactions with

leuclne are accelerated (It bears a negative charge), while the reac

tion of lb with morphollne Is slightly Inhibited by CTAB. The pK^ of

the corresponding conjugate acids of leuclne and morphollne are unaf

fected by the presence of surfactant. These results seem to point to

the Importance of proximity effects (getting the reagents together)

even though some blmolecular reactions can occur when one reagent Is

Incorporated Into the mlcellar phase and the other excluded from It.^^

This Is Indicated for CTAB by a study of azo dye formation Involving

182
£;-nltrobenzenedlazonlum Ion and naphtholsulfonates. The authors
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assume the organic cation is not incorporated into the CTAB micelle.

183
Letsinger has also looked at proximity effects in the CTAB

micelle, observing fluorescence quenching for certain aromatic groups

in the presence of 4-methoxy-l-nitronaphthalene.

Another class of bimolecular reactions studied in the presence

of CTAB is the alkaline fading of triphenylmethane dyes. The original

173work is that of Duynstee and Grunwald, who used a series of dyes;

the reaction has recently been reexamined by Cordes^^^ for crystal

violet with CTAB and its homologues. The fading reaction, Equation 14,

involves conversion of a cation into an alcohol. One-hupdredth molar

Q

Q

+ OH

Q
Q
Q

(14)

CTAB accelerates the rate of the fading reaction for crystal violet

[X,X',X" - -N(CH3)2], malachite green [X = H, X', X" - -N(CH3)2], bril

liant green [X = H, X',X" = -N(C2H5)2] and rosaniline (X,X',X" = NH2;

3-CH3); the ratios of the pseudo first-order reaction rates with hydrox

ide ion in the presence of CTAB to the rates in water are 14.1 (pH 12),

8.6 (pH 10,2), 18,2 (pH 10.2), and 1.2 (pH 10.2) respectively. Note

particularly the wide variation in the ratios with small variations in

substrate structure. In this connection only the values at a single pH

should be directly compared; pH 10.2 was produced using a 0.05 M boric

acid-sodium borate buffer, while pH 12 was produced using sodium hydrox

ide. The reaction of water with these dyes is inhibited by the presence
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of CTAB micelles. The equilibrium between cation and alcohol is shifted

to the right in the presence of CTAB, which is consistent with Hartley's

185rules for micellar effects on the position of equilibria involving

charged reactants and products: + ?: 0 will be shifted to the right.

Duynstee and Grunwald found no effect of CTAB on the position of the

visible absorption bands for the dyes studied. With NaLS in contrast

there was a significant red shift. They still feel, however, that some

sort of short-range interactions is operating, so that most of the dyes'

molecules are associated with micelles in some way. Apparently electro

static repulsion between the positively charged micellar surface and the

dye's cationic form is overcome by hydrophobic interactions. This work

was carried out using substrate concentrations of 10~^ M, ensuring

enough micelles to obviate any saturation effects.

184
Cordes concentrated on one dye, crystal violet, and studied

the effects of surfactant concentration, chain length, and the addition

of salts on the rate of the alkaline fading reaction. Alkyltrimethy1-

ammonium bromides, RN"^Me3X~ from R » to , were used; the

reactions were run at 30°, while Duynstee and Grunwald's work was

carried out at 25°. For a given surfactant, the rate versus surfactant

concentration plot reaches a maximum then decreases; the ratio k /k
m o

(rate in micellar phase divided by rate in bulk solvent) depends on the

chain length of the surfactant. For CTAB, C (the concentration at
max

which maximum rate enhancement occurs) is 0.008 M, and k /k =27.5. As
m  o

the chain length of the surfactant increases C is displaced to lower
max

concentrations, the same behavior observed in ester hydrolysis. Cordes
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finds, however, that even after corrections for decreasing CMC values

are made, the equilibrium constant for adsorption of crystal violet

onto the micelles increases rapidly with increasing chain length of

the surfactant; he characterizes his results as the most striking

example of chain length dependence yet observed. Even when complete

association with the micelle occurs, the substrate reacts more rapidly

in the presence of the more hydrophobic^^^ (i.e., longer chain) sur

factants; Cordes originally felt this was not associated with direct

hydrophobic contributions to the activation energy, but rather to

electrostatic or medium effects. The reason for his conclusion was

that a plot of the maximum observed rate for the fading reaction,

versus N, the number of carbon atoms in a surfactant monomer, begins

to level off at N » 18, even though hydrophobic interactions (judged

by rate versus concentration profiles) should still be increasing.

186
Cordes has recently revised his position on hydrophobic contribu

tions to the activation energy, however, admitting that hydrophobic

interactions may play a direct role in the catalysis.

The fading reaction is quite sensitive to added salts. At 0,01 M

CTAB the series F < C1 < Br < NO^ is observed for inhibitory

effectiveness, the same series observed for ester hydrolyses. The same

explanations for the series are used.

187
Bunton and coworkers have looked at another triphenylmethane

dye (X,X',X" = -OCHg) in the presence of CTAB; they found the same effects

observed by Duynstee and Grunwald on the equilibrium between cation and

alcohol. CTAB was found to have no effect on the rate of the reaction of
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the cation with water, Equation 15. However, Is sharply decreased

+  +
R + H2O ^ ROH + H (15)

Kr

In the presence of CTAB. Bunton Interprets the absence of any catlonlc

mlcellar effect on to mean that R^ Is excluded from the mlcellar

pseudophase. The CTAB concentrations used In these experiments were

_3
very low, generally 10 M or less. Because of the presence of added

electrolytes. It Is assumed that the concentrations are above the CMC

for CTAB. Bunton also finds that CTAB has little effect on the reac

tion of the trl-£;-anlsyl carbonlum Ion with hydroxide or azlde Ions,

_3
but the maximum CTAB concentration used was 10 M. It Is assumed

that this work Is not Incompatible with that of Cordes and Duynstee and

Grunwald. Bunton's surfactant concentrations were at a level which may

have produced only a slight rate Increase.

Cordes has Investigated another system In which hydrophoblc

substrate-micelle Interactions may contribute to the lowering of a

reaction's activation energy: the addition of cyanide Ion to N-substl-

188 189tuted 3-carbamoylpyrldlnlum Ions, * Equation 16. CTAB and Its

H

CONH2

R

II

CN

CONH

+ CN ? fl IT ^ (16)

Ila R = CgHj^y - lie R » C^2^25 " He R -
lib R = 0^0^21 - Ild R - Ci4H2g - Ilf R -
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homologues, R'N+Me3Br" (R' = C^QH2j- , Cj^2h5~*

increase the rate of addition and the magnitude of the equilibrium con

stant K for the reaction. Appearance of the initial product (it under

goes slow rearrangement to adducts with the cyano group at the 2- or

6- position) was monitored spectrophotometrically; concentrations of

substrate were around 10 M, and the pH of the solutions was approxi

mately 10 to 11. A wide range of surfactant concentrations was used.

The catalytic effects observed are quite large. For lie (p 5^ and

0.02 M CTAB (C » approximately), k /k (ratio of second-order rate
luajL m o

constants for the addition of cyanide) is 950; K /K , the ratio of the
m o

equilibrium constants in the micelles and bulk solution is 25,000.

Plots of k^ versus surfactant concentration show the characteristic rate

maxima seen with other bimolecular reactions. It is interesting to note

that for CTAB in this case is much higher than it was in the ester

hydrolysis work. A simple explanation would be a difference in substrate-

micelle association constant, so that complete incorporation in the case

of II requires a higher concentration of CTAB than in the ester case.

Both the rate and equilibrium constant for the addition of

cyanide increase for a given surfactant on going from Ila through lie.

The pyridinium ions as the bromide salts do show a slight shift of UV

absorption maxima (= 271-272 nm) to higher wavelength in the presence

of CTAB as the chain length of R increases (Ila to lie). This suggests

an increasingly polar environment for the pyridinium groups, which is to

be expected, since the radius of the CTAB micelle is assumed fixed by

the length of its extended hydrocarbon monomer chains.
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The effect of surfactant concentrations up to 0.08 M was studied

for the case of tetradecyltrimethylanunonium bromide = 0.02 M) at

25°. Both k and K decrease with increasing surfactant concentration,
m m '

but the effects are not nearly as large as in the case of ester hydroly

sis. Studies of Ila-IIe (p 56) in the presence of 0.174 M CTAB show a

chain length dependence for and (i.e. increasing hydrophobicity

of the substrate), but the effect is not as marked as at the lower

concentrations of CTAB. The CTAB micelles cannot be spherical at the

u  . 13,20,70higher concentration. ' '

Salt effects on the addition reaction are not nearly as marked

as in the case of ester hydrolysis, and a different order of inhibi

tory effectiveness is found: F < NO^ < C1 < Br . Nitrate ion is

out of place. The salt effects were studied using 0.02 M C^^N'^^^Br

with lie at 30°. Concentrations of added salt went as high as 0.5 M;

under these conditions spherical micelles are probably unlikely.

Cordes cites a number of possible contributing factors to the

large rate enhancements in the presence of surfactants observed in the

addition of cyanide ion to N-substituted 3-carbamoylpyridinium ions:

(1) electrostatic destabilization of the ions (compared to the transi

tion state for addition) by the positively charged micelle surface, (2)

concentration of cyanide ion at the micelle surface by electrostatic

attraction and (3) hydrophobic interactions between substrate and micelle

(and transition state and micelle), contributing to a lower overall free

energy change. He initially suggests that since the k^ and depend on

surfactant chain length for a given substrate, and electrostatic factors
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are Important, the effect may be explained by better organized micelle

surfaces (higher surface charge density?). However, increasing sub

strate hydrophobicity is also important. This may be an orientation

effect, with the pyridinium group being brought closer to the micelle

surface (by increasing micelle-substrate hydrophobic interactions),

where increased electrostatic destabilization can be felt. This argu

ment seems a bit surprising, since one would expect the pyridinium

group to be as close to the micellar surface as possible from dielec

tric constant considerations. In addition, the ring position to be

attacked by cyanide ion must be accessible.

Substrate-micelle hydrophobic interactions were also observed

190by Gitler and Ochoa-Solano in their work on £;-nitrophenyl ester

hydrolysis using mixed micelles of CTAB and N°'-myristoyl-L-histidine.

Their interpretation of the lowering of the activation energy for the

hydrolysis by these interactions is worth considering. They found that

the logarithm of the second-order rate constant for the ester hydrolysis

in the micellar phase increased linearly with the chain length of the

ester (see Ia,b,c, p 48). The free energy change per methylene group

necessary to account for the change in the rate constant was 0.442

191kcal/mole, which is a reasonable value for the transfer from water

to the micellar interior. Note that no differences in orientation of

the ester substrate were invoked to explain the chain length dependence.

Cordes concludes that the results he obtains at high surfactant

concentrations are independent of micellar shape and size because no

sharp transitions in dependence of k on surfactant concentration are
m
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observed for tetradecyltrlmethylammonlum bromide over the concentration

range studied. He makes no comment on the substrate chain length

dependence for k and K obtained at two different concentrations of
m  m

CTAB, noting only that k^ and Increase with Increasing chain length

at both concentrations. The magnitude of the variations Is certainly

much smaller at the higher CTAB concentration.

In contrast to the results observed with pyrldlnlum Ions and

trlphenylmethane dyes, reactions between a cation and anlon are not

always catalyzed by CTAB. Thus hydrolysis of some Schlff bases In the

192alkaline pH region Is unaffected by CTAB. In some cases, marked

Inhibition of the hydrolysis Is observed (this Is for the reaction of

193 19A
water with the protonated Schlff base). ' At the alkaline pHs

the rate-determining step In this reaction Is found to be the attack of

hydroxide Ion on the protonated form of the Schlff base. However, the

association constant for a protonated Schlff base with the CTAB micelle

Is less than for the neutral molecule; the protonated Schlff base has a

192significantly lower pK^ In the mlcellar phase than In water. Cordes

used fairly high concentrations of substrate In his Schlff base studies;

he observed no saturation of the micelles with substrate. Indicating

that the association constants are true constants.

There are a number of other blmolecular reactions which are

catalyzed by CTAB micelles which should be considered. Nucleophlllc

aromatic substitution reactions using III as substrate and both neutral

X
IMI I .

Ilia X - F

Illb X = C1

NO

III
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and anionic nucleophiles as the attacking species have been

195-199studied. Bunton's publications dealing with III (p 60) will be

considered together; a few cationic surfactants related to CTAB (modi

fied head groups) will also be included.

This reaction shows the characteristic rate maxima when ^2^

the observed second-order rate constant, is plotted against the con

centration of surfactant used. For CTAB C is much higher for the
max

reaction of Ilia or Illb with hydroxide ion than the C values
max

found for ester hydrolysis by Cordes. For Ilia, C =0.02 M. and the
'  max *

rate enhancement is 60; for Illb, C = 0,015 M, and the rate enhance-
max '

199ment is 61. The reactions are followed spectrophotometrically;

hydroxide ion concentration is generally 0.01 M, with the substrate

-4concentration in the 10 M range. Bunton finds the C values
max

reasonable, commenting that one would expect a lower substrate-micelle

association constant for the fluoro compound. He measured K for Illb

by solubility measurements, but Ilia is too reactive for this method

to be applied : it undergoes hydrolysis slowly in the presence of CTAB

even at low pH.^^^ The reported K for Illb is 4600;^^^ since Bunton

erroneously uses Anacker's value of n = 61 (for DTAB)^^^ for CTAB,^®'^*^^

K is actually 7125. In addition, one cannot directly compare a K quoted

by Bunton with one quoted by Cordes (Equation 13, p 49), since Bunton

uses the concentration of micelles, not the concentration of surfactant,

in calculating K (Equation 17). When K is determined from kinetic data,

K« [substrate3^^^/[substrate]^^j^^ (C-CMC)/n (17)



62

n is the aggregation number of the micelles only when one assumes

55binding of one substrate molecule per micelle. If more than one

binding site per micelle is available, n is smaller than the aggrega

tion number.

Fendler and Fendler^ have pointed out that solubility

measurements are inferior to gel filtration as a method for deter

mining K. Solubility measurements rely on data for saturated solu

tions only; one must certainly worry about the difference in the

activity coefficient of a substrate in the micellar phase under condi

tions of saturation versus more dilute conditions. For Schiff bases

Cordes has observed a constant K in the presence of CTAB as the concen

tration of substrate increased, indicating no activity coefficient

192problem in at least one case. There is also the problem of

substrate-induced alterations of micellar properties: a decrease in

CMC and an increase or decrease in the size of the micelles is probably

2
to be expected. Data should be obtained for a variety of substrate

concentrations b6low saturation in order to obtain Ks which apply to

kinetic conditions. The substrate-micelle association constant K may

also be obtained from the variation of k2 (the observed second-order

rate constant) with surfactant concentration, according to an equation

180developed by Menger and Portnoy. The term C^ represents micellar

C^ + S I C^S (18)
n

1 wk2 k °
2
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surfactant, S is free substrate and C^S represents substrate incor

porated into the micellar phase. The rate constants k2^ and k2'° are
for the second-order reaction in water and the micelle respectively.

The concentration of is equal to (C-CMC)/n where C is the total

concentration of surfactant. This treatment also involves the assump

tion that only one molecule of substrate will be associated with one

micelle. This is, a reasonable assumption for the systems studied by

both Bunton and Cordes. Equation 19 describes this kinetic scheme.

l/(k2 -k2) - l/(k2''-k2™) + l/(k2''-k2'°)K[C^3 (19)

Plots of l/(k- -k„) versus 1/[C ] can then be used to obtain both
L i. n

k2™ and K. This equation is adequate only for cases where a plateau

in the k2 (observed second-order rate constant) versus surfactant con

centration plot is observed, since rearranging it gives Equation 20.

k2 = + k2°K[C^])/(l + K[C^]) (20)

In cases where a rate maximum is observed, e.g., Illb (p 60) plus

hydroxide ion, an additional term is added to the denominator, of the

2  w
form a[C ] . At C , k- can be neglected; this enables a to be

n  max L »

2  2
determined: a = n /(C-CMC) . Bunton finds the K obtained using this

approach for Illb to agree rather closely with that obtained with solu

bility measurements. K for Ilia could not be obtained by this method

196
either.

There is an unfortunate result of Bunton's K and C values
max

for the reaction of Illb with hydroxide ion in the presence of CTAB.
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It is conventionally assiuned that at virtually all of the substrate

is incorporated into the micellar phase. This is the case for the

hydrolysis of £-nitrophenyl hexanoate, for example. However, for Illb

(p 60), K = 7125 = [C^] - 1.525 x lO"^ M (CMC is
chosen as 0,0005 M because under kinetic conditions considerable NaOH

is present; n = 95).^^ Therefore ^^^bulk ~ substrate
is about equally distributed between the micelle and the bulk solvent.

If one could assume that Ilia and Illb are largely incorporated into

the micellar phase at C , the difference between their binding con-
HLdx

stants and that of £;-nitrophenyl hexanoate, for example, could be used

to explain the variation in C
max

Bunton has investigated the effect of surfactants related to

CTAB on the reaction of Ilia and Illb with hydroxide ion. One type

198contains an aromatic ring in place of one of the N-methyl groups:

+  _ + _
ArNRMe2Br or ArCH2NRMe2Br (R = ̂ 15^33"^» while the second group are

dicationic surfactants: RMe2S(CH2)^fcle2R2Br~ (R = n = 2,4,6).
All of these materials have lower CMCs than CTAB. For the first group

of surfactants Bunton finds increased substrate-micelle binding, but

no difference in k2°' when compared to CTAB. However, k2 is higher at

C  for the aromatic head group surfactants, due to the increase in K.
max ® '

The observed rate constant k2 is also significantly increased for the

reaction in the presence of the dicationic detergents n « 4,6; the rate

enhancements are two to three times what they were in the presence of

CTAB. In both cases there is increased substrate-micelle interaction,

presumably of the hydrophobic sort; C^^^ is therefore lowered (assume
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this is the result of increased Ks) but the environment where the

reaction takes place is little changed on going from one of these

cationic detergents to another. It is perhaps appropriate to note that

the rate-determining step in the reaction of Ilia and Illb (p 60) with

hydroxide ion is attack of the nucleophile, rather than decomposition

of the intermediate. If decomposition were rate-determining, one might

expect to see retardation of the reaction by CTAB.

Fendler and Fendler
200

have observed that CTAB stabilizes the

related Meisenheimer complex IV against decomposition. The observed

Na"*"MeO OMe

0-N

IV

rate enhancement is exclusively an enthalpy effect in the case of Ilia:

decreases from 16.0 kcal/mole in water to 13.2 kcal/mole in the

micelle (at C ); the entropy change is 1 eu, from -9 to -10, For
max '

Illb in the other hand decreases from 21.3 to 16,5 kcal/mole, but

As"^ changes from -5.2 eu to -14.3 eu, an unfavorable entropy change.

This is surprising in light of the fact that the substrate should have

lost most of its translational entropy upon incorporation into the

micellar phase. in order to obtain activation parameters one must

investigate a reaction at more than one temperature; in the case of

micellar systems this certainly leads to changes in micellar struc-

32,33
ture. '
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CTAB also catalyzes the reactions of Ilia and Illb (p 60) with

neutral nucleophiles such as aniline, glycine, glycylglycine and gly-

197
cylglycylglycine, although the rate enhancements observed are more

modest: approximately 3 to 30. The last three nucleophiles bear a

negative charge on their free hydroxyl groups, but the reacting amino

groups are imcharged. In fact, this series was investigated in order

to determine whether the carboxylate group could serve as a means of

"concentrating" nucleophile at the CTAB micellar surface. The rate

enhancements are about the same in the three cases and significantly

larger (30 versus 8) than those observed with aniline. Reactions with

Illb and these nucleophiles were carried out at 85° in order to get

conveniently measurable rate constants; temperature effects on the

micelles may be a problem.

The observed second-order rate constant decreases as the

concentration of glycine, glycylglycine or glycylglycylglycine is

increased; Bunton observed the same phenomenon with hydroxide ion.

He interprets this effect as an increase in aggregation number of the

micelles, hence leaving fewer micelles available for catalysis.

Bunton has used CTACl as a catalyst for the reactions of Ilia

and Illb with aniline and hydroxide ion; CTACl is more effective in

both cases. However, the difference in effectiveness is much less in

the case of aniline, indicating that a counterion inhibition mechanism

is in operation. Bunton feels that a CTACl solution has more micelles

at a given concentration than CTAB; he expects this to contribute to

,  the rate difference also. It must be mentioned, however, that CTACl has
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a higher CMC than CTAB, which would predict the opposite result.

Aggregation numbers do not support Bunton's contention either.

Cordes would explain the difference between CTAB and CTACl as

lying in the difference of their counterions' affinity for the micelle

surface; he feels counterions compete with hydroxide ion for binding

sites. Bunton interprets inhibition by electrolytes as competition

only when additional electrolyte, over and above what is present by

virtue of partially dissociated counterions from the micelles, is

added. Thus observed rate maxima for Ilia and IIlb (p 60) with hydrox

ide ions, for example, are due to the hydroxide ions being bound by

micelles not containing a substrate molecule. In other words, as the

surfactant concentration continues to increase above C . micelles
max'

containing no substrate compete for hydroxide ions with micelles con-

201 202taining substrates. Berezin ' has also proposed that rate retarda

tions at high surfactant concentrations are a consequence of decreased

substrate concentration (the micelles now occupy a larger portion of the

solution volume). The weakness in this argument is its inability to

explain the difference between CTACl and CTAB mentioned above. For the

acid-catalyzed hydrolysis of £-nitrobenzaldehyde diethyl acetal in the

203presence of NaLS, Bunton has computed the true second-order rate con

stants in the micellar phase, taking into account the actual concentra

tions of hydrogen ions bound to the micelles. When this is done, there

is no decrease in rate constant as the concentration of NaLS increases.

Bunton observes the typical lyotropic series in his electrolyte

inhibition work; he finds the reactions of Ilia and Illb with neutral
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nucleophiles are much less sensitive to salt effects than the reaction

with hydroxide ions. He has used several salts containing bulky organic

anions of low charge density; these are more effective at inhibition than

ordinary salts containing simple anions. Only small concentrations of

the low charge density salts are needed for a significant rate decrease,

and the magnitude of the decrease is larger for the salts containing

organic anions. For Ilia (p 60) in 0.01 M NaOH, 0.025 M CTAB^^^ the

order of inhibitory effectiveness is as follows: F~ < Cl~ < CH^SO^'ik

80^2- < Br~ < NO3- < C3H5C02~ = o-CgH^ (002)2^" < £-C7H^S03- <
A few examples of modest catalysis of nucleophilic aliphatic

substitution by CTAB or its homologues have also been observed. The

second order rate constant for the reaction of n-pentyl bromide with

thiosulfate ion in 25:75 w/w ethanol-water shows the characteristic

rate maximum when plotted against CTAB concentration; k , /k, ■ 9.5.^^^
obs H2O

The reaction of thiosulfate with sodium bromoacetate is even less sensi

tive to catalysis; CTAB is more effective than DTAB, indicating a depen

dence on the surfactant's hydrocarbon chain length. When k2, the

observed second-order rate constant, is plotted against CTAB concentra

tion for this reaction, one finds that the rate maximim has not yet been

205reached. Finally, Winters and Grimwald have found that the reaction

of cyanide ion with methyl bromide is accelerated by 0.302 M DTAB at

20®. The substrate-micelle association constant is 3.1 (Cordes'

convention), and the second-order rate constant for reaction in the micel-

lar phase decreases with increasing cyanide concentration. Obviously

^obs^^20 with increasing cyanide concentration.
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In the case of neutral substrates, it is fairly well established

that added electrolytes do not exclude the substrate from incorporation

into the micelles. However, in studies of the spontaneous hydrolysis

206of aryl phosphate monoester dianions V competitive inhibition was

Va Ar = -^^-^02
ArOPO^^" NO2
V

Vb Ar ^

found, with the anions (presumably) of added salts preventing incorpora

tion of substrate into the micelle. The kinetic data could be described

using Equation 21. It is assumed that incorporation of one molecule of

inhibitor into the micelle is sufficient to prevent incorporation of sub

strate. This is a weak assumption, particularly for a simple anion guch

as chloride ion. Equation 22 relates k , , the first-order rate constant
obs

for hydrolysis of V by water at pH 9 (CTAB does not catalyze the reac

tion with hydroxide ions), to the remainder of the rate and equilibrium

constants. The rate constants for the reaction in the micellar phase,

S + C C S P (21)
I  n <—' n

k^l li+K
P  C I

n

(k"-k'") / (k^^g-k^) = 1 + n/K(C-CMC) + K^. [C^. ]n/K(C-CMC) (22)
k , can be determined by the Menger and Portnoy treatment described

earlier. The concentration of added inhibiting salt is [C^]; a plot
m w wof (k -k ) versus [C^.] enables to be determined. These

plots are in general linear, with an intercept of unity, since

n/K(C-CMC) is a constant and small compared to one when working at a
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single surfactant concentration. Bunton obtains K^. for the hydrolysis

of Va and Vb (p 69) in the presence of 0,003 M CTAB at pH 9, 25° ranging

from four for NaCl to 2800 for sodium tosylate.

A rate plateau in the plot of k , versus CTAB concentration
obs

comes at 0.004 M CTAB. A maximum is apparently not observed because

the mechanism is thought to involve Equation 23 as the rate-determining

step. The maximum rate enhancement is about 25-fold and decreases with

2- -ArOPOj Arc + PO3 (23)

198increasing substrate concentration; catalysis arises wholly as a

result of a lowering of the enthalpy of activation for the reaction when

carried out in the micellar phase. The substrate-micelle association

constants (K) for Va and Vb are 1.1 x 10^ and 3.9 x 10^ respec

tively; these were calculated using kinetic data. Corrected to aggrega

tion number 95 for CTAB they are 1.7 x 10^ m"^ and 6.1 x 10^ m"^. At

0.004 M CTAB Va is 85% incorporated into the micellar phase. The fact

that Bunton gets Ks indicating significantly less than 100% incorpora

tion of substrate into the micelles may say something about the precision

of the kinetic method for determining Ks.

Bvnton has investigated a number of other phosphate ester

198 199 207-211
hydrolyses ' ' and reactions of these esters with other

nucleophiles in the presence of CTAB and surfactants related to it (the

related surfactants have already been mentioned in connection with

nucleophilic aromatic substitution). Only a few features of this work

will be considered here.
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In general, the modified surfactants are found to be more

effective catalysts than CTAB, both for the hydrolysis of Va and Vb

(p 69) and for the reaction of fluoride or hydroxide ions with

0

II
-P(0Ph)2

VI

The origin of this effect is increased substrate-micelle binding. The

activation parameters for the reaction of VI with both fluoride and

hydroxide ions indicate that the observed rate enhancement is due totally

to the more favorable AS^ observed in the micellar phase (about -10 eu

versus -23 eu in the bulk phase). is actually higher than AH^^.
Exactly the same entropy effect is observed with NaLS, which inhibits

the reaction of fluoride and hydroxide ions with VI. Here AH ̂  is
m

much larger than AH^"^ for the reaction. A chain length effect is also
observed, because DTAB is not nearly as effective as a catalyst as CTAB

210is. This indicates substrate-micelle hydrophobic interactions are

important.

Bunton observes salt effects on these reactions analogous to

those mentioned for the hydrolysis of Va and Vb (p 69). In the case

of fluoride and hydroxide ions reacting with VI, PhOPO-^" and
2— 208

^-jtBuCbH^OPOa are also very effective inhibitors. Bunton mentions

the iiiq)ortance of hydrophobic interactions in this connection. In his

studies on the reaction of VI with hydroxide ions Bunton calculated ij^,

the surface potential of the CTAB micelle, by assuming an hydroxide ion

distribution of the form g-zet|j/kT^ ^
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electronic charge. From this equation, = 2.3 kT/e [log(k^'-Tk^)-
logk2-pH + 14], where k^' (k^' = k^^' + k2'CQjj-), k^^ and k2 are rate

constants for the following reactions: (1) spontaneous hydrolysis of

VI (p 71), k^, no detergent, k^' in the presence of CTAB and (2) attack

on VI by hydroxide ion, k2, no detergent, k2', in the presence of CTAB.

He obtains \p = 107 mV, which is in excellent agreement with the value

103 mV for the zeta potential for CTAB calculated by applying Booth's

212equation to electrophoretic mobility measurements. However, Bunton

compares it to values of the Guoy-Chapman potential and zeta poten

tial for NaLS, which does not seem appropriate. Bunton uses the ratio

of V.2' 1^2 attack of hydroxide ions on VI as equivalent to the

enhancement of the nucleophilicity of hydroxide ion in the presence of

CTAB. This simple approach ignores the specific stabilizing effects

of the micelle on the transition state for the reaction.

Hydrolysis of VII in the presence of CTAB and CTACl has been

209
investigated at high concentrations of these surfactants. One is

considering the spontaneous hydrolysis reactions given by Equations

24(a) and 24(b), Plots of k^^ and k2 versus surfactant concentration

N02

VII

-  2-

^1 ^
(a) (ArO)2P02~ -^> ArO" + ArOPO^ ^24)

(b) ArOPO^^" Arc" + H2P0^'' (H2O + PO3")
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both exhibit plateaux. At high NaOH concentration, say 0.01 M, attack

on VII (p 72) by hydroxide Ions Is observed. At pH 9, the use of CTAB

up to 0.4 M has no effect on the hydrolysis rates: In fact, V.2 Is

Increased by about 20% at about 0.1 M CTAB, and the plot of k2 versus

CTAB concentration again levels off. This Is near, although slightly

lower than the concentration at which the CTAB micelle changes from

20
spherical to rodlike. CTACl gives the same results as CTAB, which

contrasts with their differing catalytic abilities In the nucleophlllc

aromatic substitution reactions discussed earlier. Salt effects on the

hydrolysis are much larger In the case of attack by hydroxide Ions,

which occurs at high pH; they follow the lyotroplc series pattern In

both cases. However, their presence, even for the hydrolysis with water,

must Imply some sort of change In the micelles, for example a reduction

of surface charge density. This makes the CTAB-CTACl results surpris

ing. Bunton concludes that bromide Ion does not have a significant

kinetic effect on this reaction. This reinforces his belief that rate

maxima observed In reactions where an anlonlc nucleophlle Is the attack

ing species come from Inhibition of the nucleophlle. I.e., It Is bound

to micelles not containing a molecule of substrate and hence Inacti

vated. This Is In contrast to Cordes' emphasis on competition for

binding sites. Bimton further concludes that mlcellar size and shape

effects are not klnetlcally significant, at least for this reaction.

In the ester hydrolyses considered thus far, the alcohol

released upon hydrolysis Is a substituted phenol. This offers distinct

adveintages In terms of ease In doing kinetics, obtaining rate constants
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of convenient magnitude, and in using low concentrations of substrate.

However, it is fortuitous for another reason: alkaline hydrolysis of

simple alkyl esters, at least simple carboxylic acid esters, is not

catalyzed by CTAB. Even in cases where benzene rings or a significant

ninnber of methylene groups are present in the substrate, rate enhance

ments have not been observed. For carboxylic acid esters possessing

good leaving groups (pKg of R'OH is low) the rate-determining step in

a B2 hydrolysis is attack of hydroxide ion on the carbonyl carbon of

the ester. Equation 25. It is unlikely that hydrolysis is involved

R - ? - OR' + oh" •2i2w_> R - ? - OR' ̂  R - ? - OH +~0R' (25)
in

with any of the carboxylic acid esters considered to date. For simple

213
alkyl esters however, slow assisted removal of OR' is possible, as in

VIII. In the micellar phase, less water would be available to serve as

0~) xH - B

R - C - OR'
I
OH

VIII

a proton source. However, significant inhibition is not observed,

except in cases where one would predict the ester group is buried in

214the micelle core, e.g., Riegelman's work on the alkaline hydrolysis

of ethyl £-aminobenzoate (benzocaine). Furthermore, at least for long

159
chain alcohols interaction with micelles is quite favorable, which

should enhance the rate of the reaction to the extent the transition

state of the rate-determining step resembles the products (unfortunately,

this is likely to be small).
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Bunton has examined micellar effects on another type of reaction,

21S 21S
decarboxylation. The substrates (IX, X, , XI ) studied are

particularly interesting because positive salt effects occur for the

micelle-'catalyzed decarboxylations, rather than rate retardations by a

lyotropic series of inhibitors. For IX and XI decarboxylation is much

CO. Br - —
I  2 I

Ph-CH-CN Ph-CHCH2C02~

IX X XI

faster in dipolar aprotic solvents than it is in water. This is thought

to reflect differing solvation requirements for the initial and transi

tion states. For X, the rate determining step. Equation 26, is loss of

bromide ion, which is then followed by rapid decarboxylation or lactone

formation. The product distribution is the same in the presence of

Br

I  mm slow ■*
Ph-CHCH2C02 > PhCHCH2C02 + Br (26)

PhCH = CH2 + CO2

'0

micelles as in their absence. Furthermore, the decomposition of X is

farily insensitive to the nature of the solvent. Decarboxylations for

all three substrates were followed spectrophotometrically; for IX and

XI a plot of versus CTAB concentration shows a plateau.

The rate of decarboxylation for IX at pH 8 is enhanced 660-fold

by CTAB at 25®, 360-fold at 33.2°. Activation parameters for the reac

tion in the presence of 0.15 M CTAB (note the very high surfactant
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concentration) indicate that a favorable change in the enthalpy of

activation is responsible: AH ^ = 20 kcal/mole, AS ̂  ■ -8,5 eu. In
m  in

the absence of CTAB the parameters are AH^^ « 31.5 kcal/mole, ■
21 eu. Bunton does not comment on the very large difference in

entropies of activation, although it is unprecedented in view of other

reactions studied. The rate enhancement is considered to reflect the

greater stabilizing effect of CTAB micelles on the transition state for

the decarboxylation compared to the starting material; CTAB is known

to be very effective at interacting with low charge density anions,

as indicated previously in the discussion of numerous salt effect

studies. The transition state for decarboxylation of IX (p 75) will

have negative charge spread over several atoms.

The course of IX's decarboxylation was followed

spectrophotometrically at 235 nm; due to a low extinction coefficient,

_3
the substrate concentration used was in the 10 M range, which pre

cluded doing an analysis of the kinetics in order to obtain K. The

assumption of one molecule of substrate per micelle does not hold

over the range of CTAB concentrations studied. In addition the salt

effects of added benzoate and tosylate ions could not be studied,

since these anions absorb at 235 nm. Of the salts which were studied

(all at 0.15 M CTAB, 33.2°), all were found to modestly (less than a

factor of two) increase the rate of decarboxylation: Na2S0^, NaCl,

KCl, KH2P0^, and K2HP0^. Bunton interprets this as the result of a

reduction of surface charge density for the micelles, which stabilizes

the transition state more than the starting material, as well as
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destablllzatlon of the starting material by anion-anion repulsions

experienced by the carboxylate group in the Stem layer, It is felt

that Bunton has the Guoy-Chapman double layer and the Stem layer

mixed up in this case:

"On the other hand, this negative charge becomes
delocalized into the carbanionlike transition state

where it will be closer to the quatemary ammonium
groups of the surfactant and therefore relatively
tinaffected by the anions in the Stem layer.

The head groups are part of the Stem layer. Considering Bunton's

choice of salts, it is felt that the reduction in, surface charge

density will be minimal, except perhaps for sulfate. Lapinte^^^ dis

agrees with Bunton's interpretation of micellar stabilization of

delocalized charge. He predicts that an Sjj2 reaction will be catalyzed

more effectively than an E2 reaction by CTAB because the transition

state of the former reaction has charge spread over fewer atoms. Experi

mentally, however, he observes the opposite result.

The decarboxylation of X (p 75) is inhibited by CTAB; a plot of

kobs versus CTAB concentration levels off with increasing CTAB, indi

cating that its decarboxylation is slower in the micellar phase than

in bulk solution. This is to be expected, since the rate-determining

step for decarboxylation has considerable zwitterionic character. The

addition of salts decreases the magnitude of the inhibition, with sodium

tosylate being by far the most effective. Bunton interprets these

results in terms of exclusion of substrate by salt from the micellar

phase; why this should be important for X but not for IX (p 75) is unclear.

Reduction of the micellar surface charge density might be expected to
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Improve the situation with respect to the zwltterlonlc transition

state.

Decarboxylatlon of XI (p 75) Is the most Interesting In light of

the salt effects observed. CTAB produces a lOO-fold rate enhancement

at 25°; the characteristic plateau Is obtained. Changes In pH, buffer

-4
and substrate concentration (only to 1.5 x 10 Mj) have little effect,

provided the pH Is high enough to ensure the substrate being present

In the Ionized form only. The reaction was monitored spectrophoto-

217
metrically at 410 nm; this enabled the use of a large number of salts.

At 0.02 M CTAB, using 0.002 M NH^ buffer (pH 9) a nuinber of salts were

found to Increase k , at all salt concentrations studied (0.0 to 0.8 M).
obs

Their order of effectiveness was CNS < plvalate < no salt < OH <

acetate =; F < C1 < Br < , which Is a lyotroplc series, except

— 218
for the position of sulfate and possibly CNS . The rate effects

were again modest; the nature of the cation had no effect. Bunton feels

the salt effects operate through Increases In mlcellar size, which force

the surfactant head groups closer together, resulting In stronger binding

with molecules of XI. For another group of salts, those containing

hydrophoblc anlons, the rate of decarboxylatlon was Increased until a

certain salt concentration, characteristic of the anlon, was reached.

Above these concentrations rather strong Inhibition was observed. The

2-
followlng order of effectiveness was found: benzoate < PhOPO^

= 3-naphthalenesulfonate < tosylate.. The at which the maximum

rate occurs Is about 0.05 M; for 0.015 M CTAB addition of sodium

tosylate causes Increases In viscosity which reach a maximum at 0.03 M



79

NaOTs. Bunton believes the viscosity effects indicate a sphere to rod

transition for the micelles, followed by tosylate binding converting

the cationic micelles to anionic and once again spherical micelles.

55 218
Transport experiments ' support the formation of anionic micelles

at high tosylate concentrations. NMR measurements show that the

benzene ring interacts strongly with the N-methyl groups in the CTAB

micelle. Other salts do not show these strong interactions.

55 218
Bunton interprets the salt effects ' in terms of relative

stabilization of the transition state for XI (p 75)(compared to the

ground state) by the anions present at the micellar surface. At high

tosylate concentrations anionic micelles are present; this prevents

incorporation of XI into the micelles. Both AH^ and AS^ decrease for

this decarboxylation upon incorporation of the substrate into the CTAB

218 4 4
micelles. The value of AH is 29.4 kcal/mole; AH is 21.3

o  m

kcal/mole. Bunton believes that the decrease in free energy of the

transition state upon incorporation into the micelles is greater than

the decrease in free energy for the starting material upon incorpora

tion. Since this difference is partially due to electrostatic inter-

4  4 4
actions, AH changes. The value of AS is 15 eu; AS is -2«.7 eu.

o  m

Bunton feels that as negative charge is delocalized in the transition

state for decarboxylation there are increased interactions between the

charged head groups and the substrate. This leads to loss of freedom

and the decrease in AS^.
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C. Reactions Catalyzed by Sodium Dodecylsulfate

Thus far all discussion of catalysis by micelles of NaLS, the

anionic surfactant commonly used for micellar catalysis studied> has

been omitted. In general, the reactions catalyzed by NaLS are of a

charge type opposite to those catalyzed by CTAB; the reactions will

involve protonic attack and/or transition states bearing a positive

charge. NaLS frequently inhibits reactions which are catalyzed by

CTAB and vice-versa. Hydrophobic interactions between micelle £uid

substrate are important; catalysis is sensitive to the nature of the

cation of an added salt. The inhibitory effectiveness of salts fre

quently follows the lyotropic series for cations. Hydrophobic inter

actions between the cation and micelle can also be important, as

indicated by the increasing inhibitory effectiveness of tetraalkyl-

ammonium salts as the length of the alkyl groups is increased. Cordes'

work on the hydrolysis of orthoesters by NaLS and its homologues

illustrates these considerations.

D. Salicylate Ester Hydrolysis

In view of the strong and specific interactions observed for

CTAB with salicylic acid (see Chapter II, Section B), it was felt that

hydrolysis of salicylate esters in the presence of CTAB micelles might

result in significant rate enhancements. Studies on the hydrolysis

221 222 22^of acetyl salicylic acid, acetyl salicylate and phenyl salicylate

in water in the presence of CTAB and related surfactants showed no cata

lytic effects. Likewise alkaline hydrolysis of diethyl phthalate and
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ethyl and propyl benzoate showed no acceleration in the presence of

224tetradecyltrimethylammonium bromide (TTMAB). However, no data on

micellar catalysis of alkaline hydrolysis of aliphatic salicylate

esters has been obtained; it was expected that the favorable micelle-

salicylic acid interactions might give a different result for these

esters. In addition, the chain length of the ester's alcohol portion

might have a considerable effect. To this end, the alkaline hydrolysis

of methyl and hexyl salicylate was to be investigated in the presence

of CTAB.

Several studies on the alkaline hydrolysis of salicylate

esters have appeared; the dependence of the rate on the pH of the

225hydrolysis medium is especially noteworthy. Tommila has investi

gated the hydrolysis of methyl, ethyl and isopropyl salicylates at

high hydroxide ion concentrations (up to 1.6 M in the presence of

0.4 M ester); he finds the observed rate consteuit to have the form

kj^ = kj^' + k2[0H ], where k2 is the second-order rate constant for

attack of OH on the ionized form of the ester, XII, and k^^' is the

XII

first order rate constant for some unspecified hydrolysis process.

For the m- and £-hydroxy esters, k2 is much larger, so that only

hydroxide ion attack on ionized ester is important.

Bender has investigated the hydrolysis of £-nitrophenyl

226salicylates over the entire pH range, and he has studied the
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227alkaline hydrolysis of methyl salicylate. As mentioned previously,

for a good leaving group such as £;-nltrophenoxlde Ion, the rate-deter

mining step In the hydrolysis Is clearly formation of the tetrahedral

Intermediates. For poor leaving groups, on the other hand, decoii5>osl-

tlon of the tetrahedral Intermediate to give acid plus alcohol may be

rate-determining. The rate of decomposition should at least be equal

to the rate of formation. In the hydrolysis of prnltrophenyl 5-nltro-

sallcylate two pH-Independent regions are observed; only the one In

the alkaline region Is of Importance to this work. For methyl salicy

late there Is no region where the rate Is completely Independent of

pH, only an Inflection point. See Figure 3 for the pH-rate profiles.

For the £;-nltrophenyl ester Bender has good evidence that the

mechanism In the pH-Independent region Involves Intramolecular general

base catalysis, XIII. He finds that when the hydroxyl group Is replaced

OR
H-O-H

Q
DoN

XIII

by a methoxy group or a hydrogen, the hydrolysis In this pH region Is

only 1/lOOOth and l/200th as fast, respectively (calculated assuming

hydroxide Ion attack on the unionized ester). For the ethyl ester, on

the other hand, the large effect of the o-hydroxyl group Is not seen;

Bender has no explanation for this. Furthermore, use of sulflte Ion,

azlde Ion and Imldazole as nucleophlles gives k ,. , /k,
salicylate oenzoate

ratios close to one; If no general base catalysis Is occurring these
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Figure 3. pH-rate profiles for the hydrolysis of
^-nitrophenyl sailcylate and methyl salicylate.

Circles: log k , +6 for £^-nitrophenyl 5-nitrosal-
icylate in 34.4% dioxane-water at 25°, squares: methyl
salicylate in 1.15% acetonitrile-water at 60°.
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ratios should be large: the o-hydroxyl group should exert its special

effect, whatever it is, in all cases. Bender makes no suggestions as

to the mechanism of hydrolysis in the case of methyl salicylate, but

it can be reasonably supposed that both intramolecular general base

catalysis and attack by hydroxide ion are occurring. This is compatible

with Tommila's results. It is important to have a working picture of

the mechanism, particularly in the region pH 9-12, where the studies

on micellar catalysis of this reaction will be carried out.

The difference in pH-rate profiles for £;-nitrophenyl

5-nitrosalicylate and methyl salicylate can be rationalized using

the differences in their pK^s and the difference in rate-determining

step. For the good leaving group in the plateau region above the pK^,

one has the following scheme (presumably 27 and 28 occur simultaneously):

ki' k.
ester tetrahedral intermediate —>acid + alcohol

(E) k ' (T) (product)
(P)

(27)

k2[0H~] k
ester . ' —^tetrahedral intermediate ——>acid + alcohol . (28)
(E) k 2 (T) (product)

(P)

Applying the steady-state assumption:

k '[E]

It ' It = ki'[E]-k_^'[T] - k3[T] - 0; [T] ^k-i* + k3

dP , , , I
= ——— and k_ » k 1

k  ' + k ^-1 ^ *^3

•• (29)
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dP dT -

IF = ̂ 4^^^ It = ̂ 2^°® - ̂4^^^ ■ tT] - ^
k_2 + k^

^p k^k2[0H"][E]
and k,>> k

k_2 + k^ 4 -2

*  IF " • <30)

Above the pK , E will be mostly in the ionized form; the overall
Si

observed first-order rate constant will be kj^ = kj^' + k2[0H~]. If the

relative magnitudes of k^^' and k2 are such that an hydroxide ion con-
-4

centration greater than ca, 10 M is needed in order for the second

term to make a significant contribution to k^, then the plateau

observed for £;-nitrophenyl 5-nitrosalicylate is explained. For a poor

leaving group on the other hand, the simplifying assumption about k^

and k^ cfuinot be made. (In addition, there will be protonation prior

to decomposition of the tetrahedral intermediate.) However, the

observed first-order rate constant will still be of the form k . »
obs

k^ + kg [OH ] where k^ = k^k^^'/ (k_j^' + k3) and kg » k^k2/(k_2 + k^).
227 225

For methyl salicylate the pK„ is 9.22 -10.2; the k,[OH ] term
a  t)

will be much larger than k2[0H~] is at the pK^ of £-nitrophenyl

5-nitrosalicylate, provided that k2 and kg are of comparable magnitude.

To be of comparable magnitude, k^/(k_2 + k^) should be approximately
202

equal to one; this is reasonable. The greater importance of the

term containing [OH ] in k^g^ for methyl salicylate is reflected in the

presence of only an inflection point in its log k^g^ versus pH plot.
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In conclusion, one is dealing with both the reaction of water

with ionized ester (intramolecular general base catalysis) and the

reaction of hydroxide ion with ester, ionized or unionized. The higher

the pH, the more important the latter reaction is.



CHAPTER IV

PROPERTIES OF CATIONIC MICELLES IN THE PRESENCE

OF SODIUM bromide

A. Hexadecyltrlmethylammonlum Bromide Micelle Sizes

Our early work In this area used viscosity measurements to get a

rough Indication of CTAB micelle sizes In the presence of sodium bro

mide. The Impetus for this work was provided by Mr. Victor Payton, of

these laboratories, who observed a large viscosity Increase when benzene '

was added to 0.1 M CTAB In 0.1 M NaBr. It was of Interest to determine

«

the concentrations of various salts and orgianlc solutes required for

the production of solutions of high viscosity. In this Chapter the effect

of NaBr only on the structure of the CTAB micelles will be emphasized.

The effect of organic solutes and of salts other than NaBr will be dealt

with In Chapters V and VI. A variety of techniques can be used to de

termine the size and shape of macromolecules and other colloidal par

ticles. While not the most reliable technique, viscosity measurements

can be made rapidly and cheaply. Also, since mlcellar size changes

were first observed In these laboratories as viscosity changes, further

exploration of this phenomenon was desirable.

Table I shows the changes In viscosity which occur when NaBr

Is added to a 0.1 M CTAB solution. The observed Increases In viscosity

are quite large. Solutions containing 0.15 M NaBr and up are non-New

tonian, that Is the viscosity Is some function of the rate of shear

at which It Is measured (In a Newtonian system the viscosity Is

87
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TABLE I

VISCOSITY OF 0.1 M CTAB SOLUTIONS AS A FUNCTION OF

SODIUM BROMIDE CONCENTRATION AT 25'

[NaBr], M ^KE (to no salt)

— 1.234 + 0.037 —

0.0010 1.184 + 0.004 0.960 +0.029

0.0100 1.102 + 0.003 0.893 + 0.027

0.0500 1.520 + 0.020 1.232 + 0.044

0,0750 2.078 + 0.047 1.684 + 0.063

0.1000 4.422 + 0.026 3.583 + 0.110

0.1500 17.40 + 0.28, 19® 14.10 + 0.48, 15

0.2000 73® 59

0.5000 637® 516

1.0032 919® 745

d  ""1
Shear rate Is 25.3 sec ; data obtained using the Haake

Rotovisco. All other points were obtained using capillary viscometers.
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Independent of the rate of shear). Appendix I, Table XLV gives appar

ent viscosities at several rates of shear for these non-Newtonian solu

tions. Table II shows the effect of adding NaBr to solutions containing

0.1 M CTAB and 0.025 M benzole acid. Note that the presence of benzole

acid greatly enhances the effectiveness of NaBr in increasing the viscos

ity of this system.

A better indication of the micelle sizes in these systems could

be obtained using constant concentrations of NaBr but varying the concen

tration of CTAB so that the intrinsic viscosities could be determined.

The intrinsic viscosity [n] for solutions containing macromolecules

228
or colloidal particles is defined according to Equation 31, where n

[n] = lim(n - n ^ )/n , C (31)
solvent solvent

is the viscosity of a solution containing concentration C of the solute

being studied. The viscosity of the solvent is In studying

micellar solutions one uses a solution at the CMC as the solvent and C
m

as the concentration of surfactant in micellar form (C » C - CMC). The
m

expression for [n] thus becomes Equation 32, where q ■
sp CMC CMC

[n] - limCn - npw„)/npwpC or [n] " lim n„„/c (32)
C ̂ 0 ® C -K) ®P ®
m  m

or - 1 or - 1. The resulting intrinsic viscosity is a mea

sure of the shape and size of the micelles (or other particles) in solu

tion. Equations which may be used to determine the particles' shape in

228
solution have been tabulated. Some estimate of the amount of water

of hydration associated with each particle is required. Common shapes

include spheres, prolate ellipsoids and rods; the tabulated equations
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TABLE II

VISCOSITY OF 0.1 M CTAB-0.0250 M BENZOIC ACID SOLUTIONS
AS A FUNCTION OF SODIUM BROMIDE CONCENTRATION AT 25°

[NaBr], M

0.0049 1.263 + 0.018

0.0104 1.718 + 0,118

0.0450 110®

0.0511 98,35 +0,76

0.1000 460®

0.2027 924®

d  —1
Shear rate Is 25.3 sec ; data obtained using the Haake

Rotovlsco. All other points were obtained using capillary viscometers.
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enable calculation of axial ratios (p) for the particles. In the case

of micelles aggregation numbers (sizes) are then obtained by assuming

that the micelles' short axis is equal to the length of an extended sur

factant molecule. The partial specific volume (V ) for the micelles is
®P

also needed. This is determined by the variation of the specific volume

(reciprocal of the density) of the micellar solution with concentration

of the surfactant.

All of the systems listed in Table III have been investigated

previously with KBr as the added electrolyte by at least one of the

78 80 78 78
following methods: light scattering, ' sedimentation, diffusion

70 78
or viscosity. ' It was of interest to compare results obtained sole

ly by viscosity with the results obtained by other methods. In addition,

it was desirable to extend the intrinsic viscosity work to CTAB-NaBr

solutions containing organic solutes, an area where few micellar size

data are available. It was therefore important to compare some of our

experimental results with previously published results, as a check on

technique.

The data in Table III were all obtained using capillary viscome-

ters, even though some of the solutions are certainly non-Newtonian. Be

cause of the short flow times of the viscometers used, it was difficult

to work at concentrations close to the CMCs of these systems. Large de

viations from a straight line or a higher-degree polynomial were observed

in the versus plots at low concentrations. See Appendix II,

Tables XLVI, XLVII, XLVIII and XLIX and Figures 12, 13, lA, 15 and 16

for the raw data. Because the CMC was so low when high concentrations

of NaBr were present, n . ^ was used for n.-™.,-.; a CMC of 10 ̂  M was
solvent CMC
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used throughout the work at NaBr concentrations of 0>178 M and above.

This introduces negligible error into the results. A plot of ver

sus C for CTAB solutions gives a straight line, indicating no particle-

particle interactions are occurring. However, interactions do occur in

229
the CTAB-0.1 M NaBr solutions, indicating that the CTAB concentration

is really higher than it should be for intrinsic viscosity determina

tions. See Appendix II, Figures 17 and 18.

For CTAB without added salt Ekwall^^ has proposed that the mi

celles are very strongly hydrated. Assuming spherical micelles, the in

trinsic viscosity may be expressed by Equation 33, where A(p), a tabu-

[n] = + w/p)A(p) (33)
sp

228
lated function of the suspended particles' axial ratio, equals 2.5

and p is one. This results in w » 3.53 g/g of CTAB, where w is the as

sociated water of hydration for the particles. On a molar basis, this

is 71 moles of water per mole of CTAB. Ekwall supports his contention

of strong hydration by using Eiler's relation for the voluminosity (V^)

of a suspended particle: the ratio between its hydrodynamically effec

tive volume and its dry volume (i.e. V for the micelles, obtained
sp

from density measurements). The viscosity data presented here also

give a high voluminosity of CTAB without added salt: 4.16 + 0.22

(4.1 + 0.1, Ekwall^^), i.e., CTAB seems to have strongly hydrated micelles,
230

See Appendix II, Table L. Ekwall used Vand's equation (Equation 34)

for suspensions of spherical particles, where A^ « A(p)v/2.303, v is

log = A3C/(1 - Q'C) (34)
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the hydrodynamlc molar volume of the splUte and is when micel-

lar solutions are being investigated. Both methods indicate the hydrated

micelle occupies about four times the volume of the unhydrated micelle.

It is important to point out that there will certainly be an

electroviscous effect (E) operating in this system. Electroviscous

5 90 231 232
effect is the term ' ' ' used to describe the electrostatic contri

bution made by charged colloidal particles to the viscosity of a solu

tion. The contribution is proportional to the square of the electrokine-

tic potential of the pdrticles. The thicker the particles' double layers

(the lower the ionic strength of the medium) the more pronounced the

effect is. It is estimated that this effect for CTAB at 25* without

added salt would reduce the intrinsic viscosity by a factor of 2.37. See

Appendix II for the calculation of E. Therefore [n] - 11.8 ml/g should

be divided by E^ prior to applying the equation which determines hydra-

tion. Doing this gives 4.98 ml/g - + w/p)A(p). Furthermore, the

CTAB micelle is probably slightly ellipsoidal,^^ with A(p) ■ 2.55. With

V  = 0.980 ml/g,^^ and correcting for the electroviscous effect, the
sp

hydration of the CTAB micelle is then 0.97 g/g CTAB (twenty moles of

water per mole of surfactant). This is much closer to hydration values

85 86 87
reported for other surfactants ' ' and seems much more reasonable

than the value of 3.53 g/g CTAB reported by Ekwall. The value derived

here is lower than Granath's hydration value of 2 g/g CTAB, obtained by

78
ultrafiltration. This may be the result of the use of different hydro-

dynamic methods involving different hydrodynamic entities. It is not

surprising that Ekwall computes the same hydration values by three

different methods, since all three methods use raw viscosity data. Each
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experimental point should also be corrected for the electroviscous effect

before computing the voluminosity.

Table III (p 92) also lists the axial ratios for CTAB micelles com-

78puted by Granath using diffusion measurements and assuming the micelles

are prolate ellipsoids. These computed axial ratios are not consistent

with her reported intrinsic viscosity numbers, Granath also calculated

the micellar molecular weights for the hydrated and unhydrated CTAB mi

celles at 30* in the presence of 0.2 M, 0.3 M and 0.4 M KBr from sedi

mentation and diffusion measurements. The weights for the unhydrated

80
micelles were used along with Debye's values for CTAB micelles in

0.178 M and 0.233 M KBr (determined by light scattering) to prepare

a plot of the dependence of micelle size on salt concentration. Potas

sium bromide and sodium bromide should have similar effects on micellar

size. A second-order polynomial from a nonlinear least squares fit of

a plot of micellar size (literature values) versus log [salt] was used

to obtain micelle sizes to be used in calculating axial ratios. These

sizes, as aggregation nvimbers, are presented in Appendix II, Table LII.

From the aggregation numbers of CTAB micelles at various salt con

centrations (determined from the second-order polynomial), axial ratios

were computed. To do this, the volume per micelle was first computed

for each aggregation number; these volumes were then used in computation

of the micellar dimensions (see Appendix II, Table LIII). The axial

ratios obtained using both a prolate ellipsoid model (minor half axis

24 £, the length of an extended CTAB chain) and a rod model (radius 24 £)

for the CTAB micelles appear under the heading p (light scattering) in

Table III.
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228Slmha's equations as presented by Sadron were used in calcula

tion of axial ratios from our viscosity data; they should strictly be

applied only to data obtained at low shear rates. Although capillary

viscometers do not fulfill this requirement, the calculations of p were

carried out in order to be able to do qualitative comparisons of micel-

lar sizes in the presence of varying NaBr concentrations. The equations

are also good only for large axial ratios (despite contrary statements

228
by Sadron ); this is probably why our experimental axial ratios are

smaller in the case of the prolate ellipsoid model than in the rod model

case. The equation for A(p) for prolate ellipsoids presented by Sadron

229is slightly in error; the correct equation (presented by Eirich )

is used.

The axial ratios corresponding to the intrinsic viscosity mea

surements in Table III (p 92) were computed neglecting hydration.

Corrections for hydration would make the observed axial ratios even

lower. For simplicity, V was set equal to 1 ml/g in all cases. No
sp

correction for the electroviscous effect should be necessary at high

salt concentrations. See Appendix II for the p calculations (Table LIV)

and the actual partial specific volumes of CTAB in the various NaBr

solutions (Tables LV and LVI). Comparison of the axial ratios obtained

from intrinsic viscosity measurements and those computed from literature

data on micelle size [p (light scattering)] shows reasonable agpefement

only for the rod model. The agreement is best for p (rod) values ob

tained from intrinsic viscosity values based on extrapolation of

('l/n., » - 1)/C , i.e. n /C , to C equals zero. That is, wasn2U m sp m m * CMC

approximated by the viscosity of water at 30®. The other set of
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Intrinsic viscosity values (column 2, Table III, p 92) was obtained using

"^CMC M NaBr' surprising that the Intrinsic viscos

ities and hence axial ratios obtained using different should be

so different. At low concentrations of CTAB the experimentally observed

n will be very close to > & small error In n can produce a large

36
error In n /C . Mukerjee has pointed out that the numerical values

m

of Intrinsic viscosities are very sensitive to the value of also.
CMC

Because the [n] values have not been extrapolated to zero shear rate

they are probably smaller than they should be. For non-Newtonian systems

the viscosity decreases as the shear rate Increases.

In drawing conclusions /about the effect of added NaBr on CTAB

micelle sizes (as expressed through p) It Is probably safe to compare

only [rils determined using the same l*e, down a eelumn In Table III.

With regard to our p values obtained by Intrinsic viscosity measurements

81
being lower than those obtained from light scattering, Kushner has

observed the same sort of situation. For the surfactant dodecylamlne

hydrochlorlde he found that light scattering consistently gives larger

micelle sizes than Intrinsic viscosity measurements. For our purposes

qualitative Information Is sufficient. Since the ability of Increasing

concentrations of NaBr to Increase micelle sizes does show up nicely,

all the values of [n] being low Is not serious. It should be pointed

out that the Intrinsic viscosities listed In Table III refer to micelles

22
of average size In each case. Mukerjee has determined that a range

of micelle sizes exists for CTAB at high salt concentrations; this size

distribution can be as large as a factor of two about the average

mlcellar molecular weight.
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An attempt was made to apply Vand's treatment, Equation 34

(p 94), to CTAB In the presence of 0.1 M, 0.178 M and 0.3 M NaBr. The

values of A^ obtained were 15.6, 26.6 and 43.9 ml/g respectively. These

correspond to intrinsic viscosities of 35.9, 61.3 and 101 ml/g, assuming

no hydration (see Appendix II, Table LVII). Since Vand's equation was

derived for spherical particles and is good only up to relative viscos-
2 0 0

ities five to ten times that of water, the lack of agreement with

the experimental results is not surprising.

The intrinsic viscosity results obtained in this work, while

certainly not in quantitative agreement with other data on micellar

size (e.g., data obtained by sedimentation, diffusion and light scatter

ing) are useful in drawing qualitative conclusions about the effect

of NaBr on the sizes of CTAB micelles. Clearly the micelles are not

spherical (indicated by axial ratios greater than one), with the possible

exception of the CTAB micelles in the absence of NaBr. The more NaBr

is added to a CTAB solution, the larger the micelles become; this is

indicated by the observed increases in [n]. In the case of CTAB micelles

in aqueous solutions there is an electroviscous effect on the intrinsic

viscosity; an attempt was made to estimate its magnitude. No great

significance should be attached to the actual numerical value of the

effect, but the fact that it does exist cannot be overemphasized. Ne

glecting it has previously^^ led to unreasonably high values for the

hydration of CTAB micelles.
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B. Temperature Dependence of the Interaction of Sodium Bromide

with Hexadecyltrimethylammonium Bromide

Table IV contains data on the enthalpies of solution of

sodium bromide in 0.1 M CTAB solutions containing 0.05 M and 0.1 M

sodium bromide. It is not fully understood why the significant tempera

ture dependence of AH^ is found in the latter system. Micellar

size is known to decrease with increasing temperature for ionic surfac-

32tants, but enthalpies of micellization are ordinarily quite small, so

that formation of additional micelles should not make a significant

contribution to the observed heats. Some structural change in the

micelles which is temperature-dependent may be responsible.

One can associate large heat capacities in aqueous solutions

with a highly structured medium. A structure-making process in aqueous

solution is associated with a loss of entropy occasioned by formation

of clusters of water molecules about the added solutes. Our data suggest

that the medium containing 0.1 M NaBr is more highly structured than

the medium containing 0.05 M NaBr. Increased structure may be due to

the formation of large rodlike micelles which induces an ordering effect,

since the rods will tend toward a parallel orientation in solution. How

ever, it is not possible to explain the inflection point between 38® and

42* on this basis. There is evidence which suggests that water struc

ture decreases in the region from roughly 30® to 40°. The evidence in

cludes a shallow minimum in the heat capacity of water at 35°^^^ inflec

tion points in the intensity of an intermolecular IR absorption band

235 236

^2*^ region 30® to 40°, and maxima in AH and
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TABLE IV

TEMPERATURE DEPENDENCE OF THE ENTHALPY OF SOLUTION FOR
ADDITION OF SODIUM BROMIDE TO 0.1 M CTAB SOLUTIONS

AHa Naltr
Surfactant T, °C kcal^mole

0.1 M CTAB 25 + 1 -1.43 + 0.12®

0.1 M CTAB-0.05 M NaBr 28.0 + 0.2 -0.942 + 0.025®

0.1 M CTAB-0.05 M NaBr 33.75 + 0.25 -0.892 + 0.069

0.1 M CTAB-0.05 M NaBr 37.65 + 0.25 -0.895 + 0.066

0.1 M CTAB-0.05 M NaBr 42.2 + 0.2 -0.969 + 0.107

0.1 M CTAB-0.1 M NaBr 28.25 + 0.25 -0.281 + 0.088

0.1 M CTAB-0.1 M NaBr 33.4 + 0.1 -0.548 + 0.062®

0.1 M CTAB-0.1 M NaBr 37.7 + 0.03 -1.10 + 0.01®

0.1 M CTAB-0,1 M NaBr 42.45 + 0.15 -0.755 + 0.033

a

Concentration dependent. Extrapolated to infinite dilution by
least squares analysis, see Appendix III, Tables LVIII and LIX,
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237
AS at 34° for hydrocarbon-water interface formation. The change in

direction of AH ^ „ in the 0.1 M CTAB-0.1 M NaBr system between 38°

and 42° may be a manifestation of this decrease (or "melting") of water

structure. If this is true, water structure effects are more important

in 0.1 M CTAB-0.1 M NaBr than in 0.1 M CTAB-0.05 M NaBr.

C. Bromide Ion Binding to Micelles qf Decyltrimethylammonium

Bromide, Dodecyltrimethylammonium Bromide and

Hexadecyltrimethylammonium Bromide

Our earliest studies of bromide ion binding to the micelles of

these surfactants were initiated to investigate whether the catlonic

head groups could be titrated with bromide ion. This was an attempt to

investigate micelle structure in a manner analogous to protein titra-

tions. Equation 35, adapted from the potentiometric behavior of poly-

lag(a/l - a) - pBr " P®^int ~

238
electrolytes containing basic groups, was to be used to describe

the results and determine the surface potential of the micelles involved.

This requires values for the degree of dissociation (a) and the aggrega

tion number (n) of the micelles. The surface potential of micelles con-

239
taining dimethyldodecylamine oxide monomers has actually been worked

out in this fashion. In this case the titration behavior of the micelles

was described by Equation 36, where is the surface potential of the

pH + log(a/l - a) = pK. . - (0.434/kT)e\|j a (36)
int o

micelles. The effect of NaBr on a for the C^2 trimethyl-

178
ammonium bromide micelles was also of interest because of Cordes'
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explanation of bromide ion inhibition of certain micellar catalyses

with these surfactants. He explains inhibition of ester hydrolysis

by NaBr in the presence of trimethylammonium bromide micelles

by invoking increased bromide ion binding to the micelles with increased

NaBr concentration. It will become clear later that the observed depen

dence of a on NaBr concentration for C^^gNMe^Br, DTAB and CTAB is not of

a form suitable for use in Equation 35 (p 102). While our work was in

32progress, Jones and Piercy reported that a for DTAB was not dependent

in any regular way on the concentration of added NaBr.

Table V presents the results for a at the CMC for the C^q,
103and C^g trimethylammonium bromide surfactants. Pearson has looked

at these surfactants in the absence of added salt at 30®; he obtains

a of 0.27, 0.2A and 0.12 respectively. Because CTAB has such a low

CMC, it was not investigated in the presence of added salts.

The raw experimental data (a„ - at several concentrations of sur-
jjIC

factant, above and below the CMC) were treated in two different ways

135to obtain ot values. The first is due to Botrd; it requires indepen

dent knowledge of the CMC for the system under consideration. The ne

cessary CMCs may be obtained by surface tension measurements or, in

cases where the CMC is fairly high, from plots of log a^^- versus log
103total surfactant concentration. The raw data were converted into ex

perimental activity coefficients (y ,.) by dividing a^ - by total sur-

factant concentration (C). Plots of y _ versus 1/C for concentrations
expt

above the CMC gave straight lines (Equation 37). The slopes (S) and

^expt " "Ys+ YgCMCd - ct)(l/C) (37)
intercepts (I) of these straight lines could be used to determine as.
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TABLE V

INFLUENCE OF SODIUM BROMIDE ON COUNTERION BINDING FOR

n-ALKYLTRIMETHYLAMMONIUM BROMIDE SURFACTANTS AT THE
"" CRITICAL MICELLE CONCENTRATIONS AT 25°

[NaBr], M CMC, M Ys a

Cj^gNMe^Br 0.0626 + 0.0067^ 0.736 + 0.082*^ 0.240 + 0.028*^

0,0626 + 0.0067® 0.732 + 0.078 0.248 + 0.028

0,059^ 0.763 + 0.028 0.238 + 0.026

0.050 + 0.004® 0.869 + 0.073 0.209 + 0.019

0.0400 0.0510 + 0.0081® 0.757 + 0.070*^ 0.241 + 0.023*^

0.0510 + 0.0081® 0.756 + 0.070 0.243 + 0.023

0.042^ 0.818 + 0.006 0.224 + 0.019

0.0385 + 0.0015® 0.847 + 0.018 0.217 + 0.007

0.1000 0.0403 + 0.0062® 0.743 + 0.034*^ 0.227 + 0.012*^

0.0403 + 0.0062® 0.748 + 0.034 0.234 + 0.014

0.030 + 0.003® 0.794 + 0.019 0.221 + 0.010

Ci2NMe3Br(DTAB) 0.0139 + 0.0006® 0.891 + 0.040*^ 0.223 + 0.012*^

0.0139 + 0.0006® 0.896 + 0.041 0.222 + 0.010

0.0145^ 0.865 + 0.002 0.230

0.0105 + 0.0015® 1.118 + 0.163 0.178 + 0.026

0.0300 0.00676 + 0.00096® 0.867 + 0.023*^ 0.266 + 0.008^^

0.00676 + 0.00096® 0,863 + 0.024 0.279 + 0.014

0.0064 + 0.0006® 0.868 + 0.015 0.278 + 0.015

0.1000 0.00440 + 0.00035® 0.793 + 0.020^ 0.258 + 0.087^

0.00440 + 0.00035® 0.791 + 0.003 0.274 + 0.012
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TABLE V (Continued)

[NaBr], M CMC, M Ys a

C^gNMe2Br(CTAB) 0.000910 + 0.000011^ 0.891 + 0.011*^ 0.222 + 0.005^

0.000910 + 0.000011® 0.896 + 0.013 0.209 + 0.003

0.000789 + 0.000003 0.921 + 0.004*^ 0.215 + 0.002^^

0.000789 + 0.000003® 0.956 + 0.130 0.203 + 0.019

0.00080 + 0.00005^ 0.996 + 0.121 0.188 + 0.023

determined from a plot of versus total surfactant
concentration.

Determined from a plot of log (millivolts) versus log
total surfactant concentration.

"Determined by surface tension.

Determined from a plot of a^ _ versus total surfactant
concentration; all others in Yg and a columns determined from Yexpt
versus (total surfactant concentration)"1, where Yexpt equal to
ag^_ divided by (total surfactant concentration).
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using Equation 38. The ii^tercept gives the product of a and y , where
8

a - CMC/(S/I + CMC) (38)

Y  is the activity coefficient of the bromide ions at the CMC. For
s

cases where NaBr was present, the slope of the y versus 1/C line is
L

YgCMC(l - a) + (x M NaBr)(Y^). Assuming Yg is a constant, which amounts

to assuming a pseudophase model for micellization, the intercept of the

line may be used in the form Yg = I/c and substituted into the expression

for the slope, from which a may be obtained.

The second method for calculating a and y is due to Tokiwa and
s

240
Moriyama, who demonstrated that a plot of a„ - versus total surfac-

Br

tant concentration above the CMC has the slope ay . This again assumes
s

that Yg is a constant. The a^^- versus C plot including concentrations

below the CMC can be used and the CMC located by the intersection of the

two straight lines. From the activity at the CMC y may be calculated;
s

a is then obtained from the slope for the plot above the CMC. When

added NaBr is present, the a_ - at the CMC is y (CMC + added NaBr);
Br s

it is assumed that the slope of the a„ - versus C line above the CMC
Br

is not affected by the presence of added salt. Note that the determin

ation of Yg by the Tokiwa method does not include the possibility of

pre-CMC dimerization. The raw data, as straight lines determined by

least squares analysis, as well as representative plots illustrating

the two methods may be found in Appendix IV, Tables LXI and LXII and

Figures 19, 20 and 21.

The results for counterion binding for the C,., C,- and C,, tri-
lU 12 16

methylammonium bromides at 25° without any added NaBr agree roughly

with Pearson's results at 30°. With the exception of CTAB our a values
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are slightly lower than his; this agrees with the dissociation of coun-

terlons from the mlcellar surface being endothemlc. This work's value

103
for CTAB does not agree with Pearson's value of 0.12 at all. Two runs

were made for this surfactant; the first run Is represented In Table V

by CMCs 9.1 X 10 ̂  M and 8.0 x 10 ̂  M, the second by 7.89 x 10 ̂  M.

How long the CTAB solutions are allowed to stand prior to readings being

taken can have a significant effect on the values of a obtained (they

Increase with time); fresh solutions were used In both cases (three to

fpur hours old). The effect of solution age can be Illustrated by a„ -
dT

values obtained for solutions over 24 hours old versus a_ - values ob-
ot

talned for fresh solutions: for 0.005 M CTAB, 0.00208 M versus

0.00157 M, for 0.002 M CTAB, 0.00118 M versus 0.00097 M and for

0.0015 M CTAB, 0.0010 M versus 0.000865 M.

The value taken for the CMC of a surfactant has an effect on

the values of a and y > so that only values obtained using a single
s

experimental method for CMC determination should be compared. Doing

this, one sees that a decreases slightly as the number of carbons In

the long alkyl chain of the surfactant Increases, but the effect Is

not nearly so large as that reported by Pearson. Pearson attributes

the decrease In a to a closer packing of the Ionic head groups In the

micelles as the chain length of the surfactant Increases. This results

In an Increase In the surface charge density of the micelles, which

gives rise to a smaller a. An alternative explanation Is possible.

The free energy of mlcelllzatlon can be regarded as having three prin

cipal contributions: (1) hydrophoblc Interactions, especially between

hydrocarbon chains, (2) Coulomblc repulsion between the head groups
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and (3) counterlon association. Hydrophobia interactions favor closer

packing of the surfactant chains (decrease in AG), but Coulombic repul

sion opposes closer packing. Increased counterion binding decreases AG.

If the hydrophobia term is large it is possible to have a more compact

micelle without any contribution due to increased counterion binding.

Pearson seems to conclude that an increase in the compactness of a mi

celle must result in an increase in counterion binding.

For the and surfactants the effect of added NaBr on a at

the CMC is small or nonexistent, within experimental error, and there

is no regular increase or decrease in a as NaBr is added. As mentioned

earlier, the low CMC of CTAB precluded using the Botrd or Tokiwa treat

ments in the presence of added NaBr. However, by using single concen

trations of CTAB above the CMC and varying the concentration of added

NaBr the desired effect of NaBr on a could be observed. The same tech

nique was also used for the C^^q and surfactants. These data are

presented in Tables VI, VII and VIII. The fraction of dissociated coun-

terions, a, due to the micelle is equal to the free Br concentration

due to the micelle divided by the concentration of surfactant in micellar

form. The data were originally collected to use with the titration

equation. Equation 35 (p 102), for polyelectrolytes, but the dependence

of a on NaBr concentration is not of the proper form for use in the

Equation for any of the surfactants. As the concentration of NaBr in

creases, micelle sizes will increase and closer packing of the head

groups might be expected. This does not necessarily require increased

counterion binding, as was discussed earlier.

Before the a values in Tables VI, VII and VIII could be calculated.
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the concentration of surfactant and the amount of free bromide ion pre

sent in each solution had to be corrected for the amount of surfactant

present as monomers, i.e., for the CMC. The dependence of the CMC on

the concentration of NaBr was determined by using Corrin plots, Equa

tion 5 (p 12). The concentration of surfactant in micellar form is

then total surfactant concentration minus the CMC. For each surfactant

the Corrin plots were constructed by determining the CMCs at four dif

ferent concentrations of added NaBr by surface tension measurements,

and the best straight line was obtained by least squares analysis.

See Appendix IV, Table LXIII and Figures 22 and 23 for these data.

For decyltrimethylammonium bromide, which has the highest CMC of the

surfactants studied, a Corrin plot was also constructed using CMC values

obtained using the bromide ion specific electrode. This method gener

ally gives higher values for the CMCs than surface tension does.

There are three sources of free bromide ion in surfactant solu

tions to which NaBr has been added. They are (1) Br~ due to the surfac

tant monomers of concentration equal to the CMC, (2) the Br~ from NaBr

and (3) the Br present due to the dissociation of the micellar counter-

ions. The concentration of added NaBr and the CMC are subtracted from

the experimentally observed concentration of Br~ in each case in order

to give the Br concentration due to source (3) only.

A number of different approaches were tried for converting the

observed a^^- for each sample into a Br" concentration. It was deemed

important to determine whether the choice of activity coefficients would

have a significant effect on the calculated values of a. In Table VI

the first and second set of a values correspond to Br" concentrations
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241
obtained using standard activity coefficients for NaBr. The third

set of a values were computed assuming a constant y (y for Br at the
s

CMC) of 0.745, the average of three y a reported for decyltrlmethylammon-
s

lum bromide In Table V (p 104). These y a were computed using CMCs from

versus concentration plots for the surfactant. It Is amazing that

Y was found to be Independent of NaBr concentration In this particular
s

Instance. The fourth set of a values were determined with y values
s

computed In Table V for decyltrlmethylammonlum bromide's surface tension

CMCs. These y values give a straight line when plotted against (added

salt + CMC); the plot appears In Appendix IV, Figure 24. To get y
8

at the appropriate NaBr concentrations Interpolation was used.

The resultant a values for decyltrlmethylammonlum bromide do

not show a strong dependence on added NaBr concentration. Values com

puted using standard activity coefficients and using the nonconstant

Y  values from Table V show a slight Increase In a with Increasing con-
s

centratlon of NaBr. Use of a constant activity coefficient produced

no trend at all.

It Is felt that the a values obtained for DTAB (Table Vll, p 111) In

the presence of 0.08 M and 0.10 M NaBr are In error. These low values

were obtained only In unstirred solutions. Such low values have never

been reported for DTAB, even In light scattering experiments (Anacker

47
and Ghose report a equal to 0.17 for DTAB In 0.5 m NaBr). The con

centration of DTAB In the mlcellar form was determined using surface

tension CMCs only. The CMCs obtained from the bromide Ion specific

electrode gave a nonlinear Corrln plot. Again, one sees that the choice

of Y makes very little difference In a. The effect of stirring on
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counterlon binding in surfactant solutions will be considered again

later.

It is apparent that the choice of activity coefficients is not

the determining factor in the values of a which will be obtained. This

is useful when one works with a surfactant such as CTAB having a CMC

(in the presence of NaBr) too low to determine activity coefficients

by the Botre or Tokiwa methods. It is assumed this result can be ex

trapolated to work with CTAB.

For CTAB three different concentrations of surfactant were in

vestigated; standard activity coefficients were used throughout. At

the lowest concentrations of CTAB a increases with increasing NaBr con

centration; these are in the concentration range commonly used to in

vestigate micellar catalysis. Only for 0.1 M CTAB does any trend toward

decreased dissociation (increased counterion binding) appear (Table VIII,

P 113^ the effect of stirring on counterion binding in this system is
109discussed later. Cohen has also observed an increase in a for CTAB

as bromide ion is added. He looked at the micellar charge of CTAB (con

centration unspecified) as a function of added KBr concentration at

30° using light scattering; he found the charge to increase with in

creasing KBr concentration. A leveling off was observed (ct equals 0.16)

at 0.09 M KBr.

The results of the a determinations for C^^NMe^Br, DTAB and CTAB
178do not support Cordes' contention of increased Br~ binding to micelles

of these surfactants when NaBr is added. Thus some other explanation

for the inhibitory effect of NaBr on cationic micelle-catalyzed reactions
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having charged transition states needs to be found. One possible sug

gestion would be micellar size effects.

The dependence of a on CTAB concentration in salt-free solutions

is presented in Table IX; a slight increase in a is observed with in

creasing CTAB concentration. These data were obtained from the experi

mental points used for CTAB (CMC, 7.89 x 10~^ tO In Table V (p 104). Cordes

has argued that the dependence of rates of ester hydrolyses on the con

centration of CTAB and homologous cationic surfactants is due to a de

creasing a with increasing surfactant concentration (the ssime explana

tion used for the effect of added NaBr). The data in this work do not

support this contention. It is felt that the decrease in rates observed

as the concentration of surfactant increases is due to a decrease in

203concentration of the reacting species in the micellar phase. Bunton

202
and Berezin have commented on this phenomenon; data will be presented

later for hydroxide ion as a reacting species which also supports this

contention.

CTACl shows increasing as with increasing concentration of added

NaCl; this result is still observed at 0.1 M CTACl (see Table X). It

is recognized that a values greater than one are not possible. There -

were some difficulties with the chloride ion specific electrode- used

in these measurements (Nernst factor -48 mV); these may have contributed

to the erroneous result. The data were included to show the influence

of added salt on a for this surfactant. It is felt that the qualitative

trend in the a values is correct; it is interesting to note that the

increase in a with increasing NaCl concentration persists to a higher
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COUNTERION BINDING FOR CTAB ONLY
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[CTAB], M® Free [Br~], a

0.1000 0.0215 0.22

0.0092 0.00191 0.21

0.00421 0.000831 0.20

0.00321 0.000631 0.20

0.00121 0.000211 0.17

0.00091 0.000164 0.18

0.00071 0.000107 0.15

0.00041 0.000036 0.09

Concentration of surfactant in micellar form; CMC values from
Corrin plots of surface tension data.

Due to micelles only.
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concentration of CTACl than was the case with CTAB in NaBr solutions.

The counterion binding data discussed above were obtained in

unstirred solutions unless specifically noted otherwise in Chapter VIII.

Table XI presents some data obtained for 0.075 M DTAB and 0.1 M CTAB

to specifically illustrate the effects of magnetic stirring in these

systems. Stirring increases a in both cases; the effect on CTAB appears

at lower concentrations of added salt than the effect on DTAB. It may

be that bromide ions are literally sheared off the micellar surfaces

by the stirring. For DTAB an attempt to look at the effects of stirring

on some solutions containing up to 0.3 M NaBr was made. A paddle stirrer

with a variable speed motor was used; no reproducibility in a values

could be achieved.

In protein chemistry several examples of denaturation by mechan-

242ical treatment are known. Stirring could certainly be considered

an example of such mechanical treatment. It is possible that the stir

ring effects on a for micelles may be the same general sort of phenom

enon. Stirring may result in a breakdown of large micelles and/or an

increase in CMC. Both factors would increase ot.
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CHAPTER V

LYOTROPIC SERIES EFFECTS IN MICELLAR SYSTEMS

A. Background

As discussed in Chapter II, different anlons Influence the CMCs,

aggregation numbers and degree of counterlon binding for catlonlc sur

factants In accordance with the anlon's position In a lyotroplc series.

The same Is true of the effect of cations on anlonlc surfactants. In

certain cases Ions of the same charge as the surfactants also affect

112 113
these properties. ' These lyotroplc series effects have been looked

at by vlscometry (aggregation number), counterlon binding measurements

(degree of counterlon binding) and calorlmetry (thermodynamics of coun

terlon binding) In the course of this work. Most of the work was done

with CTAB; for DTAB and the anlonlc surfactant NaLS only calorlmetrlc

Investigations were carried out. Much more Information on lyotroplc

series effects for DTAB and NaLS than for CTAB Is available In the lit

erature.

B. Viscosity and NMR Results

The viscosity results for CTAB will be considered first. Although

none of the data are reported as Intrinsic viscosities, one may still

draw at least qualitative conclusions about micelle size from data taken

at a single surfactant concentration. For example. In the raw data

for the Intrinsic viscosities of CTAB-NaBr solutions (see Appendix 11,

122
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Table XLVIII) the viscosities of 0,1 M CTAB-x M NaBr solutions Increase

with Increasing x. Realizing the limitations of these qualitative con

clusions, an Increase In viscosity with an Increase In salt concentra

tion at constant surfactant concentration will be regarded as evidence

for an Increase In micelle size. Note that the electrovlscous effect

would act In the opposite direction In the absence of other effects,

with an Increase In salt concentration decreasing the viscosity.

Table XII compares the viscosities of 0.1 M CTAB solutions con

taining NaBr and NaNO^ respectively; added NO^ appears to be more

effective at Increasing the mlcellar size than added Br on a mole for

mole basis. Table XIII presents data on the effectiveness of several

other salts at Increasing the viscosity of 0.1 M CTAB solutions. The

observed order for 0.1 M salts Is F < NaBr < HBr < NO^" < ClO^"; the

effects of sodium Iodide and sodium perchlorate could not be Investi

gated because they cause CTAB to precipitate from solution, even when

working at low concentrations of CTAB.

The proton Is not generally Included In lyotroplc series for

cations. The viscosity difference between 0.1 M CTAB-0.1 M NaBr and

0.1 M CTAB-0.1 M HBr may Indicate the existence of a catlonlc lyotroplc

series for CTAB. The proton Is classified as a structure maker In water,

while Na"^ Is a structure breaker. The 0.1 M CTAB-0.1 M KCIO^ system
exhibits a form of hysteresis when run In the Haake Rotovlsco. The

vlscometer Is commonly operated In the low shear rate to high shear

rate direction; for some of our systems following this by a return to

low shear rate gives differing apparent viscosities for the same shear

rate (Appendix I, Table XLV).
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TABLE XII

COMPARISON OF SODIUM BROMIDE AND SODIUM NITRATE; VISCOSITY

OF 0.1 M CTAB SOLUTIONS

[NaBr], M ^KE» [NaNO^], M Ike, cP

0.0100

0.0500

0.0750

1.102 + 0.003

1.520 + 0.020

2.078 + 0.047

0.0100

0.0250

0.0500

0.0750

1.092 + 0.002

1.051 + 0.001

1.849 + 0.003

5.804 + 0.068
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The surfactant CTACl, despite differing from CTAB only In the

nature of Its counterlon^ shows very different viscosity behavior from

CTABi High concentrations of NaCl have no viscosity Increasing effects

for CTACl (Table XIII) ; this Is In agreement with small angle X»-ray

scattering data for CTACl In the absence of salt, which indicates spher

ical micelles are present from 5 to 38% concentration of CTACl by

20
weight. High concentrations of added NaBr do cause viscosity Increases

for CTACl. The resulting high viscosity, at least for 0.5 M NaBr, Is

time-Independent (data collected over two weeks). Indicating that slow

exchange (on this time scale) of bound Br~ Ions for bound Cl~ Ions Is

not occurring. That the viscosity of 0.1 M CTACl-0.5 M NaBr Is so much

smaller than the viscosity of 0.1 M CTAB-0.5 M NaBr Is an example of

a lyotroplc series.

The system 0.1 M CTACl-0.1 M NaBr contains 0.0535 M free Br~

shortly after being made; It contains 0.0575 M free Br~ a week later.

The corresponding values for 0.1 M CTAB-0.1 M NaCl are 0.0415 M and

0.0452 M free Br . The upward drift In free Br concentration seems

to be a consequence of the age of the solutions. These data will be

discussed more fully In a later section. These counterlon binding re

sults, since they were determined In systems containing equal total

concentrations of C1 and Br , suggest that the micelles In each system

do not freely exchange their tightly bound counterlons with Ions from

bulk solvent. This conjecture requires one assume that some surfactant

molecules are always present as tight lon-palrs, since micelle formation
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and breakdown is known to be rapid. An explanation based on slow ex

change rates for the micelles or the ion-pairs is formally possible,

but completely at odds with independent data on the rates of such ex

changes, It seems quite possible that there is some other, experimen-

158
tally related, explanation which has to date escaped us. Patterson,

using the fluorescence lifetime of anthracene as a probe, has found

that C1 ions are poorly bound to CTAB micelles, but Br ions bind fairly

well to CTACl micelles.

Tables XIV, XV and XVI present viscosity results obtained for

CTAB and CTACl in the presence of salts as well as certain organic sol-

99
utes. Urea is known to increase the CMC for CTAB, an effect which

operates through a lowered entropy of micellization. The viscosity

data indicate it also decreases the size of the micelles. The viscosity

of a 0.1 M CTAB-0.1 M urea solution is much less than the viscosity

of a 0.1 M CTAB-0.1 M NaBr solution. Note also that the viscosity of

0.1 M CTAB decreases as the concentration of urea present in the solu

tion increases. Where necessary, the appropriate 0.1 M CTAB-x M NaBr

viscosity was obtained from a graph of the viscosity dependence of

0.1 M CTAB on NaBr concentration. See Appendix V, Figure 26, for the

graph.

As Table XV indicates, 0.1 M CTA^^l solutions containing either

0.1 M NaCl or 0.1 M NaBr have low viscosities in the presence of ben

zene, benzoic acid and 1-hexanol. This implies the presence of small,

spherical micelles, which may arise because the solutes are solubilized

in the CTACl micellar interior. This is not a very realistic assumption
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for 1-hexanol with its polar hydroxyl group, and it is not realistic

at all for benzole acid, which should be appreciably ionized in solu

tion. For the latter two solubilizates, positions close to the micellar

surface (at least the polar groups being in contact with water) are

165
much more likely; for CTAB this kind of solubilization is considered

to lead to decreased surfactant head group repulsions and hence the

growth of large micelles. Table XVI indicates that increases in micelle

size do indeed occur for 0.1 M CTAB-0.1 M MaBr solutions containing

benzene, benzole acid and 1-hexanol, in direct contrast to the same

solutes in CTACl solutions. This worker has no reasonable explanation

for the large difference in viscosity behavior observed when the coun-

terion for CTA'*' ions is changed from C1 to Br . It was, to say the

least, unexpected. It may be connected with the ability of the coun-

terion to effectively interact with the solutes. Further experimental

exploration of this phenomenon is needed.

The 0.1 M CTACl-0.1 M NaBr-0.023 M benzene system also exhibits

NMR behavior strikingly different from the corresponding 0.1 M CTAB

system. Preliminary results show very significant broadening of the

N-methyl and methylene protons for the CTAB system in the presence of

benzene. The methylene region is beginning to split into two regions

of unequal area. Because the benzene protons' resonance is not broad

ened relative to its line width in 0.1 M CTAB without salt (not a viscous

system), the effect on the CTAB proton resonances mentioned is due to

55 218
more than viscosity broadening. Bunton * sees the same behavior

with sodium tosylate in CTAB solutions: the CTAB resonances are
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broadened but the resonances due to tosylate Ion are not. He proposes

that tosylate Ions lie between adjacent surfactant chains, with the

sulfonate group in contact with solvent. He describes the electron-

rich aromatic ring of tosylate ion as "solvating" the hydrophobic

N-methyl groups of the surfactant.

In 0.1 M CTACl-0.1 M NaBr-0.025 M benzene no broadening of the

CTACl resonances occurs. The methylene region (includes all methylene

groups except the one a to nitrogen) shows three peaks where the CTAB

system Shows only one. The NMR spectra are shown in Appendix V, Figures

27, 28, 29 and 30.

The resonances in the spectra were assigned using the HMR data

of Eriksson and Gillberg^^ for 0.1729 M CTAB in the presence of benzene

at 35°. These workers observed relative line widths up to 50 for equi-

molar quantities of benzene and CTAB. Compounds solubilized in the

CTAB micelle interior do not give line broadening of the CTAB resonances.

See Appendix V, Table LXIV for the chemical shift assignments. Eriksson

and Gillberg report all chemical shifts in cy(/les per second relative

to the proton resonance of water as internal standard. The external

standard is chloroform (7.27 6 or 436.2 cps at 60 Mc). From the rela

tive chemical shifts and the value for chloroform, the values in ppm (6)

for each CTA'*' proton resonance and for benzene could then be assigned.

The position of the benzene resonance does not change appreciably on

the addition of NaBr in either the CTAB or CTACl case.

The salts which form a lyotropic series in their effects on the

viscosity of 0,1 M CTAB solutions were looked at again by viscometry
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with benzene, benzole acid and 1-hexanol present. The lyotroplc series

has now changed In one respect: HBr Is now more effective than NaNO^

In causing viscosity Increases. It Is not known why this reversal In

order occurs when solublllzates are present. The form of hysteresis

commented on earlier Is also seen for some systems In Table XVI (p 130).

The KClO^^benzene system shows It at rates of shear other than 25.3 sec ̂
(see Appendix I, Table XLV).

C. Calorlmetrlc Investigations

An Investigation of lyotroplc effects on the thermodynamics of

counterlon binding to micelles was carried out for CTAB, DTAB and NaLS.

The results, expressed as enthalpies of transfer for the salts Involved

from water to aqueous solutions of the surfactants, are collected In

Tables XVII and XVIII. In order to make quantitative comparisons of

the enthalpies of binding of the various Ions used. It would be necessary

to correct the observed enthalpies of transfer for the fraction of coun-

terlons which are actually bound to the micelles. All of the data col

lected represent competition between two different counterlons, rather

than binding of a counterlon in solutions of micelles containing only

that counterlon. Data of the latter type could be obtained by dilution

37
experiments on surfactant solutions, according to Rehfeld. This would

require preparation of a surfactant corresponding to each counterlon.

Rehfeld's method also assiuaes that a changes as the concentration of

surfactant changes, which Is not always the case.

Note that only Ions having charges opposite to the surfactant
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TABLE XVII

ENTHALPIES OF TRANSFER FOR SALTS FROM WATER TO 0.1 M CTAB

SOLUTION AT (25 + 1)"

Salts

AH
3,0,1 M CTAB*
kcal/mole

u n»8, H2(r
kcal/moler

AH^
trans,

kcal/moie

Na3CgH50^'2H20 5.02 + 0.47 1.97 + 0.32^^ 3.05 + 0.57

Na2U03 -2.07 + 0.11^ -4.541 + 0.090*^ 2.47 + 0.14

Na2S0^ 1.49 + 0.12 -0.560 + 0.010® 2.05 + 0.12

NaC2H302 -3.09 + 0.18 -4.140 + 0.050 1.05 + 0.19

NaF 1.10 + 0.04® 0.218 + 0.010 0.88 + 0.04

NaOH -9.84 + 0.02 -10.637 + 0.010 0.80 + 0.02

NaHC02 0.878 + 0.059 0.203 + 0.024® 0.68 + 0.06

NaCl 1.32 + 0.02 0.928 + 0.005 0.39 + 0.02

NaNO^ 3.93 + 0.20 4,900 + 0.050 -0.97 + 0.20

NaBr -1.43 + 0.12 -0.144 + 0.015 -1.29 0.12

NaS03C7H^ -0.965 + 0.045 0.535 + 0.099®*®'^ -1.50 + 0.11

KBr 4.08 + 0,27 4.750 + 0,020 -0.67 + 0.27

LiBr -12.38 + 0.14® -11,670 + 0.050 -0,71 + 0.15

(CH3)^NBr 4.80 + 0.18 5.800 + 0.100 -1.00 + 0.20

NH^Br 2.41 + 0.06® 4.010 + 0.100 -1.60 + 0.12

MgBr2 -39,63 + 1.77 -37.69 + 0.77® -1.94 + 1.93

CaBr2 -25.90 + 0.96 -23.34 + 0.69® -2.56 + 1.03

Extrapolated to infinite dilution using linear least squares
analysis, see Appendix III, Tables LVIII and LIX.
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TABLE XVII (Continued)

b
V, B. Parker, Thermal Properties of Aqueous Uni-univalent

Electrolytes," National Standard Reference Data Series, National
Bureau of Standards 2.

'^This work.

'linear least squares analysis (AH versus /I) on the data of
J. P. Rupert, H. P, Hopkins and C. A. Wulff, J. Phys. Chem.. 69.
3059 (1965). " —

e
K. S. Pitzer and L. V. Coulter, J. Amer. Chem. Soc.. 60, 1310

(1938),

AH versus not gives a straight line.
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head groups can be bound. It has been possible to determine the fraction

of added counterlons bound only for NO^ and OH added to CTAB. These

results will be considered In Section D. The necessary lot^-speclflc

electrodes to do the remaining Ions were not available. The enthalpies

of transfer should also be corrected for the amount of bromide or sodium

Ions, depending on the surfactant being used, which dissociate as a

result of the added counterlohs binding to the micelles' surfaces.

32 10^
The dissociation of bromide Ions from DTAB micelles ' and sodium

37
Ions from NaLS micelles Is an endothermlc process.

Finally, since added salts are known to lower the CMCs of sur

factants, a correction for additional surfactant undergoing mlcelllza-

tlon should be considered. The small AH . observed for NaLS and DTAB
mlc

92
makes this last correction unnecessary. For CTAB, Czernlawskl reports

AH^lc equal to -3.77 kcal/mole, but because of CTAB's low CMC very little

additional surfactant will be mlcelllzed during the course of salt addi

tion. Estimates on enthalpies for structural changes In the micelles

have not been made with any reliability.

Lacking the necessary data on fraction of counterlons bound for

all the salts investigated, the salts studied have been arranged in

lyotropic series based on their observed enthalpies of transfer. For

each surfactant the effects of cations and anlons were studied. One

ion is more effective than another (and hence is placed higher In the

lyotropic series) If the the more effective Ion Is the more

negative of the two. Note that when cations were studied the anlon

of the added salts was kept constant; the reverse was true for studying

the anlons.
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For CTAB the observed lyotroplc series on the basis of the AH
trans

in Table XVII is citrate < CO.^" < So/" < C-H_0 " < f" < 0H~ < HCO„"
3  4 2 3 2 2

< C1 < NO^ < Br < SG^C^H^ . This series closely parallels the one

given for protein denaturation in Chapter II. Being able to observe

such a lyotropic series for observed (no corrections applied)

is indeed gratifying. The series seems to reflect the ability of these

anions to bind to the CTAB head groups on the micellar surface. The

closer the approach of the ion, the more favorable AH^ will be.
*  trans

Hydrophobic interactions may also be important in certain cases, e.g.,

tosylate ion. Indeed a plot of versus Stokes' Law hydrated

124
radii (omitting OH because of its high equivalent conductivity)

for the anions studied gives a reasonable straight line: see Figure 4.

Only tosylate ion is a significant distance off the line. The Stokes'

Law hydrated radius for the benzoate ion was used to approximate the

124
tosylate ion's radius. The contention concerning close approach

of the counterions will be supported later by our work on competitive

counterion binding.

The position of citrate and tosylate obtained agrees with Jenck's

1X5 116
and Robinson's ' work with the tetrapeptide acetyltetraglycyl ethyl

ester (ATGEE). Nitrate ion is observed to be less effective than Br ;

109
this same result was obtained by Cohen in a study on the effective-

112ness of NO^ and Br in lowering the CMC of CTAB. Wan found an order

of effectiveness in lowering the CMC of tetradecyltrimethylammonium

2- -
bromide different from ours for CTAB: SO, < C1 < citrate < Br .

4

The qualitative observation that sodium citrate will produce systems
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of high viscosity when added to CTAB In large amounts has been made

In these laboratories. Citrate Ion thus has different positions In

a lyotroplc series, depending on whether viscosity results or binding

results are considered. This Is probably not the result of our Inabil

ity to correct for the fraction of citrate Ions actually bound to the

CTAB micelles. The anlons which are poorly solvated are the ones which

show the best binding, Indicating a dependence on distance of closest

approach to the catlonlc head groups. This suggests that competition

between two different counterlons for mlcellar binding sites Is largely

electrostatic In nature.

The lyotroplc series observed for cations with CTAB Is < Ll^
+  + + 2+ 2+<  (CH2)^N < Na < NH^ < Mg < Ca . The tetramethylammonlum and

ammonium Ions are out of place compared to the series commonly observed

for proteins (see Chapter II). Wan^^^ has found that < Na"*"

In effectiveness of lowering the CMC of tetradecyltrlmethylammonlum

bromide. Since the cations are not bound to the CTAB mlcellar surface

[with the possible exception of (CH2)^n''", where hydrophoblc Interactions
may play a role] the observed order must be rationalized In terms of

Indirect effects. A good candidate for these Indirect effects Is the

Influence of the cations studied on the structure of water. The cations

2+ 2+ +Include structure makers: Mg , Ca and (CH2)^N and structure break

ers: Ll"*", Na"*" and These Ions are classified on the basis of

their effect on the near IR of HOD; other techniques give slightly differ

ent results. Tetramethylammonlum bromide Is known to decrease the CMC

of CTAB at concentrations up to 0.09 M; thereafter It Increases the
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CMC. This is explained on the basis of micellization being more

difficult in a well-organized solvent (qperates through a decrease in

^^mic^* takes the opposite view: a well-ordered solvent promotes
113micellization. He finds that the CMC of cetylpyridinium bromide

is lowered the most by Li"*", followed by Na"*", then k"*". The order of

the cations in their ability to increase water structure is < Na"*"

< Li < (CH2)^N < Ca < Mg . Ammonium ion has not been looked at
I

by many techniques; it comes between K and Mg on the basis of mea

surement of the activity of water in salt solutions.

The observed order of cations in this work agrees

roughly with the water structure ordering properties of the ions, with

only Na"*" and perhaps NH,"^ significantly out of line. What is AH
trans

measuring? If the CTAB micelles are strongly hydrated, AH may
trans

represent enthalpy effects resulting from structural changes in this

water of hydration (increase or decrease in hydrogen-bonded structure

for example). If this is true, it is hard to imagine why the AH
trans

are the most favorable for the structure-making ions. For structure-

making ions AHg^jj Q is favorable (but AS^ h 0 unfavorable) while
2  * 2

^^s,0.1 M CTAB expected to be particularly favorable.
In the latter case the ion is entering a medium which is already fairly

highly structured, due to the presence of the micelles. The quantity

^®trans be measuring structural changes in the micelles. The
possibility that it represents for additional surfactant going

into micelles as a result of the CMC decreasing can probably be ruled

out. Unfortunately, AH^^^^ values for CTAB in the presence of each of
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the salts are not available. Because of CTAfi's low CMC, however, this

last possibility is considered much less probable than the others.

It should be noted that anions also affect water structure, with

the ability to increase it following the order ClO^ < I < Br < NO^

< C1 < C2H2Q2 < F < OH . V This is the reverse of the observed lyo-

tropic series for the anions with CTAB, indicating that

water structure is not playing a primary role in this case.

The results Table XVIII (p 137) for DTAB and NaLS were run

at surfactant concentrations of five times the CMC in both cases, in

an attempt to utilize solutions containing about the same number of

micelles. Since DTAB and NaLS also both have 12 carbon atoms in their

long alkyl chains, it was felt that the comparison might reveal a signi

ficant difference in behavior toward added salts for cationic and anionic

surfactants, if any such difference existed. The magnitudes of the

are very similar in the two cases,
trans '

2- 2- - -For DTAB the anionic series is CO^ < SO^ < C2H2O2 < HCO2

< NO^ < Br < SO^C^H^ ■, the same order which was found for these anions

with CTAB. Since 0.075 M DTAB has only 65% as many micelles as 0.1 M CTAB

(assuming similar aggregation numbers) one might expect the AH
L L OXIS

value for an anion in DTAB to be 65% of what it is in CTAB (this of

course also assumes that the enthalpy of binding for the anions is in

dependent of surfactant chain length). With the exception of Na2C02,
the AH^ for DTAB are 47 to 89% of the corresponding AH values

trans ® trans

for CTAB. This seems to indicate that the binding characteristics of

the two micellar surfaces are not radically different.
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The values for the anlons studied with DTAB roughly follow

their order of effectiveness in decreasing the CMC and a and in increas

ing the aggregation numbers of DTAb/^ In particular, NO^" was found
to be more effective than Br~ in decreasing the CMC, but less effective

in increasing the aggregation number. Holtzer^^ disagrees with
47Anacker on the effect of anions on a for DTAB. Holtzer finds, using

light scattering (also the technique used by Anacker), that a increases

as the counterion changes from Cl" to Br~ to NO^". The degree of dissoc

iation for DTAB in the presence of any of the salts studied by calor-

imetry, with the exception of NaBr, has not been studied. A plot of

^^trans anions versus their Stokes' Law hydrated radii^^^ again
gives a reasonable straight line (see Figure 5), with carbonqte and

tosylate ions deviating markedly. The carbonate data for DTAB has a

very unusual concentration dependence (Figure 6); a second method of

extrapolation (see Appendix III, Table LVIII) puts the carbonate point

much closer to the straight line (marked by x in Figure 5).

The observed cationic series for DTAB is Li"'" < NH."*" < k"^
4

^  + 2+ 2+
< (CH2)^N < Na < Ca - Mg . For the last two ions the standard

deviation of is very bad. Lithium ion and potassium ion have

changed places, compared to the results with CTAB, and is also

out of place. Lithium ion is a structure maker and should be located

2+ 2+with Ca and Mg if the effect being seen has to do with water struc

ture. Since different methods^^ of detecting the effects of ions on

water structure give different orders for structure makers and breakers,

too much significance should not be attached to the order obtained in
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a particular case. It is disturbing, however, that DTAB and CTAB show

different series of AH for the cations.
trans

The results with NaLS definitely show a lyotropic series for

the cations. The observed AH for the anions studied may correlate
trans ^

with the effect of these anions on the structure of water if one assumes

that tosylate ion will behave the way perchlorate ion does (i.e., as

a structure breaker); SO^C^H^ < C2H2O2 < NO^ < . This assump

tion about tosylate ion's behavior may be invalid because of water struc

ture induced by tosylate's aroms|tic ring.

The cationic results for NaLS give Li"*" < Na"*" < < K*"
+  2+ 2+<  (CH2)^N < Ca . The reported based on a single

injection in the calorimeter, since addition of CaBr2 causes NaLS to

precipitate. The same problem, to a lesser extent, was observed with

KBr. The order observed for AH^ agrees with the effectiveness of
trans ®

these cations in lowering the of NaLS and in decreasing a

for it.^®'^^ It is assumed that i® measuring the binding of

some fraction of the added cations to the NaLS micellar surface.

133 +
Satake has observed that large amounts of the Na bound to NaLS can

2+
be displaced by addition of Mg . Unfortunately, he did not look at

2+ 53
what fraction of the Mg added was bound to the micelles. Goddard

found that the decrease in CMC with the addition of various ions corre

lates very well with the distance of closest approach of the ions to

the charged surfactant heads. The closer the approach, the more the

surface potential of the micelles and the free energy of micellization

decreased. It is felt that the AH values give the correct order
trans ®
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for the actual enthalpies of binding of the cations to the NaLS mlcellar

surface. The Ions which can approach the head groups most closely,

such as K^, give the most favorable AH . In support of this,
ulTelllS

the AH^ for the alkali-metal cations versus their Stokes' Law hydrated
trans '

48 124
radii ' have been plotted; the result Is a straight line (Figure 7).

The value for Is not on the line. It Is Interesting to note that

219
Cordes found the same order of effectiveness In Inhibition by these

cations of the hydrolysis of methyl orthobenzoate In the presence of

NaLS: Ll"*" < Na"^ < NH^"^ < k"^.
For a surfactant already In the presence of high ccmceintratlons

of an added salt, one might be able to obtain enthalpies of binding

for a second salt added In small quantities, without having to take

large structural changes or significant additional mlcelllzatlon Into

account. Table XIX presents the experimental results of adding NaBr

to 0.1 M DTAB In the presence of 0.5 M NaCl, NaF and NaBrO^. Anacker
47

and Ghose have found these three systems to have micelles of very

similar size, using light-scattering techniques. The NaBr

Is the most exothermic In the NaF case, followed by NaBrO^ and NaCl.

This corresponds to the lyotroplc series F < < Cl , Assuming

that at least some F Is bound to the DTAB micelles, the AH^ Indl-
trans

cate It Is most easily displaced by Br . The difference In

for displacement of F and BrO^ Is surprising since their Stokes' Law

hydrated radii are the same, which should Indicate they are bound equally

well. It Is of course plausible that their AGs for binding are the

same but their entropies and enthalpies of binding are not.
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Lyotroplc series effects are also observed for the addition of

salts to O.OCjlS M hexadecylammonium chloride (HACl), CMC equal to
4

0.0011 M. The AH for added NaCl at low concentrations is
trans

-3.91 kcal/mole; it is -0.51 kcal/mole at higher concentrations of added

NaCl. The unusual form of the concentration dependence (Figure 8) may

be due to large structural changes in the micelles, specifically to

a change in micelle size. Addition of sodium tosylate also gives an

exothermic when compared to -0.51 kcal/mole for NaCl this fits

in with lyotropic series effects which were observed with CTAB and DTAB.

The enthalpy of micellization of CTAB in 0.1 M CTAB in the pres

ence and absence of sodium tosylate was studied; the results are pre

sented in Table XX. The enthalpy of micellization in taken as the diff

erence of the enthalpy of solution of CTAB in water below the CMC and

in the appropriate 0.1 M CTAB solution. In the latter case, all the

added CTAB is assumed to form micelles, since the existing solution

will already contain monomers equal to the CMC. The AH „ was obtained

by a single injection technique, changing the calorimeter water for

each new addition of CTAB. The reproducibility of the values was not

good (see Appendix V, Table LXV). No correction is made for pre-CMC

dimerization. In the presence of SO^C^H^ ^'^mic favorable than

in its absence. These values lend further support to our neglecting

enthalpies of micellization in considering our numbers for

the addition of salts to 0.1 M CTAB. Our AH^^^ does not agree very

92
well with that reported by Czerniawski (-3.7 kcal/mole), which was

undoubtedly obtained by the temperature dependence of the CMC, since
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it is reported for 25° to 35°, To obtain information on AG . it would
mic

be necessary to know the CMC of CTAB in the presence of 0.01 M NaSO^C^H^;

this has not been determined. For 0.1 M CTAB, a is 0.22; for 0.1 M CTAB-

0.01 M NisSO^CyH^ the lowest possible a is 0.20 (assuming 100% of the

tosylate ion added is bound to the micelles, see p 161). Using Equation

3 (p 9) (ignoring activity coefficients and [M]), and the CMC for 0.1 M

CTAB-0.01 M NaBr (1.15 x 10 ̂  M, mole fraction 2.08 x 10 to approx

imate the CMC for 0.1 M CTAB-0.01 M NaS0_C,H,, the AG ^ listed in
377' mic

Table XX were calculated. The CMC for CTAB only used was 8.0 x 10 ̂  M,

mole fraction 1.44 x 10 The for the two systems is the same,

probably indicating no significant water-structure effects on micelli-

zation exerted by the tosylate ion.

D. Counterion Binding in Hexadecyltrimethylammonixim Bromide

Solutions Containing Two Counterions

To reinforce the belief that the anions of salts added to cationic

surfactant solutions are bound to the micelles in these solutions and

to obtain true enthalpies of transfer for some of the anions studied

with CTAB, the degree of counterion binding was determined for a few

salts o^her than NaBr. The anions which could be studied were limited

by ion-specific electrodes available in these laboratories and to a

lesser exent by the interferences from certain ions to which the ion-

specific electrodes are subject.

The competition between NO^ and Br for binding to CTAB micelles

was examined at two concentrations of CTAB. See Table XXI for the
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results and Appendix V, Tables LXVI and LXVII for the calculations.

It was found that part of the added NO^" is bound, and this is accom

panied by displacement of some Br~. For both 0.01 M and 0.1 M CTAB

the fraction of NO^ bound is higher at low total concentrations of

NO^ . At both concentrations of CTAB the amount of bound Br" steadily

decreases as NO^ is added. As noted earlier, an ion high in a lyotropic

series is expected to be more effectively bound than an ion lower in

the series. For 0.01 M CTAB a does get smaller as the concentration

of NO. increases; at the higher coi^centrations of added NaNO., NO."
j  3

ions are the bulk of the ions bound to the micellar surface. This is

not the behavior which was found when Br~ was added to 0.01 M CTAB.

There a increased with increasing concentration of added salt; see

Table VIII (pll3). Thus a decreases upon addition of nitrate ions

and increases upon addition of bromide ions. For 0.1 M CTAB a remains

virtually constant as the concentration of NO^" is incre^ised. The re

sults with 0.01 M CTAB and to a lesser extent with 0.1 M CTAB support

178 —Cordes'"^ contention that anions such as NO^" act in micellar inhib

ition of certain reactions by decreasing micellar charge density. The

values of a when NO^ is present are smaller than when NaBr is the only

salt present (see Table VIII).

Competition between OH and Br~ for binding sites on the CTAB

micelles was also investigated: see Table XXII and Appendix V, Tables

203LXVIII and LXIX. Bunton unsuccessfully tried this same sort of exper

iment for CTAB. Hydroxide ion, although quite low on the lyotropic

series, is effectively bound to CTAB micelles. For 0.005 M CTAB a is
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Increased only slightly when OH" is added; some of the Br' bound to

the micelles is displaced. For 0.1 M CTAB a decrease in a with an in

crease in NaOH concentration is seen. The difference between competi

tion with NO^ and with OH seems to be the amount of Br" they are able

to displace from the micelle surfaces. Hydroxide ion is much less effec

tive than NO^ at displacing Br ions from CTAB micelles. This probably

indicates that OH is less firmly bound to the micelle surfaces than

NO^ , which can get closer to the surfactant head groups.

Table XXIIl presents the effect of tosylate ion on Br~ bound

to the CTAB micelles in 0.1 M CTAB. The calculations appear in Appen

dix V, Table LXX. Lack of a tosylate ion specific electrode prohibits

complete characterization of this system. Tosylate ion behaves like

NO^ in that it is very effective at freeing Br from the CTAB micellar

surfaces. It is so effective that the smallest possible a (including

both ions) for the micelles in these systems is 0.20, assuming 100%

of the added tosylate ion is bound. This value was arrived at by adding

the bound Br and the total added SO^C^H^ for each solution reported

on in Table XXIII and then dividing the sum in each case by 0.1 M, the

concentration of CTAB. For 0.1 M CTAB-0.012 M NaSO^C^H^ this gives

1 - a equal to 0.80, the largest 1 - o value, obtained. Hence an a

206of 0.20 is the smallest possible degree of dissociation. Bunton,

using kinetic data and treating tosylate ion as an inhibitor, found

that about 75% of the tosylate present was bound (this was for 0,003 M

CTAB). Because of tosylate ion's interaction with the surfactant

heads^^ it should be very effective at reducing the micellar charge
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density: it spreads the charged head groups apart. This is a mechanism

not available to simple ions such as NO^ or OH . When the molar ratio

of tosylate to CTAB is greater than one, very viscous solutions are

55 218
observed; the micelles actually bear a negative charge. ' It is

found that under these conditions there is almost no Br bound to the

CTAB micelles.

Because Br interferes with the chloride ion specific electrode,

a complete study of C1 and Br competition could not be made. Table XXIV

presents some of the very early counterion binding work; it is felt

that the as obtained, especially at low CTAB concentrations, are too

high. Concentrating on the data for 0.005 M and 0.01 M CTAB (entries

three and five respectively) one sees that C1 does indeed displace

Br from the CTAB micellar surfaces. It is not nearly as good at it

—  — 158 —as NO^ or SO^C^H^ however; Patterson also has observed that C1

is not very effective in its interactions with CTAB. Chloride ion is

about as effective as OH , when one considers the amount of Br displaced

divided by the total amount of an added anion which could potentially

bind to the micelles.

The use of both CTAB and CTACl solutions with the bromide ion

specific electrode was investigated, hoping that the amount of C1 bound

to the CTAB micelles could be determined. However, as Table XXV shows,

two systems identical in the number and kinds of ions they contain do

not give equal amounts of free Br . Perhaps there are some ions in

each case which are not freely exchanged; this was discussed earlier

in connection with the viscosity results. Undoubtedly a more reasonable
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TABLE XXIV

COMPETITIVE COUNTERION BINDING FOR CTAB: BROMIDE IONS
IN THE PRESENCE OF 0.02 M SODIUM CHLORIDE®

[CTAB], M^ Free [Br"], M a
c
a

0.000956 0.000892 0.93

0.00351 0.00268 0.76

0.00501 0.00368 0.73 0.59

0.00599 0.00433 0.72

0.00988 0.00603 0.61 0.49

This concentration of NaCl does not interfere with the
operation of the bromide ion specific electrodes; the standards
contained 0.02 M NaCl.

^CTAB in micellar form; CMC =6.8 x 10~^ M (from Corrin plot
of surface tension data for added NaBr).

'Values from Table VIII (p 113) for CTAB in the presence of
0.02 M NaBr.
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TABLE X3CV

COMPETITIVE COUNTERION BINDING FOR

HEXADECYLTRIMETHYLAMMONIUM ION;
BROMIDE IONS VERSUS

CHLORIDE IONS®

0.1 M CTAB, 0.1 M NaCl 0.1 M CTACl, 0.1 M NaBr
Time elapsed Free [Br ], M Free [Br~], M

0 Days 0.0415 0.0535

6 Days 0.0452 0.0575

These data were obtained with the bromide ion specific
electrode.
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explanation is some change (decomposition) of the solutions with time.

The solutions were stored in stoppered volumetric flasks, so that evap

oration was not a factor.

The effectiveness of the ions studied at displacing Br from

the CTAB micellar surfaces follows a lyotropic series: C1 = OH"

< NO^ < SO^C^H^ . Whether a values for CTAB micelles in the presence

of two counterions depend on the counterions' position in the lyotropic

series is less clear. Addition of 0H~ to 0.1 M CTAB and of NO^" to

0.01 M CTAB decreases a, but addition of NO^" to 0.1 M CTAB results

in a values independent of the NO^ concentration.

The observed fraction of counterions bound for NO^ and OH was

used to compute true enthalpies of transfer for these ions from water

to 0.1 M CTAB solutions. The calorimetric results were corrected for

the enthalpy of displacement of Br using a value of 2 kcal/mole. This

was the value determined for DTAB.^^'^^^ For tosylate ion Bunton's^^^

estimate of 75% of the added tosylate being bound to the micelles was

used. Table XXVI presents the results of these calculations; the details

may be found in Appendix V, Tables LXXI and LXXII. Note that an expres

sion for K, the distribution coefficient for the ions between the bulk

and the micellar phases, of the form [X 1 . /[X~l, ,, was used. Activ-
mlc bulk

ity coefficient effects are neglected; since the concentration of X

in the micellar phase will be quite high, this introduces an error into

64the calculations of the free energy of binding. The entropies of

transfer are quite intriguing; they may be related to the position of

37the ions in the lyotropic series. Rehfeld observes a positive entropy
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TABLE XXVI

THERMODYNAMICS OF BINDING TO THE CTAB MICELLES^

Ion AH, kcal/mole AG, kcal/mole AS, eu

NO3- -3.14 -2.52 -2.1

-b
OH

b

0.76 -2.08 9.5

OH 1.97 -1.51 12

SO3C7H7- -4.57 -2.60 -6.6

Na"*" to NaLS*^ -1.09 -3.4 7.8

a
See Appendix V, Tables LXXI and LXXII for the calculations.

^OH results are for 55% and 32% respectively of total [0H~]
being bound to the micelles,

c  +Data for binding of Na to NaLS micelles, D. J. Eatough and
S, J. Rehfeld, Thermochimica Acta, 2^, 443 (1971).
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of transfer for Na Ions binding to NaLS micelles. Although It Is fre

quently considered that there Is no loss In solvatlon when a counterlon

6 36binds to a micelle, ' loss of solvatlon might be a possible explana

tion for the observed entropies. This predicts OH", a very well-sol-

vated Ion, would have a positive entropy of binding; this Is observed.

Nitrate Ion and tosylate Ion, although poorly solvated In aqueous solu

tion and not expected to show an Increase In solvatlon upon binding,

may be very tightly bound to the CTAB mlcellar surfaces. This Is re

flected In their values. All of the Ions will of course lose

translatlonal entropy upon binding. It must also be pointed out that

the AGs do not necessarily refer to the same standard state, because

the added Ions In each case may be binding to micelles containing diff

erent amounts of bromide Ion already on the mlcellar surface.

In an effort to gain further Insight Into the binding of 0H~,

NO^ and SO^C^H^ to the CTAB micelles, an attempt has been made to

calculate the surface potentials "seen" by these Ions (and Br~ In their

presence) In the bound state. The more closely they are bound to the

head groups, the larger the surface potential they should see. The

surface potential of a charged particle Is the potential difference

between the Interior of the bulk solvent In which the particle Is Im

mersed and some charged surface associated with the particle. For mi

celles, the surface may Include the charged head groups only or It may

Include the bound counterlons and associated water of hydratlon (I.e.,

It may be the boundary of the Stern layer). The Boltzmann's Law dlstrl-

243butlon of counterlons. Equation 39, was used to compute the surface



potentials; this distribution holds for all surface potentials.
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243

/Fy'i . „ +ei|)/kT ,
^bulk " ® " ® (39)

The concentration of X" in the micellar phase, was computed

using the concentration (in moles/liter of the entire solution) of X~

found to be bound to the micelles divided by the volume fraction of

the solution (((>) occupied by the micelles. The use of the volume frac

tion attempts to take into account the finite thickness of the micelles'

Stern layers. Actually, the surface area for a CTAB micelle is less

than a factor of ten smaller than its volume, and relative, not absor

lute, comparisons are the goal of these calculations. For [X~]. ,,
bulk

the uncorrected values for the concentration of free X as determined

by the ion-specific electrodes were used. When only one kind of coun-

terion is present in solution, the calculations are straightforward:

O / /

all ions are included in either [X~] . or [X~], ,, . When two or
mlc bulk

more counterions are present they have been considered separately and

a surface potential (i|j) has been calculated for each kind of ion in

solution. This does not correspond to thermodynamic reality, in that

the micelles would be expected to have only one associated surface po

tential in a given solution. However, if the effectiveness of an ion

in the lyotropic series has to do with how close it can get to the sur

factant head groups, one might expect the tjjs seen by different ions

202 208to be different. Other workers ' have used this kind of separate

consideration of the ions present. An effective ion is said to cause

a decrease in the observed \p for the micelle (this might show up in

the magnitude of the electrokinetic potential at the boundary of the
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Stern layer). However, the ion itself, through the expression given

above, will experience a high surface potential if it is close to the

head groups on the micelle surface, a lower one if it is loosely bound

(farther out in the Stern layer, farther away from the head groups).

The results of the surface potential calculations using the coun-

terion binding data presented earlier are given in Table XXVII. Appen

dix V, Tables LXXIII, LXXIV, LXXV and LXXVI contains the complete calcu

lations. The first data were included to indicate that the surface

potential depends inversely on the ionic strength of a solution. The

results using CTACl and CTAB may be compared directly (because all coun-

terions were included in computing ijj) to get an idea of how closely

the two kinds of ions approach the hexadecyltrimethylammonium head groups.

Clearly, the bromide ion is located closer to the head groups than the

chloride ion, at least at the higher concentrations of added electrolyte.

The data on the binding of NO^" and 0H~ to the CTAB micelles

and of Br to the micelles in the presence of SO^C^H^" should be used

only to establish relative positions in the Stern layer for the particu

lar system under consideration. The NO^" data should not be compared

with the OH data, for example. With these limitations in mind, it

can be seen that NO^ and Br "see" similar surface potentials for 0.01 M

CTAB, while NO^ sees consistently higher potentials than Br~ in the

presence of 0.1 M CTAB, Hydroxide ion also sees lower surface potentials

than bromide ion at some concentrations of added hydroxide ion. It

is felt that the latter two iis (at NaOH concentrations of 0.02 M and

0.01 M) are probably in error; the corresponding binding data are
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therefore probably also in error. It seems that the values for 0H~,

if the assumptions of the limited validity of these surface potentials

are correct, should be appreciably smaller than those for Br . This

is true only at two concentrations of added NaOH, 0.04 M and 0.03 M.

To the extent to which comparison from one system to another can be

made, it is seen that addition of nitrate ion (0.01 M) is more effective

than either 0.01 M tosylate ion or 0.01 M hydroxide ion at excluding

Br (as measured by its surface potential) from close binding to the

CTAB head groups in 0.1 M CTAB.

208 -w
Bunton has computed ip to be 107 mV for the OH*" ion in 0.003 M

CTAB-0.015 M borate buffer; he compares this value to the Guoy-Chapman

potential (151 mV) and electrokinetic potential (81 mV) for CTAB. Unfor

tunately, he uses the wrong values for these potentials. At the CMC

212for CTAB the electrokinetic potential (c) is 103 mV; using C - 0.55i);-„,

the Guoy-Chapman potential is 187 mV. As the concentration of CTAB

and added electrolyte increases these potentials will both decrease.

The values obtained in our work for \p for 0H~ are probably just within

the value of the electrokihetic potential, indicating fairly loose bind

ing for OH .

It is felt that the work discussed in this Chapter has established

the usefulness of calorimetric investigation and the use of ion-specific

electrodes for characterizing surfactant systems containing more than
I

one species of counterion. Certainly the large differences in proper

ties observed when the counterion for CTAB is changed to Cl~ (giving

CTACl) are remarkable. Finding cationic lyotropic series operating
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for CTAB and DTAB was unexpected. Addition of counterIons such as

OH and SO^C^H^ were found to either decrease or not affect a for the

CTAB micelles. A decrease In a with these additions has been widely

Invoked by those who study mlcellar catalysis.



CHAPTER VI

PROPERTIES OF MICELLES IN THE PRESENCE OF ORGANIC SOLUTES

A. Background

The effect of various organic solutes on micelle size and coun-

terlon binding for CTAB and to a lesser extent NaLS are of considerable

Interest for a variety of reasons. Some reports about solutes either

Increasing or decreasing the extent of counterlon binding have

appeared. This kind of data could explain the results

of mlcellar catalyses where electrostatic stabilization by a mlcellar

surface of a transition state for the reaction has been Invoked. Data

on the thermodynamics of solute binding to CTAB micelles were also thought

to be of potential value In explaining some aspects of mlcellar cataly

sis. In particular, some Information about the position of solublllzates

within the micelles might be obtained from these binding data. Strictly

speaking, binding of an organic solute to a micelle means transfer from

the bulk solution to the mlcellar phase, while solublllzatlon refers

64
to transfer of the solute from Its pure state to the mlcellar phase.

B. Viscosity Results

Our early work on the Interaction of organic solutes with micelles

was directed toward effects on mlcellar size. Table XXVIII presents

the results of a viscosity study using 0.10 M to 0.30 M NaLS with 0.1 M

NaBr and a variety of organic solutes. None of these solutes produces

a significant viscosity Increase over the value for the solution without

174
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TABLE XXVIII

EFFECTS OF ORGANIC SOLUTES ON THE VISCOSITY OF

NaLS SOLUTIONS CONTAINING 0.1 M

SODIUM BROMIDE AT 25°

[NaLS], M Organic solute
[Solute],

M KE. cP
rirel
solute)

0.1000 — — 1.000 + 0.005 —

Benzene 0.0261 0.998 + 0.017 0.998 + 0.018

Benzene 0.0339 1.045 + 0.003 1.045 + 0.006

Benzene 0.0800 1.044 + 0.002 1.044 + 0.006

Benzene 0.1540 1.036 + 0,006 1.036 + 0.008

Benzole acid 0.0220 1.014 + 0.001 1.014 + 0.005

1-Hexanol 0,0242 1.021 + 0.002 1.021 + 0.006

0.2000
—

— 1.135 + 0.004 —

Benzene 0.0294 1.139 + 0.019 1.004 + 0.017

1-Hexanol 0.0285 1.194 + 0.039 1.052 + 0.034

0.3000
—

—
1.305 + 0.023 —

Benzole acid 0.0240 1.435 + 0.017 1.100 + 0.023
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organic solutes; such an Increase would Indicate a change in micellar

size. These viscosities are not a strong function of the cation of

the added electrolyte. Thus 0.1 M NaLS-0.025 M 1-hexanol with KBr up

to the concentration at which NaLS starts to precipitate (0.02 M KBr),

is not a viscous system. This is a qualitative observation.

For CTAB, on the other hand, the solutes studied fall fairly

cleanly into two classes: those which cause little or no viscosity

increase and those which cause significant viscosity increases. The

results appear in Table XXIX. Members of the latter class of solutes

include benzene, naphthalene, benzoic acid, 1-hexanol, carbon tetrachlor-

ide, chloroform and methylene chloride.

The compounds which produce little viscosity change when added

to 0.1 M CTAB-0.1 M NaBr may either be solubilized in the micellar in

terior or not solubilized at all. The compounds which produce viscosity

increases include some, such as benzene, which are known to be solubil

ized at or near the CTAB micellar surface^^ (see the NMR data discussed

in Chapter V, Section B). Presumably this mode of solubilization would

increase the distance between the charged surfactant head groups, de

creasing their electrostatic repulsion and allowing micellar size to

This should perhaps also result in decreased counterion

binding. Mathews has looked at the effect of carbon tetrachloride

and 1-hexanol on counterion binding for 0.1 M CTAB-0.1 M NaBr; he finds

that the addition of organic solutes does not alter the counterion bind-

83ing. Lindblom has explained this as the result of competition between

increased counterion binding caused by a sphere to rod transition for
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TABLE XXIX

EFFECTS OF ORGANIC SOLUTES ON THE VISCOSITY OF O.I M CTAB
SOLUTIONS CONTAINING O.I M SODIUM BROMIDE AT 25°

Organic solute [Solute], M ^rel (to no solute)®

n-Hexane 0.00805 I.152 + O.OII

Ethanol 0.01033 0.979 + 0.007

Sucrose 0.00889 0.981 + 0.003

Ethyl acetate 0.00724 1.003 + 0.004

Acetic acid 0.01345 0.942 + 0.013

d,^-AIanine 0,01028 0.990 + 0.019

£-(-)-Tyrosine 0.00204® 0.914 + 0.013

Naphthalene <0.00995® I.791 + 0.045

Benzene 0.0097^ 4.006 + 0.66, 7.4^

0.0II07 3.430 + 0.216

0.0II07® 9.789 + 0.044

0.0253^'

M-l
MC

00

Benzole acid 0.00872 8.550 +0.094

0.0250^ 102^

I-Hexanol 0.00881*^ 3.942 + 0.166

0.0290^ 154^

Carbon tetrachloride 0.0184^' 71.8^

Chloroform 0.0158^ 36.8^

Methylene chloride 0.0 318*' 26^
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TABLE XXIX (Continued)

^ot very soluble.

b-m.These systems are non-Newtonian,

After warming the solution to 62® and allowing it to cool.

'^This system is Newtonian.
0

Some of the early work used unrecrystallized CTAB. n^el is
independent of the method of purification, as was verified using
different samples of CTAB for the same additive.

^Shear rate is 25.3 sec data were obtained using the Haake
Rotovisco. rino solute = 3.787 cP, except for benzoic acid, where
hno solute " 4.494 cP and the chlorinated hydrocarbons, where
^no solute ® 4.290 cP.
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the micelles (the area per head group decreases from 76 to 51

in the case of CTAB micelles having 95 monomers, see Appendix VI,

Table LXXVII) and decreased counterion binding caused by 1-hexanol's

mode of solubilization.

Naphthalene, although not very soluble, clearly falls into the

second class of solutes. This is interesting in light of fluorescence

data which indicates that pyrene, an even larger aromatic hydrocarbon,

98
is solubilized in the interior of CTAB micelles. The chlorine-substi

tuted methanes produce an interesting series of relative viscosities:

the more chlorines which are present, the higher the viscosity. This

may be the result of London dispersion interactions between the N-methyl

groups of the CTAB head groups and the chlorine atoms of the solutes.

NaLS is known to form rod-shaped micelles, but only at concen

trations above 25% of surfactant by weight. It is also thought to sol-

ubilize benzene in its hydrocarbon interior, but the position of

1-hexanol in the NaLS micelle is almost certainly radial orientation,

with the hydroxyl group situated at the micellar surface. This is sup

ported by counterion release from NaLS micelles containing 1-hexanol.

Because of this, it is surprising that no evidence of micellar size

increase is detected. Although NaLS has a higher CMC than CTAB, the

difference in the number of micelles present in 0.1 M solutions of the

two surfactants is probably not sufficient to account for the low vis

cosities observed with NaLS. If large micelles were present in the

NaLS systems, the viscosities obtained would reflect this.

The intrinsic viscosities were determined for CTAB solutions
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containing a few solutes from the two classes of solutes which could

be differentiated using the viscosity results in Table XXIX (p 177).

These systems are presented in Table XXX; the raw data appear in Appen

dix VI, Tables LXXVIII and LXXIX. Chronologically the first system

which was examined was CTAB in the presence of 0.1 M NaBr and 0.025 M

benzoic acid. This system has two CMCs, the first at 7.95 x 10~^ M,

determined by surface tension, the second at 1.57 x 10 M, determined

from the intersection of the two polynomials (see Appendix VI, Table LXXX

and Figure 31) which describe the intrinsic viscosity data. This system

is characterized by very high intrinsic viscosities; they correspond

to axial ratios of 65 and 146 in the two regions. Next CTAB with 0.02 M

NaBr and 0.025 M benzoic acid was investigated; an n /C versus C
sp m m

plot resulted which was unlike any which had previously been observed.

The data for this system are presented in graphical form in Appendix VI,

Figure 32. Because structural changes in the micelles might be occurring

as the molar ratio of benzoic acid to CTAB changed in this system, it

was decided to do the remaining intrinsic viscosity work using a con

stant molar ratio of organic solute to CTAB: 0.25. The resulting in

trinsic viscosities can be used to divide the solutes into two classes,

just as the results in Table XXIX could be used. The hydrocarbons

rx-hexane and ii-octane give intrinsic viscosities which are lower than

the intrinsic viscosity, 9.11 ml/g, for CTAB in 0.1 M NaBr. The micelles

in these systems are nearly spherical; their aggregation numbers are

probably lower than the aggregation numbers for CTAB micelles in 0.1 M

NaBr. In the absence of NaBr n^octane increases the aggregation number

of CTAB micelles (as observed by light scattering).
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TABLE XXX

INTRINSIC VISCOSITIES OF CTAB SOLUTIONS CONTAINING
SODIUM BROMIDE AND VARIOUS ORGANIC SOLUTES

[NaBr], M Organic solute^ [n], ml/g
f
P

0.1000 n;-Hexane 3.11 + 1.05^ -2

0.1000 n-Octane 3.90 + 0.19^' =3

0.0200 Benzole acid 4.45 + 0.20*^ 3.6

0.1000 Benzole acid 13.3 +0.5*^ 9.9

1-Hexanol 16.7 +0.5*^ 11.6

0.025 M benozic acid 199,828® 65,146

The organic solute is maintained at 25% of [CTAB] throughout
the experiments, except where indicated.

b
Determined by linear least squares analysis. Appendix VI,

Table LXXIX.

'^Raw data fit to a third order poljmomial. Appendix VI,
Table LXXIX.

^Raw data fit to a fourth order polynomial, Appendix VI,
Table LXXIX.

®  —3This system exhibits a second CMC at 1.57 x 10 M; the raw
data fit two third order polynomials which intersect at the second
CMC. See Appendix VI, Table LXXX.

f
Calculated assuming prolate ellipsoids, with the exception of

0.1 M NaBr, 0.025 M benzole acid, where the rod model was used. See
Appendix VI, Table LXXXI.
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Benzole acid and 1-hexanol probably both increase the aggregation

number of the CTAB micelles over its value in CTAB-0,1 M NaBr. 1-Hexanol

is more effective in this regard than benzole acid. The difference

in behavior of the two kinds of solubilizates almost certainly reflects

their different solubilization sites in the CTAB micelles. The actual

values of p reported for these systems should be considered in a qual

itative sense only, because the equations for A(p) hold only for

1  229p >> 1.

C. Effect of Organic Solutes on Counterion Binding

Release of a micelle's counterions, as mentioned earlier, is

one way in which solubilization at the micellar surface can be detected.

83Lindblom has shown that the counterion binding of CTAB micelles con

taining 1—hexanol depends on their size. In order to completely char

acterize such a system a range of CTAB concentrations would have to

be investigated. However, work done at a single concentration may also

be useful; an example is counterion binding measurements taken in "kine

tic" systems. By this is meant studying the effects on counterion bind

ing of reactants and products for a reaction which is catalyzed by the

CTAB micelles. If the reactant and/or product cause an increase in a,

and a high degree of dissociation for the micelles is important to the

micellar catalysis, useful insight into the course of the reaction has

been gained.

Appendix VII, Tables LXXXII, LXXXIII and LXXXIV contain the

effects of methyl salicylate and salicylic acid on a for CTAB micelles.

Catalysis by CTAB of alkaline hydrolysis of methyl salicylate has been
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investigated; the results are presented in Chapter VII. The a values

for CTAB in the presence of the carbonate buffer used are also included

in Appendix VII, Table LXXXII. Although the a values seem much too

high, their relative values have significance. This comparison shows

that salicylic acid probably displaces a small amount of bromide ion

from CTAB micelles in 0.001 M to 0.01 M solutions of CTAB; methyl sal-

icylate is less effective. In any event the effects are certainly not

large.

Counterion binding to very large CTAB micelles has also been

investigated, using 0.1 M CTAB-0.1 M NaBr in the presence of benzene

and benzoic acid. Table XXXI presents these results. It should be

noted that some displacement of bound bromide ions by the solutes used

was observed, since o is 0.19 for 0.1 M CTAB-0.1 M NaBr. Values of a

of 0.41 and 0.43 for benzene and benzoic acid respectively were observed

at 25®; these solute concentrations are higher than those used by

Mathews,^^^ who observed no solute effect on a for the 0.1 M CTAB-0.1 M

NaBr system. An increase in a is also seen with an increase in temper

ature, which is consistent with the enthalpy of bromide ion binding

being exothermic. The most interesting aspect of the results presented

in Table XXXI is the observed dependence of the counterion binding on

the rate at which the solutions are stirred. A small paddle stirrer

with a-variable speed motor was used. Stirring consistently increases

a, except for the benzoic acid system at 39.2°. In some cases after

stirring was stopped a continued to increase or decrease, then "changed"

direction, approaching what it was prior to stirring. In other cases



TABLE XXXI

EFFECT OF STIRRING ON CTAB COUNTERION BINDING;

0.1 M CTAB-0.1 M NaBi-0.070 M BENZENE

AND 0,1 M CTAB-O.l M NaBr-0.0540 M

BENZOIC ACID
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Rate of

Stirring,
T,''C rpm

a before

Stirring
a after

Stirring Nature of decay

25

25

25

25

40

40

25

25

25

25

25

39.2

39.2

39.2

39.2

Benzene:

No solute 0.19

500 0.43

700 0.41

900 0.45

500 0.85

700 >1.0

Benzoic acid:®

400 0.43

500 0.42

500 0.38

700

700

400

500

500

700

0.38

0.38

0.56

0.52

0.74

0.65

0.55

0.53

0.52

1.03

0.45

0.44

0.42

0.42

0.42

0.61

0.47

0.70

0.55

Simple decay back to 0.43

Simple decay back to 0.41

Simple decay back to 0.45

Decay back to 1.0, then
reversed to 1.12

Simple decay back to 0.43

Simple decay back to 0.38

Fluctuation, then simple
decay

No decay

Very little decay

No decay

Simple decay past 0.52

Simple decay back to 0.90

Simple decay back to 0.62
then reverses to 0.52
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TABLE XXXI (Continued)

Rate of

Stirring, a before a after

T,°C rpm Stirring Stirring Nature of decay

39.2 700 0.62 0.63 a increases to 0.82, then
simple decay back to 0.74

^aBr standards for preparing calibration plot were used at
the listed temperatures.

^See Appendix VII, Figures 33, 34, and 35 for plots of the
decay. For benzole acid only the first run at each stirring rate
is plotted.



186

a may ultimately end up smaller or larger than it was before stirring

was begun. This behavior is described as decay behavior in Table XXXI;

the complete time dependence for each system appears in Appendix VII,

Figures 33, 34 and 35. The experimental readings in millivolts versus

seconds elapsed after stirring was stopped have been plotted; the larger

the millivolt reading (in a negative sense) the more free bromide ion

is present in the solutions. After taking readings at 25" for the solu

tion containing benzene, a new solution was prepared for the readings

at 40°, because benzene is quite volatile.

The increase in a for both benzene and benzoic acid seems to

indicate that stirring either causes some of the bound bromide ions

to be sheared off the micellar surfaces or causes a decrease in micelle

size. Certainly the micelles present in these systems are quite large

and are interacting with one another during the stirring. As considered

in Chapter IV, Section C, stirring can affect a even in systems which

are not very viscous, such as 0.1 M CTAB-0.1 M NaBr. The slow decay

behavior for a which is seen in the systems presented in Table XXXI

contradicts the widely held belief that processes such as micelle for

mation and solute binding are very rapid. The decay behavior of the

bromide ion binding may either reflect slow binding of countdrions to

the micellar surfaces or the reformation of large micelles from small

micelles produced by the stirring (this is the sort of shear denatura-

tion discussed in Chapter IV, Section C, which may also be reflected

in an increase in CMC). There is evidence for the formation of large

CTAB micelles being a slow process. Lindblom^^ has indicated

that large CTABI micelles show lower a values than small CTAB micelles.
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D. Calorlmetrlc Investigations

In studies of mlcellar catalysis the distribution coefficient

K for the starting material (between mlcellar and bulk phases) Is fre

quently determined by using gel filtration chromatography.^^ The concern

Is to establish that a significant fraction of the material undergoing

reaction Is actually solublllzed by the micelles at the surfactant con

centrations where significant rate enhancements are observed. However,

little attention has been directed toward complete thermodynamlc char

acterization of the binding of organic solutes to the micelles. When

such characterization Is attempted, It Is common to obtain enthalpies

of binding by determining K for a system at several temperatures. How

ever, this Introduces the possibility of temperature-Induced size changes

In the micelles being studied. No studies are available for CTAB.

64
Binding of solutes to micelles may be of two types, one follow

ing a distribution law, K » [solute]^^^/[soluteJ^^^j^ and the other being

of the Langmulr type. Equation 40, where and n are Langmulr parameters

for the system under Investigation. The former type of binding has

been assumed for the solutes In this work for which attempts to calcu

late AG, . are made.
binding

The enthalpies of binding to CTAB micelles for a wide range of

organic solutes have been Investigated calorlmetrlcally. The concen

tration of CTAB used was 0.1 M CTAB; because of this high concentration,

application of the results to systems used In mlcellar catalysis may
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be inappropriate. One-tenth molar CTAB was chosen because considerable

data (using other experimental techniques) had been previously collected

at this concentration. It is also a convenient concentration because

amounts of solutes sufficient to get experimentally detectable heat

evolution or absorption due to binding may be used. This would not

be possible using very low concentrations of CTAB>

The values reported here are uncorrected for the frac

tion of solute which actually binds to the micelles, but for materials

of low water solubility the fraction can be expected to be close to

one. The effects of two organic solutes, benzoic acid and carbon tetra-

chloride, on AH for NaBr in 0.1 M CTAB were also briefly investi-
t Alls

gated. The results are presented in Table XXXII; both solutes decrease

AHtrans value in 0.1 M CTAB alone. This phenomenon has little

to do with decreased counterion binding per se.^®^ It may reflect a

change in the nature of the binding sites available to Br~ on the CTAB

micelles: the distance of closest approach for Br and the charged

head groups may be increased.

Table XXXIII includes several solutes which had been investigated

by viscometry previously. It is interesting to note that the observed

AHtrans water to 0.1 M CTAB do not correlate with a solute's abil
ity to induce micellar growth (as measured by viscometry) in 0.1 M CTAB-

0,1 M NaBr. The calorimetric investigation was not carried out using

added NaBr precisely because of these large viscosity changes. It was

impossible experimentally to maintain an adequate baseline (due to heat

of stirring effects) when solute injections caused a large change in

viscosity.
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TABLE XXXII

ENTHALPY OF SOLUTION OF SODIUM BROMIDE IN O.I M CTAB
SOLUTIONS CONTAINING ORGANIC SOLUTES AT (25 + I)°

AH
8, O.I M CTAB' AHtrans.

Organic Solute kcal/mole kcal/molea

-1.43+0.12 -1.29 +0.12

0.010 M benzole acid -1.32 + 0.07 -I.IB + 0.07

0.010 M carbon tetrachloride -I.II + 0.16 -0.97+0.16

H n -0.144 + 0.015 kcal/moIe. See Table XVII
(p 135).
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TABLE XXXIII

ENTHALPIES OF SOLUTION OF MISCELLANEOUS ORGANIC SOLUTES
IN 0.1 M CTAB SOLUTIONS AT (25 + 1)'L 0

s, 0.1 M CTAB' , H2O* ^^trans*
Solute kcal/mole kcal/mole kcal/mole

n-Hexane 0.858 + 0.511^ 0.112 + 0.029® 0.75 + 0.51

Cyclohexane 0.604 + 0.307® 0.062 + 0.020® 0.54 + 0.31

1-Hexanol -0.714 + 0.047 -1.11 + 0.08*^ 0.40 + 0.09

Carbon tetrachloride 0.048 + 0.045 -1.022 + 0.407® 1.07 + 0.41

Chloroform -1.38 + 0.17 -0.167 + 0.068 -1.21 + 0.19

Methylene chloride -0.171 + 0.085 -0.349 + 0.100 0.18 + 0.13

Bromoform -2.32 + 0.19 -0.177 + 0.055^ -2.14 +0.20

Uracil 6.39 ± 0.11^ 6.40 + 0.20^ -0.01 + 0.23

Cytosine 5.15 + 0.17 5.15 + 0.06 0.00 + 0.18

a
Average of five and four runs respectively, two for each

compound at very high stirring rates in the calorimeter, in order
to attain solution.

Extrapolated to infinite dilution by linear least squares
analysis. See Appendix III, Tables LVIII and LIX.

'^F. Frank, Nature, 224. 1293 (1969).
d
R. Aveyard and A. S. C. Lawrence, Trans. Faraday Soc.. 60.

2265 (1964). —

0

Computed by least squares analysis of the temperature
dependence of solubility. See Appendix III, Table LX.
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Assuming that for ̂ -hexane from water to the CTAB micelle

interior is -1.4 kT (-839 kcal/mole) per methylene group, ri-hexane

has a large positive (19 eu). This is to be expected because

of the break-up of the iceberg regions which form around hydrocarbon

chains in aqueous solution.

The results for carbon tetrachloride, chloroform and methylene

chloride were expected to parallel the results obtained in the viscos

ity studies, Table XXIX (p 177), with carbon tetrachloride having the

most exothermic 4H . Presumably the AG values do parallel
uLaiis uirsns

the viscosity results. The order of the AH obtained for these
trans

solutes may reflect differences in their water solubility. Since methyl

ene chloride is more soluble than the other solutes in water, a smaller

fraction of methylene chloride would be expected to be bound to the

CTAB micelles. There may also be significant desolvation of the micel-

lar surface caused by binding of these solutes. The desolvation,

as well as the solute's effect on counterion binding, would contribute

to the observed ^^^rans Bromoform has a very favorable

^Htrans' comparing it with chloroform indicates the importance of London

dispersion interactions, bromine being more polarizable than chlorine.

The effects of a number of functional groups on solute binding

were studied using and compounds. Originally compounds were

tried, but their low solubility in water precluded easy determination

of their AH^ ̂  ̂  values. Because of hydrogen bonding possibilities

and/or electrostatic stabilization the functional groups studied were

expected to be located at or near the CTAB micellar surface. The
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hydrocarbon chain would then be oriented radially between surfactant

chains. No strong dependence of AH on the nature of the function-
trans

al groups present was found, as the data in Table XXXIV show.

Aromatic solutes are known to interact strongly with CTAB mi

celles; surface solubilization occurs first, followed by transition

to interior solubilization at high concentrations of added solute.

For the solutes which were studied by calorimetry the molar ratio of

solute to CTAB was considerably less than one, so that surface solubil

ization was expected to be operative. Attempts were made to get enthal

pies of binding for biphenyl, naphthalene, phenanthrene and anthracene,

but these aromatic hydrocarbons were not sufficiently soluble in 0.1 M

CTAB for this purpose. All of the solutes in Table XXXV showed favor

able enthalpies of binding. It is felt that in all cases the aromatic

rings are interacting with the N-methyl groups of the surfactant mole

cules and the positively charged nitrogen:

+ /CH3

If X can be a negatively charged group, the interaction should be espec

ially favorable. In this connection, Nash^^^ has observed a shift in

pK^ toward increased dissociation for pjienol in the presence of CTAB;

245Bruice however did not observe this shift. One might also expect



TABLE XXXIV

ENTHALPIES OF SOLUTION OF ORGANIC SOLUTES CONTAINING

REPRESENTATIVE FUNCTIONAL GROUPS IN 0.1 M CTAB
SOLUTIONS AT (25+1)°
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Solute

0.1 M CTAB' H2O'
kcal/mole kcal/mole

trans'

kcal/mole

Butyric acid -0.384 + 0.048 -0.391 + 0.036^ 0.01 + 0.06

Valeric acid -0.391 + 0.100 -0.089 + 0.019^ -0.30 + 0.10

Methyl butyrate -1.29 + 0.12 -1.85 + 0.13 0.56 + 0.17

Butyramide 2.17 + 0.22 1.94 + 0.27 0.23 + 0.34

Valeramide 2.62 + 0.11 2.23 + 0.14 0.39 + 0.18

Butyraldehyde -3.09 + 0.25 -3.98 + 0.17 0.89 + 0.30

2-Butanone -2.63 + 0.10® -2.71 + 0.03® 0.08 + 0.10

Butyronitrile -0.509 + 0.017 -0.754 + 0.055 0.25 + 0.06

iv-Butylamine -5.31 + 0.25 -5.576 + 0.002® 0.26 + 0.25

Extrapolated to infinite dilution by linear least squares
analysis. See Appendix III, Tables LVIII and LIX.

J. Konicek and I. Wadso, Acta. Chem. Scand., 25. 1541 (1971)
report -0.350 + 0.001 kcal/mole.

c
Same work cited in footnote b above.
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TABLE XXXV

ENTHALPIES OF SOLUTION OF AROMATIC ORGANIC SOLUTES IN

O.I M CTAB SOLUTIONS AT (25 + 1)°

O.I M CTAB' H2O' ^^trans'
Solute kcal/mole kcal/mole kcal/mole

Methyl sallcylate 0.107 + 0.046 0.489 + 0.629 -0.38 + 0.63

Nitrobenzene 0.155 + 0.081 1.050® -0.90 + 0.08

Chlorobenzene -0.792 + 0.050 -0.053® -0.74 + 0.05

Aniline -1.40 + 0.08 0.275® -1.68 + 0.08

Benzaldehyde -0.124 + 0.062 1.47 + 0.14 -1.59 + 0.15

Benzamide 3.73 + 0.12 4.60 + 0.39 -0.87 + 0.40

2-NaphthoI -1.45 + 0.31 1.970® -3.42 + 0.31

^A. Katayama, T. Takagishl, K. Konlshi and N. Kurokl, KoIIold
Z.-Z. Polym., 210, 126 (1966), measured at 25.8°.
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such a shift in dissociation constant for substituted phenols and ben-

zoic acids.

Table XXXVI presents observed AH (binding) for several ben-
trans

zoic ecids. These compounds were studied because of Wan's^^^ report

that only salicylic acid (of those presenteid in Table XXXVI) produces

significant viscosity effects when added to CTAB (no salt present).

The enthalpies of binding which were observed do not reflect this selec

tivity. It had been hoped that the increase in micellar size observed

when salicylic acid is added to CTAB, because it does indicate strong

binding for this solute, would result in a large exothermic AH .
trans

All of the acids studied do show favorable AH
trans

Wan^^^ has determined the solubilities of these substituted ben-

zoic acids in CTAB solutions of varying concentration; applying Equa

tion 41^^ to her data one can determine the distribution coefficient

K for each substituted benzoic acid. The quantity C^ refers to the

y = + y„(K - i)vc (4i)
S o m

concentration of surfactant in micellar form; v is the partial specific

volume of surfactant in solutiOnt When C^ is expressed in grams of

micellized surfactant per milliliter of solution and v is expressed

in milliliters/gram vC = <|>, which is the volume fraction of solution
m

occupied by the micelles. The concentration of solute in bulk solution

is y^, and the total concentration of solute is y. Use of Equation 41

is made necessary by the way in which Wan's solubility data are presented:

as plots of solute concentration (w/v) versus CTAB concentration (w/v).

This work assumes that K is of the form [solute] ̂  /[solute], ,, . but
mic bulk'
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TABLE XXXVI

ENTHALPIES OF SOLUTION OF BENZOIC ACIDS IN 0.1 M CTAB

SOLUTIONS AT (25 + 1)°

AH
s

Solute

, 0.1 M CTAB'
kcal/mole

H2O'
kcal/mole

AH^
trans

kcal/mole

Benzole acid 2.30 + 0.20 6.92 + 0.04® -4.62 + 0.21

Benzole acid 2.30 + 0.20 6.577 + 0.412*^ -4.28 + 0.46

jo-Nitrobenzoic acid 3.34 + 0.51 5.06 + 0.60 -1.72 + 0.79

o-Chlorobenzoic acid 4.69 + 0.20® 6.44*^ -1.75 + 0.20

o-Aminobenzoic acid 2.44 + 0.26 6.39 + .0.61 -3.95 + 0.66

2_-Aminobenzoic acid 4.40 + 0.16 5.58 + 0.70 -1.18 + 0.72

0;-Hydroxybenzoic
acid (salicylic acid)

2.42 + 0.11®'^ 7.74 + 0.20®*® -5.32 + 0.24

£;-Hydroxybenzoic acid 1.70 + 0.22 6.83 + 0.12 -5.13 + 0.25

Extrapolated to Infinite dilution by linear least squares
analysis. See Appendix III, Tables LVIII and LIX.

^Average of two runs.
Q

Computed by least squares analysis of the temperature
dependence of solubility. See Appendix III, Table LX.

international Critical Tables. 148 (1929).

Temperature dependence of the solubility gives slightly
different results. See Appendix III, Table LX. Reference d gives
6.38 kcal/mole.
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It is impossible to verify this using only solubility data in saturated

64systems. The K which is chosen should always include the true con

centration of solute in the micellar phase. Neither the expression

for K chosen by Cordes^^® nor the expression chosen by Bunton^^^ fulfills

this requirement. Activity coefficients have been assumed to be unity

in both the bulk solvent and micellar phases.

The Ks determined from Wan's data appear in Table XXXVII; the

calculations appear in Appendix VII, Table LXXXV. Salicylic acid has

the highest partition coefficient of the acids studied, but the quan

titative differences are not large. Note that Wan's work was done at

pH 2. From these Ks the free energies of binding were calculated

(Appendix VII, Table LXXXVI); the observed enthalpies were corrected

for the fraction of material actually transferred to the micelles.

The calorimetric data were not corrected for any possible increase in

ionization which might accompany the transfer. The enthalpies of ion-

ization for these acids range from -3 to +1 kcal/mole;^^^'^^^ except

for benzoic acid (0.0) they should be taken into account. The case

of f o acid illustrates the maximum magnitude for this heat

of ionization effect. The pK for ̂ -nitrobenzoic acid in water is

2482.16; addition of 0.004 mole of acid (typical amount used in cal-

orimetry) to 200 ml water would result in 31% ionization for the acid.

If 0.1 M CTAB shifts the pK one unit, to 1.16, addition of 0.004 mole
di

of acid to 200 ml 0.1 M CTAB would result in 80% ionization for the

acid. The observed heat for 0.002 mole of acid ionizing would be

— 3 kcal/mole x 0.002 mole or 6 cal. The observed heat of transfer
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TABLE XXXVII

THERMODYNAMICS OF BINDING FOR BENZOIC ACIDS TO THE
MICELLES IN 0.1 M CTAB SOLUTIONS AT (25 + 1)°®

Solute

True AH^rans*
kcal/mole K

AG,
kcal/mole AS, eu

0;-Nitrobenzoic acid -2.29 79 -2,58 0.97

£-Chlorobenzoic acid -2.22 100 -2.72 1.7

£-Aminobenzoic acid -5.09 91 -2.66 -8.1

£-Aininobenzoic acid -1.78 52 -2.33 1.8

a-Hydroxybenzoic acid -6.19 163 -3.01 -11

£;-Hydroxybenzoic acid -9.25 33 -2.06 -24

See Appendix VII,
calculations.

Tables LXXXV and LXXXVI for the
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for 0.004 mole of OTnltrobenzolc acid from 200 ml water to 200 ml 0.1 M

CTAB would be AH x 0.004 mole transferred, or 7 cal. The effect
trans

of the pK shift is overestimated in this case because only the acid

actually bound to the micelles would be expected to have its degree

of ionization affected. In addition, onitrobenzoic acid has the lowest

pK^ of any acid studied. Attempts were made to measure pK^s for the

benzole acids in 0.1 M CTAB, with no success.

o-Aminobenzoic acid, salicylic acid and £,-hydroxybenzoic acid

have negative entropies of transfer, suggesting a rigid orientation

upon binding. None of these compounds would be expected to experience

increased solvation when bound to the micellar surface, so the negative

cannot arise from a tie-up of solvent molecules. Loss of trans-
trans

lational entropy and the entropy change arising from some loss of water

of hydration should act in opposing directions for all solutes upon

transfer of the solutes to the micellar phase.

The enthalpies of binding for a series of phenols have also been

looked at; these results are presented in Table XXXVIII. As in the

case of the benzole acids, these compounds show strong interactions

with the CTAB micelles. The true AH. may be very large indeed.
trdxis '

since phenols do have an appreciable solubility in water. In 1% CTAB

249
solution 65% of the phenol added is associated with the micelles.

55
Bunton has found that phenols and phenoxide ions affect the rate of

decarboxylation of 6-nitrobenzisoxazole-3-carboxylate ion. Compound XT

(p 75), in the presence of CTAB. Phenoxide ions increase the rate of

decarboxylation. Considering the calorimetric and counterion binding
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TABLE XXXVIII

ENTHALPIES OF SOLUTION OF PHENOLS IN 0.1 M CTAB
SOLUTIONS AT (25 + 1)°

Solute
O.TM CTAB' HjO*

kcal/mole kcal/nole

AH,
trans*

kcal/nole

Phenol 0.961 +0.022® 2,97 + 0.09° -3,93 + 0,09

Catechol -1.25 + 0,27 4,05 + 0,19 -5,30 + 0,33

Hydroquinone 1.52 + 0.05 4,97 + 0.10 -3,45 + 0,11

hlorophenol -6.07 + 0.29 0.132 + 0.075 -6.20 + 0.29

£^0 hlorophenol -1.92 + 0.09^ 4,04 + 0.08 -5,96 + 0,12

£-N itrophenol 1.94 + 0.33 4,49 + 0.22*^ -2,55 + 0,39

£-N itrophenol -0.867 + 0,089® 5.16 + 0,27® -6,03 + 0,29

Extrapolated to Infinite dilution by least squares analysis.
See Appendix III, Tables LVIII and LIX.

^Based on only four injections, due to a sharp viscosity
increase.

E. P. Fernandez and L. G. Hepler, Amer. Chen. Soc., 81,
1783 (1959) report 3.10 kcal/mole. "t—

^Computed by least squares analysis of the temperature
dependence of solubility. See Appendix III, Table LX.

a

'Reference c reports 5.40 kcal/mole.
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results with added electrolytes and CIAB and the data on interactions

of organic solutes with CTAB, it is clear that effects of additives

on micelle structure have been greatly underestimated in explaining

micellar catalysis results.

For phenol and catechol, which exhibit concentration-dependent

in 0.1 M CTAB, attempts were made to get distribution coefficients

from the concentration dependence. This unsuccessful work appears in

2AQAppendix VIII, Using Good and Milloy's results for AG for phenol

in 1% CTAB and our for phenol to various CTAB solutions (see

Appendix VIII, Section F and Table LXXXVIII) a true AH of
trans

-2.65 kcal/mole and of 1.1 eu were computed for phenol going

from water to IZ CTAB (0.0274 M) eolution. The interpolated value for

the observed of phenol going from water to IZ CTAB solution

was -1.72 kcal/mole, using our data (Appendix VIII, Figure 36). The

distribution coefficient K for this system was computed using the ex

pression IP^enol]^^^/(phenol]j^^j^j^.^'^ Most of the phenols are suffici
ently weak acids so that a change in ionization upon transfer to the

CTAB micelles would not materially affect the calorimetric results.

jg^Nitrophenol is the only possible exception to this; its enthalpy of

250
ionization is significant.

Many micellar catalysis investigations employ £.-nitrophenyl esters

because their hydrolysis is very convenient to follow spectrophotometri-

cally. It is intriguing to consider the possibility that the £;-nitro-

phenoxide ion released in these hydrolyses has an effect on micellar

structure and hence on the rate^^ of the reaction being studied. The
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concentration of the starting esters Is probably too small for this

178to be a factor, but In many cases It appears that a range of substrate

concentrations was not Investigated. Hydrolysis of £.<"nltrophenyl laur-

ate In the presence of CTAB and 1-butanol shows a larger rate

181enhancement than In the presence of CTAB only.

Although It Is considered very likely that both the phenols and

benzole acids studied are solublllzed at the mlcellar surface, this

assumption was briefly looked at by calorlmetrlc means. The results

are presented In Table XXXIX. The dielectric constant of mlcellar sur-

12 66
faces Is commonly quoted as 36; Thakkar and Hall found the environ

ment of testosterone solublllzed by CTAB corresponds to 903! methanol.

Table XXXIX lists the enthalpies of solution which were determined for

several aromatic solutes In n,-hexane and carbon tetrachlorlde (dlelec-

251trie constant 2.2 at 20", but a highly polarizing solvent leading

to significant London dispersion Interactions between solvent and solute).

If a solute were solublllzed In the CTAB micelles' Interior one might

expect the enthalpies of solution In 0.1 M CTAB and In n-hexane or car

bon tetrachlorlde to be at least qualitatively similar. The same state

ment holds for a solute solublllzed close to the mlcellar surface, but

still not In contact with a great deal of water. The values of AH
s

for phenol and £.-nltrophenol In methanol are In closest agreement with

observed enthalpies of solution for these compounds In 0.1 M CTAB.

It Is felt this supports surface solublllzatlon for these compounds.

The position of ultraviolet absorption maxima for phenol and catechol

In the presence of CTAB also supports solublllzatlon In a region of
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intermediate dielectric constant (between hydrocarbon and water). See

Appendix VIII, Table LXXXVII for these data. N^methy and Ray^^^ reached

the same conclusions about phenol solubilized by nonionic surfactants.

More benzole acids and phenols were not investigated in the nonpolar

solvents because of solubility problems.



CHAPTER VII

HEXADECYLTRIMETHYLAMMONIUM BROMIDE AS A CATALYST FOR THE

ALKALINE HYDROLYSIS OF ALKYL SJALICYLATES

The hydrolysis of methyl and hexyl salicylate has been investi

gated at three pHs, using CTAB concentrations in the range 0.001 M to

0.01 M. Attempts to use calcium hydroxide (pH 12) gave very poor ex~

perimental results. A phosphate buffer system (pH 11.2) was also tried,

but FePO^ is not a very soluble compound, and the analytical technique

for following the hydrolysis involved the reaction of ferric ion with

253salicylic acid. Because of the similarities of the ultraviolet

254spectra for the acid and esters, this chelation reaction had to be

employed. Chapter Vlll, Section G, gives details on experimental pro

cedure and on adherence to Beer's Law for the systems studied.

In order to obtain the pseudo first-order rate constants for

the hydrolyses log (A^ - A^) was plotted versus time elapsed in minutes

for each kinetic run. Representative raw data and least squares anal

yses for all kinetic runs appear in Appendix IX, Tables LXXXIX and XC,

In general, the kinetic data are of poor quality. Methyl salicylate.

Table XL, gave much poorer results than hexyl salicylate. Table XLl.

This is probably due almost completely to the dependence on pH of the

observed absorbance of the complex formed between ferric ion and sali

cylic acid. The rate constants for hydrolysis of hexyl salicylate in

the absence of CTAB could not be obtained, due to the ester's extreme

205
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TABLE XL

HYDROLYSIS OF METHYL SALICYLATE AT 25°®

[CTAB], M pH k X 10^, sec ̂ 'l/2 * ^
— 9.2^ 1.59 + 0.02 4.36 + 0.06

— 9.2^ 1.69 + 0.03 4.10 + 0.08

0.00497 9.2^ 1.12 + 0.05 6.17 + 0.30

0.00500 9.2^ 0.605 + 0.036 11.5 +0.70

0.0505 9.2^ 0.281 + 0.009 54.1 + 3.8

— 10.0^ 1.95 + 0.09 3.56 + 0.16

— 10.o'^ 3.24 + 0.09 2.14 + 0.06

— 10. o'^ 1.88 + 0.09 3.69 + 0.17

— 10.0® 3.66 + 0.15 1.89 + 0.08

0.00500 10.0® 1.67 + 0.05 4.14 + 0.13

0.00500 10.0® 2.60 + 0.34 2.67 + 0.35

— 10.25*^ 1.69 ± 0-09 4.11 + 0.22

— 10.25'^ 5.49 + 0.08 1.26 + 0.02

— 10.25*^ 4.94 + 0.48 1.41 + 0.14

0.00501 10.25^ 2.16 + 0.09 3.22 + 0.14

0.00497 10.25^ 2.20 + 0.12 3.16 + 0.18

0.00501 10,25^ 2.40 + 0.05 2.89 + 0.06

®A11 solutions contain 0.02 M NaCl.

^0.02 M borax buffer.

*^0.02 M carbonate buffer, 50% base.

*^0.03 M carbonate buffer, 75% base.
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TABLE XLI

HYDROLYSIS OF HEXYL SALICYLATE AT 25'

tCTAB], M PH k X 10^, sec ̂
^1/2 *

0.00503 9.2^ 1.32 + 0.05 5.24 + 0.18

0.00111 iq .o'^ 1.43 + 0.06 4.86 + 0.22

0.00348 10 .0^ 2.06 + 0.06 3.36 + 0.09

0.00454 10 .o'^ 2.21 + 0.04 3.13 + 0.05

0.00500 10.0*^ 1.92 + 0.04 3.62 + 0.07

0.00551 10.0^ 2.37 + 0.02 2.93 + 0.02

0.00654 10.o'^ 1.88 + 0.08 3.70 + 0.17

0.01000 10. o'^ 1.87 + 0.07 3.71 + 0.13

0.00501 10.25*^ 2.26 + 0.06 3.07 + 0.08

All solutions contain 0.02 M NaCl.

''0.02 M borax buffer.

0.02 M carbonate buffer, 50% base.

i
0.03 M carbonate buffer, 75% base.
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Insolubility in water. This undoubtedly indicates a large distribution

coefficient for hexyl salicylate, with the micellar phase being greatly

favored.

Methyl salicylate may not be appreciably associated with the

CTAB micelles in 0.005 M CTAB, because the ester concentrations which

_3
were used ( 10 M) do not exceed the ester's solubility in water.

The ester concentration does not affect the observed rate constants

in any regular fashion when CTAB is present, indicating that structural

effects such as those mentioned in Chapter VI, Section D are not oper

ating or are not detectable. The methyl salicylate concentration used

is quite high when compared with the CTAB concentration; this is also

a consequence of our analytical technique. Use of these high ester

concentrations violates the desirable situation of having only one mole

cule of substrate per micelle.^ However, the results with hexyl sali

cylate, where the CTAB concentration increases and the ester concentra

tion does not, indicate no substantial effects on the hydrolysis rates

at a high ester to CTAB molar ratio.

CTAB slightly retards the rate of methyl salicylate hydrolysis;

this effect was observed at all pHs studied. This is consistent with

the results of other workers on alkaline hydrolysis of simple aliphatic

222-224
esters. In the presence of 0.05 M CTAB (borax buffer) the rate

of hydrolysis is further decreased compared to its value at low CTAB

concentrations. This result has been frequently observed by other

workers.^ Hydrolysis of hexyl salicylate is not affected by changes
in CTAB concentration, as the results at pH 10 show. The difference
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In chain length of the alcohol portions of the ester seems to have no

influence on the effect of CTAB on their hydrolyses. One would have

expected hydrophobic interactions of the substrate methylene groups

with surfactant molecules to be important. This mode of solubilization

should still leave the aromatic ring at the micellar surface, "sandwiched"

between surfactant head groups; the ester group and hydroxyl group should

still be accessible to bulk solvent.

Figure 9 shows the observed rate constants for methyl salicylate

hydrolysis with and without CTAB and for hexyl salicylate with CTAB

plotted versus the hydroxide ion concentrations used. Except for methyl

salicylate in the presence of CTAB, the data follow the equation

^obs " methyl salicylate in water k2 equal to
-1 -1 225 -1 -10,22 M sec (lit 0.51 M sec ) was obtained; for hexyl salicyl

ate in 0.005 M CTAB, k2 was 0.058 sec"^. It is felt that the non
linear k versus [0H~] plot for methyl salicylate with CTAB reflects

the pK^ of the ester's hydroxyl group; apparently a region of pH corr-

227esponding to the inflection point observed by Bender in the log k
obs

versus pH plot for methyl salicylate in water has been investigated.

In Bender's study the relatively flat portion of the rate profile

stretched from pH 10 to pH 11.5. In this work a leveling off at approx

imately pH 10 is seen also. CTAB may or may not be affecting the pK

of the ester's hydroxyl group. However, because the plot for methyl

salicylate without CTAB is a straight line, a shift in pK caused by

CTAB is a likely proposal. It is likely that no plateau is observed

in the hexyl salicylate case because the pK of this ester's hydroxyl
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225group is significantly higher than that of tnethyl salicylate. Tommila

reports a pK of 10,2 for methyl salicylate and 10.5 for ethyl salicylate;

one might expect the trend to continue as the chain length of the al

cohol involved In the ester increases.

One might propose that initial release of salicylic acid by hy

drolysis in the presence of CTAB acts to inhibit further hydrolysis

by strong binding to the micellar surface, decreasing its surface poten

tial. Use of the distribution cpefficient calculated for salicylic

acid using Wan's data, Table XXXVII (p 198]^ shows that most of the sal

icylic acid released when the concentration of CTAB is 0.005 M will

go into bulk solvent, however. Neither the esters nor salicylic acid

displace significant amounts of Br~ from the CTAB micellar surfaces

(see Appendix VII, Tables LXXXIII and UXXIV).

In order to explain the absence of significant rate enhancement

in the hydrolysis of methyl and hexyl salicylate in the presence of

CTAB, one needs to consider certain characteristics of the CTAB micellar

surfaces. It has been seen that hydroxide ion is significantly bound

to the surface; it is known that the dielectric constant at the surface

12 66is appreciably lower ' than it is in bulk solution and hence water

molecules may be somewhat more scarce than they are in bulk solution.

The high concentration of OH at the micellar surface means that the

concentration of protons will be low. Table XXIV (p 164)indicates that

0.005 M CTAB in the presence of approximately 10 ̂  M NaOH has 7.3 x 10~^ M

OH bound to the micelles; this corresponds to an actual concentration

of OH in the micellar phase of at least 0.04 M. The surface concentration



212

is probably even higher. Without making any assumptions about the ion-

product constant for water at the micellar surface one can see that

the proton concentration will be quite low.

In hydrolysis of an alkyl salicylate the rate-determining step

is loss of alcohol from the tetrahedral intermediate, Structure XIV.

HQ

Q +.0
7\

XIV

Note that the alcohol's oxygen in the ester needs to be protonated prior

to loss of the alcohol. In hydrolysis of £_-nitrophenyl esters the rate-

determining step is formation of the tetrahedral intermediate; the

£7nitrophenol is lost as the anion, because of its low pK . The rate
a

of formation of the tetrahedral intermediate should be enhanced for

both kinds of esters when their hydrolysis occurs at a positively charged

micelle surface, For the simple alkyl esters this is of no consequence,

since decomposition of the tetrahedral intermediate is rate-determining.

The necessary protonation of the alcohol oxygen may actually be diffi

cult, given the low concentration of protons available. One could in

voke proton transfer from the ester's hydroxyl group, which would have

a six-centered transition state. Structure XV, but this should only

be possible at pHs below the pK of the ester when bound to the micellar

surface. The suggested proton transfer would probably be slow, since

protonated ethers are much stronger acids than phenols. Because of

this the lowest possible energy of activation for proton transfer is
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Q

XV

the difference in free energy of the phenol and the protonated ether.

The major difference In behavior for hydrolysis of the two kinds of

esters in the presence of surfactants certainly is the rate-determining

step.

When the study of salicylate ester hydrolysis was begun it was

felt that the interactions of salicylic acid with CTAB would produce

significant rate enhancements, to the extent those interactions were

felt in the transition state of the rate-determining step of the hydrol

ysis. Clearly this interaction is not felt to any significant extent.

It was also felt that solubilization of a substrate by micelles would

of itself predict inhibition rather than rate enhancements for any reac

tion susceptible to micellar catalysis, by virtue of a decrease in free

energy for the substrate. The substrate binding after all decreases

the substrate's free energy, relative to the situation in bulk solution.

Apparently the micelles will have much the same stabilizing effect on

transition states as on the ground states. On top of this effect will

be electrostatic and proximity effects, where appropriate. This affords

a reasonable explanation for catalysis of £-nitrophenyl ester hydrolyses

as well as several other systems. There are of course systems^^^ where



214

hydrophobic bonding effects between substrate and micelles appear to

directly influence the magnitude of the rate enhancements observed•

In these cases differences in stabilization for ground state and transi

tion state as a result of solubilization codld be invoked. These sorts

of effects on transition states cannot be measured by calorimetry.

In conclusion) the inhibition of methyl salicylate hydrolysis

caused by 0.05 M CTAB will be briefly discussed. One view of this kind

sffect deals with counterion inhibition»^^^ another with concentre—
201 202tions of the reactants, * The concentration of hydroxide ion may

be lower on the CTAB micelles in 0.05 M CTAB compared to 0.005 M CTAB

(say 0.0049 M versus 0.04 M), and there should be at least one molecule

of ester per micelle. Data for the kinetic system, presented in Appen

dix VII, Table LXXXII, show the decrease in OH concentration in the

micellar phase with increasing CTAB concentration very nicely. Unfor

tunately, these measurements could not be obtained in the presence of

buffer solutions. For l^LS, however, Bunton finds that buffer effects

are not a large factor in altering hydrogen ion concentration at the

NaLS micellar surface. Since the overall reaction follows the rate

law k^^^ = k^ + k2[0H ], this decrease in OH concentration causes a

decrease in the observed rate of reaction, This of course assumes that

methyl salicylate is appreciably bound to the micelles. It is not clear

why hexyl salicylate does not show a similar dependence on the concen

tration of CTAB. Perhaps a sufficient range of CTAB concentrations

was not studied.

203Bunton has treated reactions catalyzed by hydrogen ions in
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the presence of NaLS in the same way: he has computed the concentra

tion of bound hydrogen ions in the micellar pseudophase. He uses these

concentrations to compute second-order rate constants for reaction of

substrate plus hydrogen ion in the micelles. When this is done over

a range of NaLS concentrations, what appears as inhibition with increased

surfactant concentration for disappears and a true plateau region

is observed. It is felt that Cordes' thoughts on counterion inhibition

with increasing surfactant concentration have been laid to rest. The

important effects in micellar catalysis are proximity of reactants,

dielectric constant, micellar charge density and micellar structural

effects. With respect to this last variable, workers who obtain acti

vation parameters for reactions catalyzed by micelles are erroneously

disregarding the effects of temperature on micelle size and degree of

counterion binding.



CHAPTER VIII

EXPERIMENTAL SECTION

A. Basic Equipment

A Kontes WS-2 continuous water still was used to provide water

for the experiments. Weighings were done using a Mettler H20T analytical

balance having an accuracy of + 0,01 mg. When a series of solutions were

needed containing one solute in varying concentrations, but other solutes

at a constant concentration, serial dilutions were made using volumetric

pipettes and a stock solvent containing the solutes to be held at con

stant concentration. Solutes having low water solubility and/or high

vapor pressures were handled by individual weighings.

The constant temperature baths used for viscometry, counterion

binding studies and micellar catalysis were maintained at 24.95 +

0.06)°, except where noted otherwise in the Results and Discussion

Chapters. The temperature was recorded using a Beckmann thermometer

calibrated against a platinum resistance thermometer which had in turn

been calibrated using the freezing and boiling points of water. At 30°

and 40° temperature control was certainly somewhat poorer. For work

using the Haake Rotovisco a Neslabs Instruments, Inc. circulating con

stant temperature bath was used.

For pH readings either a Sargent Model LS pH meter, a Beckman

Expandomatic pH meter or an Orion Model 701 pH/mV meter was used.

Sargent S-30072-15 combination electrodes were employed in the pH

216
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measurements. For the counterion binding studies only the Orion meter

was used.

Beakers, flasks and pipettes used in experiments involving

surfactants were not cleaned with organic solvents unless absolutely

necessary. In general distilled water was used, followed by oven

drying.

B. Statistical Methods

When a number of determinations of an experimental quantity

was made values were neglected using the 95% confidence level cri-

255
terion. Standard deviations were computed using Equation 42. When

/N

V 2 M
i

)^/N-l (42)
=l

mathematical operations involving two or more numbers, each with an

associated standard deviation, were carried out the standard deviation (o )
P

associated with the result of the mathematical operation was calcu-

236
lated using the equations found in Daniels, et al. Equations 43,

44, and 45 were used for the operations of addition (subtraction),

multiplication and division respectively. Capital letters represent

the numbers and the corresponding small letters represent their associ

ated standard deviations. In Division A represents the divisor.

0" = + 'Va^ + b^p  ̂ ^ (43)

= + ̂ (Ab)^ + (Ba)2Op = + 'Y(Ab)^ + (Ba)^ (44)

ap=+ (1/A) Vb^ + B^a^/A^ (45)
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C, Viscometry

1» Ostwald Cagillar^^ Viscometers

The viscometers used were cleaned by soaking in warm cleaning

solution (K2Cr20y in conc. H2S0^) for at least two hours, followed by

copious rinsing with distilled water and oven drying. The viscometers

were charged with 5.5 ml of the liquid whose viscosity was to be

determined and placed in a constant temperature bath 30 minutes prior

to the time at which readings were taken. The liquid was drawn into

the upper bulb of the viscometer by means of a rubber squeeze bulb and

a piece of tygon tubing containing a wad of cotton. Flow times for

the liquid were obtained using either a Heuer stopwatch or a Lab-chron

(Lab-Line Instruments, Inc.) electric timer. Times were reported to

the nearest one-tenth of a second. A minimum of five determinations

were made for each liquid. The viscosity (n) of each liquid was calcu-

257lated using Equation 46. This equation takes kinetic energy correc-

bio'^s into account. The flow time (t) was an average of the five

determinations and the density (p) of the liquid was obtained using a

10 ml or 25 ml jacketed pycnometer thermostated in the constant tem

perature bath. The values of A and B, the viscometer constants, were

Tij^ = Apt - Bp/t (46)

determined by measuring the flow times for water, carbon tetrachloride,

benzene and methanol in the viscometers. The viscosities of these

liquids, in centipoise (cP), were obtained from the Handbook of Chemistry

258and Physics. Where necessary, interpolation with respect to temperature
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was performed on the tabulated viscosities. Using the flow times and

viscosities for these liquids, four simultaneous equations (unknowns

A and B) could be set up and solved for each viscometer. For the

viscometers used, the flow time for water ranged from 80 to 109 sec.

In computing standard deviations for n only the standard deviation of

the time was used. Standard deviations for A and B were much less

significant. For n values below 1 cP only three figures are signi

ficant, because these values correspond to flow times of less than

100 sec.

Particularly for CTAB, a range of viscosities was observed for

different batches of soap. For this reason several n „ values for the
K£

0.1 M CTAB-0.1 M NaBr system have been used, Unrecrystallized CTAB

had a viscosity of 3.787 cP under these conditions; for the recrystal-

lized CTAB values from 4.290 cP to 4.697 cP were observed. Where n ,
rel

(to no solute) values were reported for 0.1 M CTAB-0.1 M NaBr-solute

systems care was taken to use the appropriate value of n^T? 0.1 M
Kct

CTAB - 0.1 M NaBr.

2. Determination of Intrinsic Viscosities

In determining intrinsic viscosities by extrapolating plots of

^sp^^m concentration (Equation 32, p 89 ) for CTAB
in various concentrations of NaBr, there were generally a few experi

mental points which were located above or below the best curve. Those

points showing a serious positive deviation from the curve determined

by the remaining points were neglected on the basis that there was an -

36error in Those points showing serious negative deviations
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2SQwere also neglected; this has been done by other workers in deter

mining the intrinsic viscosity of potassium n^ristate. See Appendix

II» Figures 15 and 16, for examples of both kinds of deviation.

3. Haake Rotovisco

The Rotovisco was equipped with the SVI series cup and bob,

thermostated to 25° using the circulating constant temperature bath.

The cup was charged using a pipet with the liquid whose viscosity was

to be determined; any trapped air bubbles were allowed to escape

before placing the cup into the Rotovisco. After allowing 30 minutes

for the Rotovisco to warm up and the liquid in the cup to come to

constant temperature, viscosity measurements were begun. The Rotovisco

was operated in the direction of increasing rate of shear (and hence

decreasing gear position number). The shearing stress, as a scale

reading S, was recorded at each gear position using a strip chart

recorder. The Rotovisco was allowed to run for a few minutes at each

position.

The apparent viscosity at each rate of shear was calculated

using Equation 47, where U is the number of the gear position, S is

the scale reading (0 to 100) and K is the instrument constant. Some

"^apparent^P®^®®^ = U x S x K (47)

of the viscosity data were obtained by using a ruler to measure S from

the recorder paper, because the number of significant figures attainable

could thereby be increased. This is the origin of the varying number
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of significant figures for the viscosities reported In Appendix I,

Table XLV.

The Instrument constant K Is equal to A/B where A and B are two

2
additional Instrument constants; A = 11.52584 dynes/cm and B ■

455.6293 sec ̂  for the SVI cup and bob used under the conditions of

this work. The constants A and B may be used to calculate the shear

ing stress and rate of shear respectively for each apparent viscosity

determined. The shearing stress Is equal to A x S and the rate of

shear Is equal to B/U. Data for the solutions examined by rotational

vlscometry appear In Appendix I, Table XLV. Plots of shearing stress

versus rate of shear (Appendix I, Figures 10 and 11) for some of these

260solutions Indicate that they are pseudoplastlc.

From the constants A and B K may be calculated to be 0.02530.

The value of K was also determined experimentally, however, using a

Newtonian oil with q = 209 poise at 25°. This determination required

that the torsion spring used to detect viscous drag on the rotor be

2
made less sensitive by a factor of ten (A = 115.2584 dynes/cm ). The

value of K so determined was 0.2572, corresponding to K ■ 0.02572 for

2
A - 11.52584 dynes/cm . This was good agreement with the value 0.02530.

It should be pointed out that using a Newtonian Instrument constant to

calculate apparent viscosities for non-Newtonian systems Is not strictly

correct. However, this work was aimed at determining relative viscosity

differences for different systems, rather than their absolute viscosi

ties.
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D. Detexmlnatlon of Critical Micelle Concentrations

Using Surface Tension

Surface tension measurements on surfactant solutions were carried

out using a Du Nuoy tensiometer equipped with a platinum-iridium ring.

The ring was cleaned briefly with cleaning solution, then washed copiously

with distilled water. The ring was handled at all times with forceps.

Four or five determinations were made on each solution (contained in a

small crystallizing dish) according to the procedure of Daniels,

,  261e^ al. Special efforts were made to keep the bar from which the ring

was suspended horizontal with respect to the desk top. After each

determination the ring was rinsed with distilled water and blotted dry

using filter paper.

Good temperature control was not possible; measurements were

made at ambient temperature, but each solution (in a volumetric flask)

was brought to 25° in the constant temperature bath first. The surfac

tant solutions used which had concentrations near the CMC were made

ca. 30 minutes before readings were taken so that the characteristic

dip in the surface tension (y) versus log (surfactant concentration)

plot could be avoided.

In order to determine the CMC of a surfactant plots of y versus

log C (surfactant concentration) were used: two lines or curves were

obtained in each case, having the CMC as their point of intersection.

Plots of the scale reading, directly from the tensiometer, versus

log C gave the same result. Representative plots appear in Appendix X,

Figures 37, 38 and 39. In order to obtain y from the scale readings the
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dynes per scale division had to be determined. To do this the ring was

loaded with weighed pieces of wire and the amount of force necessary to

just lift the horizontal bar from Its support was measured. The dynes

per scale division were then calculated by dividing the weight of the

wire, pieces by the observed scale reading and multiplying by 981 (the

applicable proportionality constant).

1. Use of Surface Tension Critical Micelle Concentrations In Intrinsic

Viscosity Calculations

For each system whose Intrinsic viscosity was Investigated It

was necessary to know the CMC In order that could be determined.
CMC

For the CTAB—0,1 M NaBr system there are two good candidates for the

CMC; these are Indicated In Appendix X, Figure 37. For the CTAB-x M

NaBr systems a constant CMC of 10~^ M was used; actual values from

the Corrln plot for CTAB at 25° are: 0.178 M NaBr, CMC - 1.3 x 10~^ M
—6

and 0.400 M NaBr, CMC = 7.2 x 10 M (see Appendix IV, Figure 23).

E. Counterlon Binding Studies

The reference electrode used (except for pH measurements) was

the Orion Model 90-02 double Junction reference electrode. The Inner

chamber was filled with solution 90-00-02 and the outer chamber was

filled with solution 90-00-03, 10% KNO^, except for measurements of

NO^ and Br competition, where 10% KCl was used. These filling solu

tions were changed every one to two weeks. The effect of liquid-

junction potentials was neglected. The specifIc-lon electrodes used

were the Orion Model 94-35 bromlde-lon electrode, the Orion Model 94-17
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chloride-ion electrode and the Orion Model 92-07 nitrate-ion electrode.

The latter electrode is of the liquid membrane type. All emf measure

ments were recorded using the Orion Model 701 pH/mV meter, except for

studies reported in Appendix VII, Tables LXXXII, LXXXIII and LXXXIV,

and in Tables XXII (p 160) (0.005 M CTAB only) and XXIV (p 164). For

these studies a Keithley microvolt null detector was used.

The measured potential of a solution containing X using an

electrode sensitive to X is given by Equation 48. The term is due

to the choice of reference electrode and internal filling solutions for

that reference electrode.

E = E^ + 2.3RT/nF (log a^) (48)

In practice a series of standard solutions containing varying

concentrations of the salt NaX were prepared. Their potentials

were measured and plotted against log a _ in the surfactant sample solu-

tions. The a^^. for the standards were obtained using activity coeffi-

cients (y) for NaX from Latimer. Where interpolation was necessary

(because y for a particular concentration was not given in Latimer) a

plot of y versus concentration was constructed and used. For NaOH the

activity coefficients for NaCl were used; they are quite similar at

concentrations of the two salts where comparisons can be made. The

slope of the resulting straight line should be -59.16 mV at 25°. In

p!ractice slopes slightly less than this (ca. -58 mV) were observed.

Least squares analysis was not applied to the calibration plots because

of their good quality. See Appendix X, Figure 40 for a calibration plot.
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It was assumed in these experiments that ions bound to the micelles

present in surfactant solutions do not contribute to a^- for that solu-
A

tion. For the studies appearing in Appendix VII, Tables LXXXII, LXXXIII

and LXXIV and in Table XXIV (p 164) plots of emf versus log C— were
A

used for the standards, because they contained all other salts present

in the sample solutions.

Both samples and standards were allowed to come to constant

temperature by placing them in a constant temperature bath 30 minutes

prior to taking readings. A series of standards or san^les were always

read starting with the least concentrated solution and proceeding to

the most concentrated one. Because the millivolt readings do drift

slowly toward a constant value with time, a waiting period of up to

ten minutes was sometimes necessary before a reliable reading could

be obtained. When transferring the electrodes from one solution to

another they were either rinsed with distilled water and blotted with

a tissue or simply blotted.

Readings on sample solutions were frequently taken interspersed

with readings on standard solutions, because of the problem of felec-

trode drift with time. Appendix X, Figure 41 illustrates the technique

which was then used to get the value of a for each sample solution:
A

millivolt readings for standards read directly before and after each

sample were used in the calibrAtion lines.

The problem of the reproducibility of the measured potential for

a particular solution was most important for the studies of a for alkyl-

trimethylammonium bromide surfactants in the presence of salts. For
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most of the NaBr standard solutions used in these studies two or more

readings, taken within one to two hours of each other, are available.

For a few of the experimental runs these readings for each standard have

been averaged; Appendix X, Table XCI reports the average millivolt read

ings and associated maximum deviations for a series of NaBr standard

solutions used in the study of free Br~ in 0.1 M CTAB containing added

NaBr. In this study the total range of millivolt readings for the

samples was -94.0 mV to -125.7 mV.

In the determination of a^^^^ - in CTAB solutions containing

NaNO^ the maximum deviation for repeated readings for NaNO^ was + 0.5 mV.

The worst reproducibility was observed in the study of 0,2 M Cj^QNMe3Br

in the presence of NaBr. Deviations of up to + 1.6 mV from the average

values were observed for the millivolt readings of the standards. In

this study the millivolt readings of the samples ranged from -101.9 mV

to —126.8 mV. Furthermore, when an entire series of measurements were

repeated, the observed a^_ for the samples were in good agreement

(+ 10%) for the two runs. This was done in the study of a and Yg for

CTAB, for example (Table V, p 104),

For the work on 0H~ binding in 0.1 M CTAB solutions pH readings

were obtained for a series of NaOH solutions and plotted against log

®Qjj—• The resulting straight line should have a slope close to one;

Appendix X, Figure 42 shows that this was the case. Values of a -
OH

for the samples were then obtained from this straight line by interpo

lation. For the 0H~ binding data in Table XXII (p 160) for 0.005 M

CTAB a different procedure was followed. The pH of a solution with and
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without CTAB was determined and the resulting difference in 0H~ con

centration used as the amount of 0H~ bound to the micelles.

In the use of the nitrate ion specific electrode corrections

to the observed for samples containing Br~ had to be made because

interferes with the nitrate ion specific electrode according to

262Equation 49. These corrections were necessary for 0.01 M and 0.1 M

\bs ' \ <log[a^0- + 0.13.5^-1)
(49)

CTAB solutions studied in the presence of NaNO^. The necessary a^ -

for each sample was obtained using the bromide ion specific electrode,

which is not susceptible to interference by nitrate ion. A calibration

plot of versus log (standards) was used to get the quantity

+ 0.13ag^_] for each sample. The observed for the saiiq)le

was then multiplied by 0.13 and subtracted from [a„^ - + 0.13a _] to
NO3 Br ■"

give the actual a^^^ _ for each sample.

Stirring can have some effect on values of a obtained for the

micelles in surfactant solutions. Readings were taken in the following

systems while they were being stirred magnetically: (1) 0.2 M C^oNMe^Br
(Table VI, p 109) and (2) some of the competitive counterion binding for

0.1 M and 0.01 M CTAB (NO3- versus Br~, Table XXI, p.157). Stirring

effects (Table XI, p 121) cannot account for all of the Br~ displaced

by NO3" or OH" ions, however. No estimate of the fractions of Br" which

might be displaced by stirring in the competition experiments was made.

In order to convert a^^- for samples into C^^, plots of a^^- versus
2Cjj- constructed from data in Latimer were used. The errors encountered
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in carrying out this sort of interpolation should be within the repro-

ducibility of a millivolt reading for a given sample. For binding

studies in two-counterion systems a^- for each counterion was first

converted into C^- without taking the other counterion's presence into

account. The resulting (one for each ion in each sample) were then

added together and a y for each ion determined. These y values took

into account both kinds of ions; they were used to convert the a^^.

for each ion into a final for each ion. In the case of 0.1 M CTAB

containing NaSO^CyHy and NaBr it was assumed that 25% of the total

added tosylate ion was free in solution.

F. Calorimetric Procedure

The construction and operating principles of the calorimeter

263 264used have been described. ' In a typical run twin calorimeters

were each filled with 200 ml of solvent, delivered by volumetric pipet.

When the solvent was a 0.04 M solution of NaLS the solution was pre

pared just prior to placing it in the calorimeter. Solutions of CTAB

frequently had to be warmed to 26° in order to get all of the CTAB

into solution, then cooled below 25° prior to introduction into the

calorimeter. For temperatures around 25° no temperature control was

usually necessary: (25 +1)° could easily be achieved by holding the

ambient temperature at 22°. For solutes having highly exothermic

AHg values, the calorimeter was inserted into a metal can, and the can

was placed in a polyethylene Dewar containing water at 10°. For

operating temperatures significantly above 25° the polyethylene Dewar

was filled with water 15° above the desired operating teiiq>erature,
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After the solvents were allowed to equilibrate, with stirring,

for about 15 minutes, the solute injection procedure was begun. Solid

samples were injected by means of a 3 cc plastic Jelco syringe with the

tip cut off and replaced by a silicone rubber septum. After weighing

each sample into a syringe the syringes were stored in a desiccator

containing either Drierite or P2O5. Hygroscopic solutes were handled

in a Dry Box or glove bag, except for actual weighing of the filled

syringes. Liquid samples were injected into the calorimeter using a

500 yl Hamilton syringe with a Chaney adaptor and a Teflon needle on

a Luer tip. The injections were calibrated by using machined brass

stops; the volume of each injection was determined by weighing repeated

injections of absolute ethanol into a stoppered Erlenmeyer flask.

The heat evolved or absorbed during operation of the calorimeter

was recorded using a strip chart recorder. Before each injection of a

solid sample a heating curve was run for the purpose of calibration;

before and after each three injections of a liquid sample two heating

curves were run. The calibrated injections of liquid samples were

preceded by a small injection designed to remove any solute contaminated

by solvent from the Teflon needle of the syringe. An electrical heater

was used to introduce a measured amount of heat (in calories) according

to Equation 50, where I is the current through the heater resistance

R, and t is the time of heating in seconds. Dividing by A^, the

Qg = I^Rt/4.184 (50)
length of the heating curve in millimeters, gives the calories per unit



230

pen deflection. The enthalpy of solution for a solute was calculated

using Equation 51, where A is the length of the pen deflection, in

millimeters, upon sample injection, MW is the molecular weight of the

AHg (kcal/mole) = (Q^/A'^)A^W/mg (51)
solute and mg is the weight of the injected sample in milligrams. For

liquid samples the weight is obtained by multiplying the density of

the sample by the volume of the injection.

In some cases AH was dependent on the concentration of the
s

solutes; the raw data and the necessary extrapolations to infinite

dilution appear in Appendix III, Tables LVIII and LIX. Six determina

tions of AH were made for each solute whenever possible. For some
s

solutes whose AH were determined in surfactant solutions fewer than
s

six injections were made because the solute caused precipitation of

the surfactant.

G. Salicylate Ester Hydrolysis

The increase in salicylic acid concentration during the hydrolysis

reactions was followed by allowing the salicylic acid to react with FeCl3
253in acidic solution. The absorbance of the resulting complex in acidic

solution was monitored at 532 nm, its experimentally determined X
max

(A at 520 nm up to 545 nm was examined) using a Beckman DU spectrophatom-

eter. The blank used contained FeCl^ in acidic solution.

The absorbance of the complex was found to obey Beer's Law in the

presence of borax buffer, NaCl and CTAB; see Appendix X, Figure 43 for

the plots of A versus salicylic acid concentration. The presence of
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CTAB in the blank was not necessary. The presence of CTAB did alter

the extinction coefficient of the complex: - 1611, but

^0.005 M CTAB ~ Methyl salicylate also gave rise to a very

weak absorbance: e = 95 (see Appendix X, Figure 43). The absorbance

of the ester presented no problem however, as the analysis in Equation

52 shows (the path length of the cells used was 1 cm). The concentra

tions Cj^ and C2 are for acid and ester respectively; and e2 are

their respective extinction coefficients. The total concentration of

acid and ester is c^ ^ , = c, + c„.
total 1 2

\otal " ̂1*^1 ^2'^2

=  + e2^'^total ~ ̂ 1^

= Ci(ei - £2) + e2^total (52)

Two-hundredths molar borax buffer was prepared using

(Merck Reagent); 0.02 M carbonate buffer (pH 10) was pre

pared using equimolar amounts of Na2C03 (Baker reagent) and NaHCO^

(Baker reagent). Carbonate buffer, 0.03 M and 75% base, contained

0.0225 M Na2C02 and 0.0075 M NaHCO^. All solutions used in the kinetic

studies contained 0.02 M NaCl, oven-dried. The water for the buffer

solutions was boiled prior to use.

For each run the ester and CTAB, if used, was weighed into a

100 ml volumetric flask, which was filled to volume using a stock solu

tion containing buffer and NaCl. After vigorous mixing, the flask was

placed in the constant temperature bath. Five milliliter aliquots

were withdrawn periodically; the pH of each was recorded. It was found
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that the pH remained constant over the entire course of the reaction.

Each aliquot was treated with 0.5 ml of 1% w/v FeCl3'6H20 (Fisher

Scientific, Certified A.C.S.) made up in 0.1 N HCl, delivered from a

burette. The aliquot was then titrated with 1 N HCl to a final pH of

3.1 to 3.4 and diluted to volume in a 10 ml volumetric flask. The

absorbance of the aliquot was then measured as described previously.

The values were determined after ten half-lives, and they are the

average of at least two determinations. Some difficulty in obtaining

consistent color development (formation of the complex) was encountered.

This is thought to be due to the sensitivity of the salicylic acid-ferric

ion reaction to the pH of the solution.

Least squares analysis of a plot of log (A - A ) versus time

(minutes) for each kinetic run was carried out; the results appear in

Appendix IX, Table XC. To convert the slope of each line into a pseudo

first-order rate constant (k) in (seconds)"^ the slope was multiplied by

2.303 and divided by 60 (the number of seconds per minute). The half

life (*^2^2^ corresponding to each k was determined by Equation 53.

ti/2 = 0.693/k (53)

H. Preparation and Purification

of Surfactants

Melting points are not generally a reliable test of surfactant

purity. Determination of the CMC is the most widely used criterion

4
for purity; molecular weight determinations are also suitable. Titra-

tion of a known weight of surfactant with a standardized AgNO^ solution
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was used In this work for molecular weight determinations. The bromide

ion specific electrode was used to follow the course of the titration.

The emf reading at x ml of added AgNO^ was recorded; the equivalence

point was found in the conventional manner. A representative titration

curve is presented in Appendix X, Figure 44. The AgNO^ iised was stan

dardized against NaBr which had been dried to constant weight.

1. Decyltrimethylammonium Bromide (Cj^gNMe^Br)

Decyltrimethylammonium bromide (Eastman) was used as received.

-2 2CMC values were 5.0 x 10 M (surface tension) and 6.26 x 10~ M by

bromide ion specific electrode (a„ - versus C). Literature values
dT

2  A
cluster around 6.4 x 10~ M.

2. Dodecyltrimethylammonium Bromide (DTAB)

The surfactant DTAB was prepared from 1-bromododecane (Matheson,

Coleman, Bell 97%) and trimethylamine (Eastman, 25% aqueous solution)

265by the method of Scott and Tartar. Dry trimethylamine was obtained

by distillation from the 25% aqueous solution. The vapors were allowed

to pass through a CaO plug and then condensed in a receiver cooled

with Dry Ice-acetone, The trimethylamine could then be introduced, by

warming the receiver, into a 1000 ml three-necked round-bottom flask

fitted with a drying tube. Dry Ice-acetone condenser and addition

funnel and containing 300 ml absolute ethanol. The amount of trimethyl

amine introduced (0.643 mole) was determined by weighing the reaction

flask before and after addition. The 1-bromododecane (0.470 mole)

was added dropwise in 45 minutes, with the reaction mixture held at 0°.
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The reaction mixture was then allowed to warm to room temperature and

stirred for five hours.

After the excess trlmethylamlne and ethanol had been removed by

evaporation, the resulting DTAB was recrystalllzed from acetone-ethanol

mixtures. Nice white flakes were obtained; these were dried vacuo

for 24 hours at 60'. Yield 59.5 g, 41%; m.p. 245°. Tltratlon with

AgNOj gave a molecular weight of 311 (actual 308.3). Other syntheses

gave M.W. 307. The CMC was 1.05 x 10 ̂  M by surface tension and
_21.45 X 10 M by bromide Ion specific electrode (log a^^ — versus log C).

o  /

Literature values cluster around 1.45 x 10~ M.

3. Hexadecylammonlum Chloride (HACl)

The surfactant HACl was prepared by Mrs. Lynn Tepley.

4. Hexadecyltrlmethylammonlum Chloride (CTACl)

The surfactant CTACl (City Chemical Corp., Practical, 50% aqueous

solution) was used as recleved. Tltratlon using AgN03 and the chloride

Ion specific electrode gave an actual value of 50.09% by weight for the

solution.

5. Hexadecyltrlmethylammonlum Bromide (CTAB)

The surfactant CTAB (City Chemical Corp.) was slurrled with

CCl^, filtered by suction filtration and the filtrate was warmed to

produce a clear solution. CTAB crystallized from this solution as fine

white needles; It was dried In vacuo for at least 24 hours at 60°.

The CTAB used had CMCs ranging from 6 x 10 ̂  M to 8 x 10~^ M by
—4 Lsurface tension; 8 x 10 M has been observed by other workers.
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Titration of the CTAB having a CMC of 8 x lO"^ M using AgNO^ gave a
molecular weight of 363 (actual 364.5). This batch of surfactant had

-4a CMC value of 9.1 x 10 M using the bromide ion specific electrode

(ag^_ versus C).

The use of other recrystallization techniques gave less

satisfactory results. Recrystallization from 2-butanone gave a

marked dip in the y (surface tension) versus log C plot at concen

trations near the CMC. Addition of 2% hexadecanol (2% of CTAB on a

concentration basis) gave the same behavior. See Appendix X, Figures

45 and 46 for the plots.

6. Sodium Dodecylsulfate (NaLS)

The NaLS (City Chemical Corp.) for the viscosity studies was

used as received; its CMC was 2.5 x 10~^ M. Attempts to raise the

CMC value by recrystallization from isopropyl alcohol were unsuccessful.

Repeated extraction with diethyl ether to remove the possible contami-

266nant 1—dodecanol was also unsuccessful, as was lengthy drying in

vacuo,

For use in calorimetric experiments NaLS was prepared from

1-dodecanol (Eastman, Technical) and chlorosulfonic acid (Eastman,

Practical) according to the method of Kurz^^^ and Dreger, et al.^^®

The 1-dodecanol was purified by distillation at reduced pressure

through a Nestor-Faust spinning-band column. The center cut showed

only one peak by GC analysis.

The chlorosulfonic acid (0.280 mole) was added dropwise to

90 ml of anhydrous diethyl ether held at 0° in a 1000 ml three-necked
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round-bottom flask equipped with reflux condenser, addition funnel and

drying tube filled with 4 A mqlecular sieves. The 1-dodecanol (0.225

mole) in 160 ml diethyl ether was added dropwise over a period of 30

®^'^'^bes. After stirring an additional hour the reaction mixture was

poured over crushed ice and neutralized using 5 N NaOH (the reaction

mixture was cooled in an ice bath during this operation). The NaLS

was extracted into 1-butanol; the extract was dried over Na2S0^. After

the extract was filtered, evaporated to dryness and the resulting

white solid recrystallized from 1-butanol. During collection of the

crystals copious washing with diethyl ether was performed to remove any

unreacted 1-dodecanol. Drying in vacuo at 55° for 24 hours gave 25.2 g

of NaLS, 39% yield.

This material had a CMC of 6.7 x 10 M as measured by surface
<3 /

tension (literature value 8.2 x lO" M ). When the CMC was determined

using NaLS solutions which were 72 hours old a dip in the y versus

log C plot occurred near the CMC. This is thought to be due to 1-dode-

canol produced by hydrolysis of NaLS.

I. Compounds Used in Viscosity Studies

The compounds listed in Table XLII were used without purification

in the viscosity studies. In addition, NaF, NaN03, KCIO3 (Baker and

Adamson), NaCl and NaBr were used without drying in the viscosity studies.

J. Salts Used in Calorimetric and Counterion Binding Studies

The salts listed in Table XLIII were used in calorimetric and

counterion binding studies after drying to constant weight where necessary.
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SOME OF THE COMPOUNDS USED FOR VISCOSITY STUDIES
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Compound Source and Grade

Acetic acid, glacial

d,l-Alanine

Ethyl acetate

Hydrogen bromide, 47% solution

Naphthalene

n^-Octane

Sucrose

Tyrosine

Urea

Baker and Adamson, Reagent

Eastman

Mallinckrodt, Analytical Reagent

Fisher Scientific, Certified

J. T. Baker, Analyzed Reagent

Aldrich, puriss.

Mallinckrodt, Analytical Reagent

Eastman

J. T. Baker, cP
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TABLE XLIII

SALTS USED IN CALORIMETRIC AND COUNTERION-BINDING STUDIES

Salt Source and Grade

NH^Br^ J. T. Baker, Reagent

CaBr2^ Matheson, Coleman, Bell, N.F.

LiBrb Research Organic/Inorganic
Chemicals Corp., 99.7%

MgBr2'^ Research Organic/Inorganic
Chemicals Corp.

KBr® J. T. Baker, Reagent

NaC2H302® Baker and Adamson,Reagent

NaBrO^

NaBr® J. T. Baker, Reagent

Na2C03® J. T. Baker, Analyzed Reagent

NaCld Mallinckrodt, Analytical Reagent

Na3C6H507*2H20 Fisher Scientific, Certified

NApa J. T. Baker, Analyzed Reagent

NaHC02® Merck, Reagent

NaORC Fisher Scientific, electrolytic
pellets

NaN03^ J. T. Baker, Reagent

Na2S0^® Baker and Adamson, anhydrous
powder

NaS03C2H7^ Matheson, Coleman, Bell, Technical

(CH3)^NBra Matheson, Coleman, Bell, 99%

^Drled to constant weight in vacuo at 55°,

'^Dried to constant weight in vacuo at 100°.

From a freshly opened bottle.

Dried at 100° for 22 hours.
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All salts were stored in desiccators containing Drierite or P2O2 until

use. Sodium hydroxide, lithium bromide, magnesium bromide and calcium

bromide were handled in a Dry Box when syringes were filled with them

for use in calorimetry.

K. Organic Compounds Used in Calorimetric, Counterion

Binding and Micellar Catalysis Studies

O

All organic liquids were dried over 4 A molecular sieves prior

to use. Purity for these liquids was checked by gas chromatography

using a Varian Aerograph Model 1444 gas chromatograph equipped with

a flame ionization detector and a column packed with 5% SE-30 on

Chromosorb W (60/80 mesh) acid-treated and DMCS (dimethylchlorosilane)

treated. In some cases NMR spectra using a Varian A-60 spectrometer

were obtained. For solids melting points were taken on a "Mel-Temp"

apparatus; they are uncorrected. Table XLIV lists compounds which

were used without purification. Unless otherwise stated, only one

compound could be detected by GC or NMR. In addition, phenol and

£-chlorophenol (Eastman) were dried to constant weight over P2O5 and

used without further purification.

The following compounds required purification. All organic

liquids were dried over 4 X molecular sieves; all solids were stored

in desiccators over either Drierite or ̂ 2^5'

1. 2;-Aminobenzoic Acid

£-Aminobenzoic acid (Matheson, Coleman, Bell) was recrystallized
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from 95% ethanol. After drying vacuo at 55° the melting point was

186.0-187.5° (lit.^^® 187-188°).

2. Aniline

Aniline (Fisher Scientific, Certified A.C.S.) was distilled

through a short Vigreaux column at reduced pressure, b.p, 103°/25 mm

270(lit.''" 68.3°/10 mm, 184°/760 mm). Gas chromatography showed only

one peak.

3. Benzaldehvde

Benzaldehyde (Matheson, Coleman, Bell) was distilled through

a short Vigreaux column at reduced pressure, b.p. 92.5-93.5°/17 mm

270(lit. 62°/10 mm, 178°/760 mm). Following distillation, a very

small amount of hydroquinone was added to suppress oxidation. Gas

chromatography just prior to calorimetry showed only a trace of benzole

acid.

4. Benzamide

Benzamide (Matheson, Coleman, Bell) was recrystallized from

acetone-water and dried in vacuo at 55°, m.p. 125.0-126.5° (bottle:

125-126°).

5. Bromoform, CHBr^

Bromoform (J. T. Baker, Purified) was distilled through a short

Vigreaux column at reduced pressure, b.p. 82.5-84.5°/56 mm (lit.^^°

46°/15 mm, 149°/760 mm). Following distillation, a very small amount

of absolute ethanol was added as a stabilizer. Gas chromatography

showed only one peak.
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6. Butyraldehyde

Butyraldehyde (Eastman) was distilled through a short Vigreaux

column. Its NMR spectrum was satisfactory.

7. Butyramide

Butyramide (Eastman) was recrystallized from methanol-benzene-

270pentane, m.p. 113-115° (lit. 114.8°). There was no smell of butyric

acid after recrystallization.

8. Butyric Acid

Butyric acid was distilled through a long metal-packed column;

the second cut was used in calorimetry. Gas chromatography showed only

one peak.

9. Carbon Tetrachloride

Carbon tetrachloride (Fisher Scientific, Certified A.C.S.) was

20 271obtained from Mr. Paul Bouis. n^ 1.4600 (lit. 1.46005).

10. o-Chlorobenzoic Acid

o;-Chlorobenzoic acid (Matheson, Coleman, Bell) was recrystallized

2fiQfrom carbon tetrachloride-acetone, m.p. 139.0-139.5° (lit. 139-140°),

11, Chloroform

Chloroform (Fisher Scientific, Certified A.C.S.) was used without

purification, n^® 1.4461 (lit.^^^ 1.44593).

12. o-Chlorophenol

oj-Chlorophenol was distilled through a short Vigreaux column at
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270reduced pressure, b.p. 86-88V25 nm (lit, 56.4V10 mm, 175°/760 nm)

Gas chromatography showed only one peak.

13. n-Hexane

ii-Hexane (Chemical Samples, 95%) to be used as a calorimetry

solvent was washed with small portions of conc. H2S0^ until the wash

remained colorless. It was then washed with water, followed by 10%

Na2C02 and more water. It was dried over CaCl2 and distilled through

a Vigreaux column. The distillate was stored over CaCl2.

14. n-Hexyl Salicylate

n-Hexyl salicylate was prepared according to the method of

Gel'shtein and Krivosheeva. Salicylic acid (0.492 mole) and

1-hexanol (0.807 mole) were heated to reflux with a catalytic amount

of jo-toluenesulfonic acid and £;-toluenesulfonyl chloride in a 300 ml

single-necked round-bottom flask equipped with reflux condenser. After

refluxing for seven hours the reaction mixture was cooled and 200 ml

10% Na2C02 added. The organic layer was separated and the aqueous layer

extracted with small portions of diethyl ether. The combined organic

material was dried over MgSO^. Distillation at reduced pressure

through a glass helices packed colium removed most of the unreacted

1-hexanol. Twu cuts were then collected by distillation through a

short Vigreaux colum, b.p. 90-93®/0.05 mm, 9% yield. Gas chromatography

showed both cuts to contain about 88% ester.



245

15. Hydroqulnone

Hydroquinone (J, T. Baker, Purified) was recrystallized from

acetone and dried in vacuo. m.p. 171.5-173.5° (lit.^^° 173-174°).

16. Methylene Chloride

Methylene chloride (Fisher Scientific, Certified) was used

without purification, n^® 1.4242 (lit.^^^ 1.42456).

17. 2-Naphthol

2-Naphthol (Fisher Scientific, Certified) was recrystallized

twice from carbon tetrachloride-acetone and dried in vacuo at 50°,

m.p. 120.5-121.5° (bottle: 122.0°).

18. Valeric Acid

Valeric acid (Eastman) was distilled through a long metal-packed

column. Gas chromatography showed only one peak.

19. Valeramide

Valeramide (Eastman) was recrystallized once from ethanol-

acetone and once from acetone-pentane. It was then sublimed twice,

m.p. 100.5-102.0° (bottle: 105°).
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TABLE XLV

COMPLETE VISCOSITY DATA FOR SYSTEMS SHOWING

NON-NEWTONIAN BEHAVIOR

System
Rate of shear,

-1 '
sec

' apparent*
poise

Shearing stress,
dynes/cm^

0.1 M CTAB-0,15 M
NaBr

2.81

5.63

8.44

16.9

25.3

50.6

75.9

152

228

455

11

4.4

2.2

0.51

0.19

0.12

0.11

0.14

0.14

0.084

31

25

19

8.6

4.8

6.1

8.3

21

32

38

0.1 M CTAB-0.20 M

NaBr

2.81

5.63

8.44

16.9

25.3

50.6

75.9

152

228

455

6.5

4.4

3.9

1.4

0.73

0.51

0.50

0.44

0.37

0.27

18

25

33

24

18

26

38

67

84

120

0.1 M CTAB-0.5 0 M

NaBr

2.81

5.63

8.44

16.9
25.3

50.6

75.9

152

228

455

52.0

23.6

17.9

9.62

6.37

3.33

2.27

1.18

0.821

0.408

146

133

151

163

161

168

172

179

187

186

0.1 M CTAB-1.0032 M

NaBr

2.81

5.63

8.44

16.9

25.3

50.6

70.0

38.7

25.8

13.3

9.19

5.03

197

218

218

225

233

255



TABLE XLV (Continued)
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System
Rate of shear,

sec~l
apparent*

poise
Shearing stress,

dynes/cm^

0.1 M CTAB-0.025 M
Benzoic acid-0.045 M

NaBr

0.1 M CTAB-0.025 M

Benzoic acid-

0.10 M NaBr

0.1 M CTAB-0.025 M

Benzoic acid-

0.2027 M NaBr

0.1 M CTAB-0.4999 M

NaBr - one of the

time-dependent
studies

75.9

152

228

455b

2.81

5.63

8.44

16.9

25.3

50.6

75.9

152

228

455

2.81

5.63

8.44

16.9

25.3

50.6

75.9

152

228

455

2.81

5.63

8.44

16.9

25.3

50.6

75.9

152

228b
455b

2.81

5.63

8.44

16.9

25.3

50.6

3.76

1.77

1.33

8.7

5.3

3.5

1.8

1.1

0.83

0.68

0.53

0.45

0.289

37

22.3

14

7.1

4.6

2.4

1.62

0.875

0.599

0.27

76.1

39.1

26.0

13.3

9.24

4.91

3.50

2.01

37,,

24.1

16.8

8.83

6.03

3.11

285

269

303

24

30.

30.

30.

28

42

52

81

100

131

100

126

120

120

120

120

123

133

137

123

214

220

219

225

234

248

266

306

100

136

142

149

153

157
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TABLE XLV (Continued)

System
Rate of shear.

sec-1
apparent»

poise
Shearing stress,

dynes/cm^

0.1 M CTAB-0.0992 M
KClOga

0.1 M CTACl-0.5001 M

NaBr- one of the time-

dependent studies

0.1 M CTACl-0.3996 M

NaBr

75.9

152

228

455

2.81

5.63

8.44

16.9

25.3

50.6

75.9

152

228

455

228

152

75.9

50.6

25.3

16.9

8.44

5.63
2.81

2.81

5.63

8.44

16.9

25.3

50.6

75.9

152

228

455

2.81

5.63

8.44

16.9

25.3

50.6

75.9

2.15

1.13

0.794

0.403

11

7.82

6.40

4.62

3.55

2.05

1.32

0.842

0.684

0.342

0.614

0.895

1.66

2.41

3.95

5.33

8.29

11.0

17.1

11

6.6

4.4

2.7

2.2

1.9

1.82

1.34

1.04

0.616

10.

8.3

4.7

2.8

2.5

2.0

1.77

163

172

181

183

31

44.0

54.0
78.1

89.8

104

100.

128

156

156

140.

136

126

122

100.

90,1

70.0

61.9

48.1

31

37

37

46

56

96

138

204

237

280

28

47

40.

47

63

100

134



TABLE XLV (Continued)
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System
Rate of shear,

1
sec

-

n
apparent *
poise

Shearing stress,
dynes/cm2

0.1 M CTAB-0.0253 M

Benzene-0.0999 M NaBr

0.1 M CTAB-0.0254 M

Benzene-0.10 M HBr

0.1 M CTAB-0.0241 M

Benzene-0.1003 M NaN03®

152 1.32 201

228 1.06 242

455 0.627 285

2.81 7.9 22

5.63 6.5 37

8.44 5.3 45

16.9 3.9 66

25.3 3.1 78

50.6 2.0 100

75.9 1.5 110
152 0.858 130

228 0.636 145

455 0.356 162

2.81 23.5 66.0
5.63 14.9 83.9

8.44 11.1 93.7

16.9 6.87 116

25.3 4.90 124

50.6 2.53 128

75.9 1.74 132

152 0.895 136

228 0.614 140.
455 0.329 150.

2.81 31.3 88.0

5.63 14.6 82.2
8.44 11.6 97.9

16.9 6.28 106

25.3 4.26 108

50.6 2.17 110.

75.9 1.47 112

152 0.790 120.

228 0.553 126

455 0.298 136

228 0.570 130.
152 0.803 122

75.9 1.47 112

50.6 2.17 110.

25.3 4.03 102

16.9 5.80 98.0
8.44 10.2 86.1
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TABLE XLV (Continued)

Rate of shear, napparent* Shearing stress,
System see"^ poise dynes/em2

5.63 13.5 76.0

2.81 22.0 61.8

0.1 M CTAB-0.0242 M 2.81 46.2 130.

Benzene-0.0992 M KCIO,® 5.63 24.9 140.

8.44 16.8 142

16.9 8.17 138

25.3 5.53 140.
50.6 2.76 140.
75.9 1.84 140.

152 0.961 146

228 0.667 152

455 0.338 154

228 0.693 158

152 1.03 157

75.9 1.95 148

50.6 2.80 142

25.3 5.53 140.

16.9 8.76 148

8.44 18.0 152

5.63 26.6 150.

2.81 44.1 124

0.1 M CTAB-0.0251 M 2.81 65.4 184

Benzole acld-0.10 M 5.63 29.5 166

HBr 8.44 19.0 160.

16.9 9.47 160.

25.3 6.24 158

50.6 3.16 160.
75.9 2.16 164

152 1.09 166

228 0.798 182

455 0.478 217

0.1 M CTAB-0.0249 M 2.81 54.7 154

Benzole aeld-0.1003 M 5.63 24.9 140.
NaN03 8.44 15.2 128

16.9 7.22 122

25.3 4.74 120.

50.6 2.45 124

75.9 1.66 126



TABLE XLV (Continued)
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System
Rate of

sec

^hear, 'apparent *
poise

Shearing stress,
dynes/cm2

0.1 M CTAB-0.0250 M

Benzoic acid-0.0992 M

KClOo

0.1 M CTAB-0.0290 M

l-Hexanol-0.0999 M
NaBr

0.1 M CTAB-0.0289 M

1-Hexanol-O.lO M
HBr

0.1 M CTAB-0.0192 M

l-Hexanol-0.1003 M
NaNOo®

152

228

455

2.81

5.63

8.44

16.9

25.3

50.6

75.9

152

228

455

2.81

5.63

8.44

16.9

25.3

50.6

75.9

152

228

455

2.81

5.63

8.44

16.9

25.3

50.6

75.9

152

228

455

2.81

5.63

8.44

16.9

25.3

50.6

0.829

0.667

0.439

65.4

34.1

24.2

12.7

8.61

4.46

3.00

1.75

1.35

0.921

28

20.

15.3

8.76

5.83

2.93

1.98

1.04

0.708

0.351

47.6

29.8

19.4

10.1

6.95

3.63

2.50

1.28

0.904

0.509

24.9

16.0

11.1

6.75

4.82

2.61

126

152

200.

184

192

204

215

218

226

228

266

308

419

79

110

129

148

147

148

150.

158

161

160.

134

168

164

171

176

184

190.

195

206

232

70.0

90.1

93.7

114

122

132



TABLE XLV (Continued)
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Rate of shear, ^apparent* Shearing stress,
System sec~^ poise dynes/cm^

75.9 1.76 134

152 0.921 140.
228 0.640 146

455 0.338 154
228 0.693 158

152 0.855 130.

75.9 1.63 124

50.6 2.37 120.
25.3 4.42 112

16.9 6.28 106

8.44 9.95 84.0
5.63 12.4 69.8

2.81 14.9 41.8

0.1 M CTAB-0.0259 M 2.81 46.9 132

l-Hexanol-0,0992 M 5.63 30.6 172

KCIO^ 8.44 21.1 178

.16.9 11.4 193

25.3 7.74 196

50.6 4.07 206

75.9 2.79 212

152 1.45 220.

228 1.08 246

455 0.671 305

0.1 M CTAB-0.0097 M 2.81 2.6 7.3
Benzene-0.1 M NaBr 5.63 1.5 8.4

8.44 1.5 13

16.9 0.58 9.8
25.3 0.29 7.3

50.6 0.19 9.6

75.9 0.080 6.1
152 0.13 20.

228 0.14 32

455 0.089 40,

0.1 M CTAB-0.0184 M 2.81 22.0 61.8
CCI4-O.I M NaBir 5.63 12.1 68.1

8.44 8.05 67.9
16.9 4.26 72.0
25.3 3.08 77.9

50.6 1.97 99.7

75.9 1.40 106
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TABLE XLV (Continued)

System
Rate of shear, apparent* Shearing stress,

sec" poise dynes/cm2

152 0.882 134
228 0.685 150.
455 0.347 158

0.1 M CTAB-0.0158 M 2.81 11 31
CHCI3-O.I M NaBr 5.63 6.0 34

8.44 4.0 34
16.9 1.9 32

25.3 1.58 40.0
50.6 1.15 58.2
75.9 0.947 71.9

152 0.618 93.9
228 ! 0.482 110.

455 0.303 138

0.1 M CTAB-0.0318 M 2.81 14.9 41.9
CH2Cl2-0,l M NaBr 5.63 6.0 34

8.44 3.6 30.

16.9 1.3 22

25.3 1.1 28

50.6 0.59 30.

75.9 0.47 36

152 0.368 56

228 0.307 70.0
455 0.228 104

^Rotovisco was run from low rates of shear to high rates of
shear and back down again; a form of hysteresis in the ri
values was observed. apparent

^Readings too eratic to obtain an ri value.
apparent
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Figure 10. Flow curve for 0.1 M CTAB-0.5 M NaBr.
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APPENDIX II

VISCOSITY DATA FOR HEXADECYLTRIMETHYLAMMONIUM

BROMIDE-SODIUM BROMIDE SOLUTIONS
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TABLE XLVI

VISCOSITY DATA FOR CTAB IN AQUEOUS SOLUTION
AT 25°a,b

C , moles/£
m'

d
^relm isp®

nsp/C ,
£/mole

0,0994 1,381 0,381 3,83

0,05366 1,202 0,202 3,77

0,02653 1,109 0,109 4,12

0,01026 1,044 0,044 4,32

0,007542 1,0318 0,0318 4,21

(0,005425) (1,015) (0,015) (3,3)

0.002116 1,0092 0,0092 4,35

linear least squares analysis gives [n] ■ 4.29 + 0,08 SL/vaole
or 11,8 + 0,2 ml/g, "

^Neglected points are in parentheses,
c  "*4
C  = C-CMC; CMC ■ 5,97 x 10 M by surface tension measurements.
m  '

Irelm - "cMC *

^'^sp ~ '^relm ~



TABLE XLVII

VISCOSITY DATA FOR CTAB IN

0.1 M NaBr AT 25°a.b

275

Cm X 102,
g/ml Hreln ^sp

»

ml/gc
Qi X i02 ,
g/ml

'^sp/^»
ml/gfl

6.519 40.21 39,21 601.5 6.517 601,6

5.835 22.56 21,56 369.5 5.833 369.6

5.104 13.92 12,92 253,1 5.102 253,2

4.374 8.332 7,332 167,6 4.372 167.7

3.644 5.186 4.186 114,9 3.642 114.9

3.259 4.143 3.143 96.4 3.257 96.5

2.625 2.703 1.703 64.9 2.623 64.9

2.189 2.147 1.147 52,4 2.186 52.4

1.629 1.606 0.606 37.2 1.627 37.25

1,095 1.268 0,268 24,5 1.093 24.53

0,7293 1,127 0.127 17.4 0.7271 17.47

0,4067 1,044 0,044 10,8 0.4045 10,88

0,3251 1,026 0,026 8,0 0.3229 8.05

0,2438 1,019 0,019 7,8 0.2416 7.86

0,1089 1,004 0,004 3,67 0.1067 3,75

(0,07234) (1,012) (0,012) (i6.6) (0.07012) (17.1)

(0.06047) (1,023) (0.023) (38.0) (0.05822) (39.5)

(0.02992) (1,004) (0,004) (13.4) (0.02770) (14.4)

(0.02380) (1.009) (0,009) (37.8) (0.02158) (41.7)

(0,01563) (1.003) (0,003) (19.2) (0.01341) (22.4)



TABLE XLVII (Continued)
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C„ X 10^
g/mic nrelm isp

"^sp/Cm»
ml/gc

« 102,
g/ml^

(0.01155) (1.003) (0.003) (26.0)

(0.00665) (1.008) (0.008) (120.2)

(0.00261) (1.007) (0.007) (268.3)

(0.00933) (32,2)

(0,00440) (182)

(0.00361) (1940)

Nonlinear least squares analysis (fourth order polynomial)
gives [q] = 9.11 + 1.5 ml/g for CMC = 2.897 x 10 g/ml or 9.25 + 1.5
ml/g, for CMC = 6.487 x 10"° g/ml.

^Neglected points are in parentheses.

-CMC = 6,487 X 10"^ g/ml; n

W - 2.897 X 10~^ g/ml; n
CMC

CMC

0.894 cP.

0.891 cP.



TABLE XLVIII
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VISCOSITY DATA FOR CTAB

X M NaBr AT 30°a,b
IN

Cin X 10^,
g/ml Hrelm^ Hsp^ ml/gK Hsp^

Dsp/Cnjj
ml/gT

x-0.1780 M NaBr*^

3.644 17.04 16.04 440.1 17.28 16.28 446.7
2,915 8.369 7.369 252.8 8,489 7.489 256.9

2.369 5.245 4.245 179.2 5.320 4.320 182.4
1.822 3.345 2.345 128.7 3.393 2,393 131.3

1.458 2.403 1,403 96.26 2.438 1.438 98.7

0.7285 1.390 0.390 53.53 1,410 0.410 56.3

0.3641 1.114 0.114 31.31 1.130 0,130 35.7

0,2915 1.079 0.079 27.27 1.095 0,095 32.6

0.1819 (1.035) (0.035) (19.08) 1.0496 0.0496 27.3

0.1456 (1.022) (0.022) (15.11) 1.037 0.037 25.2

0.07253 (1.003) (0.003) (4.25) 1.017 0.017 24.1

0.03608 (0.998) (-0.002) (-6.b2) (1.012) (0.012) (33.2)
0.02882 (0.994) (-0.006) (-20.12) (1.0085) (0.0085) (29.5)

x-0.2000 M NaBr
d

1.822 4.279 3.279 179.9 4.325 3.325 182.5
0.9108 1.810 0,810 88.9 1.830 0.830 91.1

0.3641 1.165 0.165 45.2 1.177 0.177 48.6

0.2730 1.103 0.103 37.9 1.115 0.115 42.1

0.1819 1.053 0.053 29.2 1.064 0.064 35.4

0.09075 (1.018) (0.018) (20,3) 1.029 0.029 32.3

0.07253 (1.011) (0.011) (15.3) 1.022 0.022 30.3

0.63609 (1.0022) (0.0022) (6.1) (1.013) (0.013) (36.0)
0.02697 (1.000) (0) (0) (1.011) (0.011) (39.8)

x=»0.2330 M NaBr
e

1.821 (6.234) (5.234) (287.4) (6.339) (5.339) (293.2)
O.01O4 2.181 1.181 129.7 2.218 1.218 133.8

0.3639 1.248 0.248 68.1 1.269 0.269 73,6

0.2729 1.170 0.170 62.3 1.189 0.189 69,6

0.1818 1.079 0.079 43.4 1.097 0.097 53,5

O.09O71 1.035 0.035 38.7 (1.053) (0.053) (58.0)
0.03607 1.0098 0.0098 27.3 (1.027) (0.027) (74.6)
0.02696 1.011 0.011 40.4 (1.028) (0.028) (103.7)



TABLE XLVIII (Continued)
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Cm X 10^
g/ml '^relm

i

Hsp

Hsp/Cm,
ml/gn nsp

nSp/Cm,
ml/gi

x=0.3000 M NaBr^

0.9074 2.776 1.776 195.7 2.831 1.831 201.8
0.5462 1.787 0.787 144.1 1.822 0.822 150.5

0.3642 1.390 0.390 107.1 1.417 0.417 114.5
0.2729 1.248 0.248 90.9 1.273 0.273 100.

0.1819 1.128 0.128 70.4 1.151 0.151 82.9
0.1272 1.074 0.074 58.6 1.096 0.096 75.3

0.09077 (1.039) (0.039) (42.7) 1.059 0.059 65.4
0.03609 (1.0050) (0.0050) (13.9) (1.025) (0.025) (69.2)
0.02697 (1.0042) (0.0042) (15.4) (1.024) (0.024) (89.4)

x=0.4000 M NaBr®

0.9110 5.140 4.140 454.4 5.343 4.343 476.7
0.5465 2.415 1.415 258.9 2.510 1.510 276.3
0.3642 1.743 0.743 204.0 1.812 0.812 222.9
0,2730 1.438 0.438 160.4 1.495 0.495 181.3

0.1819 1.247 0.247 135.8 1.296 0.296 162.7
0,1272 (1.114) (0.114) (89.6) 1.158 0.158 124.2

0.09077 1.087 0.087 95.4 1.129 0.129 142.1

0.03609 1.038 0.038 105 (1.079) (0.079) (218)
0.02698 (1.017) (0.017) (62.6) (1.057) (0.057) (212)

CMC of 10 ̂  M (3.644 x 10 ̂  g/ml) was used throughout.

Neglected values are in parentheses.

"'^CMC " ̂0.1780 M NaBr " "^P^'^tively.

'CMC

'CMC

"^0.2000 M NaBr " '^CMC

"^0.2330 M NaBr ~ "^CMC "'^H20*

respectively,

respectively.

^CMC " "^0.3000 M NaBr 0.8166 cP and » "^1120* ^®spctively.

'^CMC " ̂̂0.4000 M NaBr " 0'®323 cP and - rijj^Q,
C0T"ted using

respectively.

Computed using n
CMC 'H20*
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Figure 12. Plot of n„_/C versus C for CTAB in H-,0
sp m m ^
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Figure 13, Plot of nsp/Qa versus C for CTAB (high
concentration) in 0.1 M NaBr at 25°.
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Figure 14. Plot of nsp/Qn versus C for CTAB (low
concentration) in 0.1 M NaBr at 25°.

Circles: CMC «» 2.897 10 ̂  g/mlt squares: CiKI ■
6.487 X 10~6 g/ml.
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Figure 15. Plot of Hsp/C versus C for CTAB in
0.178 M NaBr at 30°.

Circles: ^ NaBr' ^CMC ' '^H20*
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Figure 16, Plot of ngo/C versus C for CTAB in
0.3 M NaBr at 30". ^ °
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TABLE L

CALCULATED VOLUMINOSITY (Vq) DATA FOR THE CTAB MICELLES IN
THE ABSENCE OF ADDED ELECTROLYTE®

[CTAB], g/i ^rel A X 103^^ B'^ V
0

36.44 1.381 0.03655 3.345 0.1290 (0.299)

19.77 1.202 0.01983 0.856 0.06039 4.96

9.886 1.109 0.009916 0,197 0,02776 4.06

3,955 1.044 0.003967 0.298 0.01039 4.36

2.966 1.0318 0.002975 0.0165 0.007694 4.32

1.977 1.0155 0.001983 0.00723 0.005040 3.46

0.9886 1.0092 0.0009916 0.00180 0.002298 3.90

®(1.82 (t>2 rirel-O.Ol (p2) ^ r)rel-0*24))Vo t nrel"! - 0;
this comes from rearranging the expression nrel " (1-0.1 Vq 4>)^/
(1-1.35 Vo see P. Ekwall, L. Mandell and P. Solyom. J, Colloid.
Interface Sci.. 35, 519 (1971).

^Volume fraction occupied by CTAB in solution. <J> • {[CTABl(g/i)
X Vgp}/1000. Vgp - 1.003 ml/g for CTAB.

^A = 1.82 (j)2 nj.gj^-0.01
B 2.7 (t> <I>'

2  Solved for by using the quadratic formula on the equation
AV^ -BVq + Hrei-l = 0; only the solution [B — / B2-AA(nrei - 1)]/2A
is reasonable.

The average value of V is 4.18 + 0.50, neglecting the value
in parentheses, 4.16 + 0.22, neglecting 4.96, 3.46 also.
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Estimation of the Electrovlscous Effect for

Hexadecyltrlmethylammonlum Bromide

Micelles In Aqueous Solution

The electrovlscous effect (E) for a suspension of colloidal

5 90 ® 2 -1particles Is given by Equation 54, ' where q* - ekl E n.z. w. /-

2  ® 2 1-1 ^
n e E n.z. , e Is the electronic charge, 5 Is the electroklnetlc

1-1

potential of the particles, k Is the reciprocal of the Debye length,

90
a Is the radius of the particles and Z Is a tabulated function of Ka.

E - 1 + q* (eC/kT)^Z(Ka)(l + ica)^ (54)

The symbols ^ and represent the dielectric constant of the medium

and the viscosity of the medium respectively. The absolute mobility of

Ion 1 Is represented by w^; n^ and z^ represent the number of Ions of

kind 1 and the charge on Ion 1 respectively.

Table LI gives a list of the quantities needed to calculate E for

243
CTAB at Its CMC. The value of k was computed using Equation 55; the

- (4Tre^ E n,z,^)/ekT (55)
1=1 ^ ̂

concentration of micelles present at the CMC was neglected, as Its

Inclusion gave rise to an unrealistic value for E when calculations were

completed. The limiting equivalent conductivity (X®) for Br~ In CTAB

solutions at 35® Is 95 cm^ ohm ^ equlv xhe value for Br In

aqueous solutions at 35® Is 94 cm^ ohm ^ equlv therefore
2  -1 -1considered satisfactory to use 78.14 cm ohm equlv (the value for



TABLE LI

QUANTITIES NEEDED FOR THE ESTIMATION OF THE

ELECTROVISCOUS EFFECT FOR CTAB

290

Quantity Numerical value

Ka

Z(i?e)(l + Ka)'

9.30 X 10^ cm~^

2.23 X 10
-1

1.16 X 10
-2

(ec/kT)2^

ekT/e2 ®

f

%

X"'(CTA+)®

w^(CTA+)^
A°(Br-)^

Wj^(Br")'^
CMC

1.036 X 10 mV

1.607 X 10^

1.40 X 10^ cm ̂
_3

8.94 X 10 poise

1 2 -1 -1
2.082 X 10 cm ohm equiv

8  —1 —1
1.347 X 10 cm sec dynes

1 2 -1 -1
7.814 X 10 cm ohm equiv

8  —1 —1
5.072 X 10 cm sec dynes

-4 -1
8.0 X 10 moles i .

a  -7
For the CTAB micelles a is 2.4 x 10 cm.

^From graph of this quantity versus <.a in F. Booth, Proc. Roy.
Soc.. Sec. A, 2ja^, 533 (1950).

Czemiawski, Rocz. Chem., 817 (1967).

*^The value of kT/e at 25° is 25.69 mV.

^R. A. Robinson and R. H. Stokes, "Electrolyte Solutions," 2nd
ed., Butterworths, London, 1968, App. 7.1.
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TABLE LI (Continued)

^The viscosity of the solution at the CMC nay be approximated
by the viscosity of water.

a

E. J. Bair and C. A. Kraus, Amer. Chen. Soc.. 73. 1129 (1951).

= 6.469 X 10^ R. A. Robinson and R. H. Stokes, "Electrolyte
Solutions," 2nd ed., Butterworths, Londoi, 1968, p 43

^value in G. S. Hartley, B. Collie and C. S. Samis, Trans.
Faraday Soc.. 32, 795 (1936), extrapolated to 25®.
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Br in aqueous solutions at 25°)^^^ to approximate X°(Br ) in CTAB

solutions at 25°.

In calculating q* the concentration of micelles at the CMC was

again neglected, as was pre-CMC dimerization. Thus a solution of CTAB

at the CMC was considered to contain 8 x lO'^ M each of Br" and CTA"*"

ions. The resulting value of q* was 7.37, and the value of E is then

2.37 using Equation 54.
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TABLE LII

CALCULATION OF CTAB MICELLE SIZES AT 30°
FROM LITERATURE DATA

[NaBr], M n(lit)® n(calc)*^
MMW X Ig"^
g/mole

0.100 — 1430 0.521

0.178 2200^ 2862 1.043

0.200 3380*^ 3221 1.174

0.233 5110^ 3727 1.358

0.300 3470*^ 4651 1.695

0.400 6130*^ 5835 2.126

HiAggregation number of the micelles,

b
P. Debye and E. W. Anacker, J. ̂ s. and Colloid Chem,. 55.

644 (1951). — —

'^K. Granath, Acta. Chem. Scand.. 2. 297 (1953).

n(lit) and log [NaBr] were fit to the following polynomial:
" 10,543 + 13.625 log [NaBr] + 4507 (log [NaBr])2.

®Micellar molecular weight (n^^j^^ x 364.45 g/mole).



294

TABLE LIII

CALCULATION OF AXIAL RATIOS (p) FOR CTAB MICELLES
AT 30° FROM LITERATURE DATA

[NaBr], M
MMW X 10^®,
g/micelle

Prolate ellipsoids^
a, A p^ h, A

Rods*^

0.100 8.66 359 15.0 478 10.0

0.178 17.32 718 29.9 957 19.9

0.200 19.49 808 33.6 1077 22.4

0.233 22.54 934 38.9 1246 25.9

0.300 28.14 1166 48.6 1555 32.4

0.400 35.30 1463 60.9 1951 40.6

®For a prolate ellipsoid, V •• 4/3 tt ab^; b - 24 A for CTAB
and a the major axis of the ellipsoid. V is computed from MMW
using Vgp " 1 ml/g and the conversion factor 1 ml * 1024 j[3,

l>p = a/b for a prolate ellipsoid; b = 24 I.

•^For a rod, V = Trr2h; r = 24 A for CTAB. V is computed from
MMW using Vgp ■ 1 ml/g and the conversion factor 1 ml ■ 1024

d.p » h/2r for a rod; r = 24 A.
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TABLE LV

RAW DATA FOR THE DETERMINATION OF THE PARTIAL SPECIFIC VOLUME

OF CTAB IN X M NaBr SOLUTIONS

[CTAB], g/lOO ml
Density

g/ml
(P) Vgp (1/p) ml/g Weight %

of CTAB

0.1000 M NaBr

6.51965

5.83557

5.10449

4.37449

3.64486

3.25982

2.62586

2.18925

1.62989

1.09554

0.72999

0.40746

0.32582

0.24448

0.10955

1.00588

1.00554

1.00541

1.00539

1.00519

1.00527

1.00514

1.00502

1.00476

1.00491

1.00475

1.00474

1.00475

1.00478

1.00477

0.994154

0.994491

0.994619

0.994639

0.994837

0.994758

0.994886

0.995005

0.995263

0.995114

0.995272

0.995282

0.995272

0.995243

0.995253

6.4815

5.803

5.077

4.351

3.626

3.2427

2.612

2.178

1.6222

1.0902

0.7265

0.4055

0.3243

0.2433

0.1090

X ■ 0.1780 M NaBr

3.6442

2.9154

2.3686

1.8219

1.4575

0.72853

0.36408

0.29151

0.18186

0.14559

0.07253

0.03608

0.02882

1.00997
1.00995

1.00996

1.00981

1.00968

1.0p998
1.00975
1.00975

1.06984
1.00989

1.06960
1.00977

1.00966

0.9901

0.9901

0.9901

0.9903

0.9904

0.9901

0.9903

0.9903

0.99025

0.9902

0.9905

0.9903

0.9904

3.608

2.887

2.345

1.804

1.443

0.7213

0.3606

0.2887

0.1801

0.1442

0.07184

0.03573

0.02854

0.2000 M NaBr

1.8224

0.91116

0.36449

1.01166

1.01169

1.01142

0.9885

0.9884

0.9887

1.801

0.9006

0.3604



TABLE LV (continued)
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[CTAB], g/100 ml
Density (p)

g/ml
V  (1/p) ml/g
sp

Weight %
of CTAB

0.27335 1.01147 0.9887 0.2702
0.18224 1.01146 0.9887 0.1802
0.091116 1.01147 0.9887 0.0901
0.072897 1.01133 0.9888 0.0721
0.036449 1.01134 0.9888 0.0360

0.027335 1.01133 0.9888 0.0270

X - 0.2330 M NaBr

1.8215 1.01417 0.9860 1.796
0.91076 1.01403 0.9862 0.8982
0.3643 1.01421 0.9860 0.3592
0.27323 1.01401 0.9862 0,2694
0.18215 1.01393 0.9863 0.1796
0.09107 1.01399 0.9862 0.08981
0.03643 1.01402 0.9862 0.03593
0.027323 1.01391 0.9863 0.02695

X = 0.3000 M NaBr

0.91102 1.01929 0.9811 0.8938
0.5466 1.01917 0.9812 0.5363
0.36452 1.01926 0.9811 0.3576
0.27331 1.01915 0.9812 0.2682
0.18226 1.01919 0.9812 0.1788
0.12758 1.01916 0.9812 0.1252
0.091131 1.01928 0.9811 0.08941
0.036452 1.01891 0.9814 0.03578
0.027331 1.01925 0.9811 0.02681

X = 0.4000 M NaBr

0.91134 1.02638 0.9743 0.8879
0.54682 1.02704 0.9737 0.5324
0.36452 1.02695 0.9741 0.3549
0.2734 1.02661 0.9741 0.2663
0.18227 1.02671 0.9740 0.1775
0.12758 1.02685 0.9739 0.1242
0.09113 1.02671 0.9740 0.08876
0.03645 1.02668 0.9740 0.03550
0.02734

——

1.02689 0.9738 0.02662

^ata determined at 25°, all other data at 30'



TABLE LVI

PARTIAL SPECIFIC VOLUME OF CTAB IN

NaBr SOLUTIONS

299

[NaBr], M m® b^ Vgp. ml/g''

0.1000 -0.00016 + 0.00001 0.99534 + 0.00003 0.979

0.1780 -0.0001 + 0.00003 0.99033 + 0.00004 0.980

0.2000 -0.0002 + 0.00005 0.98876 + 0.00004 0.969

0.2330 -0.0001 + 0.00006 0.98623 + 0.00004 0.976

0.3000 —
— 0.981®

0.4000 0.0003 + 0.00021 0.97391 + 0.00004 1.004

®Vgp - m(weight percent of CTAB) + b (see Table LV, p 297 for
raw data), m and b were determined by least squares analysis.

Walue of at weight percent of CTAB equal to 100.

^For 0.3000 M NaBr, V was constant.
sp



TABLE LVII

DETEBMINATION OF Ao (EQUATION 34, P 94) FOR CTAB
IN NaBr SOLUTIONS

300

[NaBr], M [CTAB], M Log rirelm
(Log rirelm)/C A3 [n],

mole il/mole ml/gS

0.1000^

0.1780'

0.3000

0.17889 1.604 8.97 5.68+0.10® 35.9

0.16012 1.353 8.45

0.14006 1.144 8.16

0.12003 0.9207 7.67

0.10001 0.7148 7.14

0.08944 0.6172 6.90

0.10000 1.238 12.3 9.7^ 61.3

0.08000 0.9290 11.6

0.06500 0.7259 11.2

0.05000 0.5302 10.6

0.024997 0.4434 17.7 16^ 101

0.014998 0.2521 16.8

^'^relrn from Table XLVII (p 275).

^\elm Table XLVIIl(p 277), Column 5.
*^'\elm Table XLVII I , Column 2.

'^Only those data points lying on a straight line are included;
A3 is the intercept for (log 'Trelm^/'- versus C.

®Determined by linear least squares analysis; slope of line =
2.075 + 0.093; A3 is the intercept.



301

TABLE LVII (Continued)

^Determined graphically.

gSince A(p) Vgp/^. 303, A(p) may be calculated and hence
[n]:[rij = A(p) Vgp (assume Vgp = 1 ml/g). To convert A, from £/mole
into ml/g multiply by (1000 ml/SL /364.45 g/mole). ^



APPENDIX III

CONCENTRATION-DEPENDENT ENTHALPIES OF SOLUTION



TABLE LVIII

ENTHALPIES OF SOLUTION
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[Solute] 1  .s, solute
Solute and Solvent M kcal/moleS

NaBr in 0.1 M CTAB 0.003741 -1.363

0.005490 -1.383

0.008977 -1.086

0.01036 -1.047

0.01440 -0.871

0.01708 -0.982

0.02038 -0.747

(0.02086) (-1.803)
(0.02418) (-1.706)
0.02513 -0.683

(0.02828) (-3.169)
0.02912 -0.595

0.03333 -0.825

0.03399 -0.538

(0.03813) (-1.812)
0.03918 -0.588

0.04237 -0.753

0.04337 -0.596

0.04717 -0.884

0.05210 -0.62.3

0.05990 -0.798

NaBr in 0.1 M CTAB-0.05 M NaBr (0.005659) (-0.425)
at (28.0 + 0,2)° 0.008970 -0.684

0.01400 -0.611

0.01843 -0.582

0.02203 -0.526

0.02644 -0.499

NaBr in 0.1 M CTAB-0.1 M NaBr 0.005163 -0.469
at (33.4 +0.1)° 0.009677 -0.547

0.01428 -0.526

0.01865 -0.473
0.02283 -0.465
0.02772 -0.456

NaBr in 0.1 M CTAB-0.1 M NaBr 0.004648 -0.824
at (37.7 +0.3)° 0.009192 -0.717

0.01380 -0.624



TABLE LVIII (Continued)
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Solute and Solvent
[Solute]

M

AH
s, solute

kcal/moleS

Na2C03 in 0.1 M CTAB

Na2C03 in H2O'

NaF in 0.1 M CTAB

NaS03CyH7 in H2O

LiBr in 0.1 M CTAB

0.01877 -0.553

(0.02319) (-0.639)
(0.02811) (-0.586)

0.004114 -3.234

0.009207 -3.632

0.01301 -4.061
0.01806 -4.454
0.02294 -4.653
0.02516 -4.848

0.01451 5.039

0.01595 5.121

0.01662 5.152

0.01754 5.184

0.01848 5.274

0.02017 5.369
0.02234 5.356
0.02552 5.448

(0.008345) (0.748)
0.01586 0.784

0.02633 0.724

0.03442 0.658

0.04275 0.609
0.05096 0.540

0.002811 0.729

0.005087 0.759

0.006991 0.699

0.009474 0.852

0.01228 0.940

0.01438 1.220

0.004165 -11.75

0.008007 -11.72

0.01170 -11.50

0.01522 -11.29

0.02194 -11.09

(0.03073) (-11.49)



TABLE LVIII (Continued)
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Solute and Solvent

[Solute],
M

AH
s, solute

kcal/mole

NH^Br in 0.1 M CTAB

Na2C03 in 0.075 M DTAB

NaBr in 0.075 M DTAB

NaC2H202 in 0.04 M NaLS

NaNOo in 0.04 M NaLS

0.003911 2.810

0.008125 2.947

0.01462 3.201

0.02080 3.340

0.02565 3.482

0.03010 3.452

0.004492 -3.166

0.004943 -3.378

0.008057 -4.013

0.01019 -4.421

0.01127 -4.279

0.01403 -4.575

0.01501 -4.411

0.01832 -4.783

0.02206 -4.920

0.02214 -4.847

0.02532 -4.957

(0.02730) (-4.583)

0.003471 -0.709

0.006645 -0.744

0.01138 -0.549

0.01837 -0.497

0.02216 -0.488

0.02576 -0.343

0.005216 -4.151

0.01149 -4.140

0.01796 -4.098

0.02302 -4.088

0.03003 -3.990

0.03581 -3.913

0.007134 4.395

0.01345 4.563

0.01728 4.589

0.02171 4.654

0.02632 4.482

0.03273 4.575



TABLE LVIII (Continued)
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Solute and Solvent
[Solute]

M

AH
s, solute'
kcal/mole

Na2S0^ in 0.04 M NaLS

(CH2)^NBr in 0.04 M NaLS

NaSO^C^H^ in 0.0015 M HACl

NaCl in 0.0015 MHACl

(low concentration)

NaCl in 0.0015 M HACl'
(high concentration)

0.002497 -1.207

0.004634 -1.172

0.008219 -0.950

0.01117 -0.864

0.01543 -0.655

0.01934 -0.467

0.002215 3.965

0.005382 4.370
0.008439 4.408

0.01096 4.800

0.01464 4.981

0.01716 4.936

0.000684 -0.481

0.002118 0.925

0.003856 1.248

0.005947 0.955

0.008261 1.275

0.009936 1.317

0.000576 -2.261

0.001765 -0.916

0.002984 -0.701

0,003344 -0.0822

0.005010 0.564

0.00598 -0,0498

0.00672 0.399

0.005010 0.564
0.00672 0.399

0.00863 0.459

0.009138 0.508

0.01528 0.599

0.01564 0.788

0.02326 0.653

0.02426 0.645

0.03150 0.631

0.04002 0.729

0.04433 0.621

0.05275 0.687



TABLE LVIII (Continued)
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Solute and Solvent

[Solute]
M

AH
8, solute *
kcal/mole

Bromoform in H2O

Uracil in 0.1 M CTAB

Uracil in H2O

2-Butanone in 0.1 M CTAB

2-Butanone in H2O

Benzoic acid in H2O

0.002416 -0.147

0.005311 -0.061

0.008270 -0.045

0.004106 6.139

0.007769 6.024

0.01024 5.686

0.01333 5.682

0.01738 5.553

0.02105 5.115

0.003006 6.413

0.006439 5.751

0.01015 5.355

0.01358 5.546

0.01641 5.206

0.02037 4.907

0.002350 -2.611

0.005167 -2.358

0.008045 -2.396

0.01040 -2.504

0.01321 -2.238

0.01609 -2.133

0.00235 -2.722

0.00517 -2,659

0.00804 -2.632

0.01040 -2.681

0.01321 -2.660

0.01609 -2.604

0.001887 (5.458)
0.005868 5.568

0.007617 5.195

0.009769 4.705

0.01112 4,370
0.01264 (4.692)



TABLE LVIII (Continued)

308

[Solute] 8, solute
Solute and Solvent M kcal/mole

o;-Chlorobenzoic acid 0.000846 4.546

Tn 0.1 M CTAB 0.001478 3.829

0.001711 3.910

0.002419 3.500

0.003193 3.233

0.003220 2.993

0.003964 3.289

(0.004475) (4.106)
0.004615 2.506

(0.006617) (2.738)
(0.01019) (2.538)

Salcylic acid in 0.002802 1.856

0.1 M CTAB, run 1 0.005919 1.924

0.009551 1.551

0.01302 1.152

0.01671 1.001

0.02045 0.523

Salicylic acid in (0.002048) (1.814)
0.1 M CTAB, run 2 0.003745 1.934

0.005653 1.813

0.007434 1.489

0.009685 1.072

0.01133 0.831

Salicylic acid in H«0 0.002583 7.004

0.004530 6.098

0.006320 5.805

0.009460 4.705

Phenol in 0.1 M CTAB 0.002523 -0.905

0.006537 -0.769

0.01134 -0.649

0.01420 -0.521

0.01855 -0.427

0,02163 -0.374

£-Nitrophenol in 0.1 M CTAB 0.003061 -0.690

0.004904 -0.386

0.007466 -0.370

0.01062 -0.198
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TABLE LVIII (Continued)

[Solute] AH , ,
s, solute

Solute and Solvent M kcal/mole

0.01230 +0.069

0.01472 0.241

Phenol in n-hexane 0.004089 7.409

0.009279 7.162

0.01175 7.127

0.01518 7.000

0.01790 6.509

0.02136 6.619

Benzole acid In n-hexane 0.002580 4.530
0.004116 4.139

0.006717 4.228

0.008824 4.054

0.01057 3.989

0.01225 3.876

Phenol In 0.01 M CTAB 0.003931 1.944

0.0Q9121 2.029

0.01339 2.143
0.01982 2.304

0.02527 2.432

0.02999 2.478

Catechol In 0.01 M CTAB (0.001361) (5.073)
0.002622 1.731

0.004177 2.254

0.005394 2.147

0.006760 2.363

0.008190 2.458

Phenol In 0.05 M CTAB 0.005810 0.520

0.01144 0.798

0.01621 1.125

0.01901 0.985

0.02249 1.126

0.02771 1.093

^Data from J. P. Rupert, H. P. Hopkins and C. A. Wulff, J. Phys.
Chem., 69, 3059 (1965): solute column renorts /T" .
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TABLE LVIII (Continued)

^AHg is plotted versus [ solut^ .

''Recorded line in Table XVIII (p 135) uses only the first four
points; points 3-11 give AH = -2.97 + 0.19 kcal/ntole.

d
CuaX one-half the concentration of a given injection plus

the concentration of NaX already present prior to injection.

AHg is plotted versus /solute.

^Data for inorganic solutes plotted against v'c" or except
where noted; data for organic solutes plotted against C([ solute]),
except where noted.

^neglected points are in parentheses.



TABLE LIX

ENTHALPIES OF SOLUTION FOR SOLUTES AT

INFINITE DILUTION®

311

Solute and Solvent m

AH,s, solute
kcal/nole''

NaBr in 0.1 M CTAB 3.649 + 0.729 -1.429 + 0.123

NaBr in 0.1 M CTAB-0.05 M NaBr

at (28.0 +0.2)"
2.744 + 0.190 -0.942 + 0.025

NaBr in 0.1 M CTAB-0.1 M NaBr

at (33.4 + 0.1)"
0.472 + 0.485 -0.548 + 0.062

NaBr in 0.1 M CTAB-0.1 M NaBr

at (37.7 +0.3)"
3.976 + 0.081 -1.095 + 0.009

Na2C03 in 0.1 M CTAB -100.1 + 4.9 -2.071 + 0.106

Na2C03 in H2O 37,17 + 4.69 4.541 + 0.090

NaF in 0.1 M CTAB -2.426 + 0.198 1.103 + 0.037

NaS03C7H7 in H2O 38.96 + 10.60® 0.535 + o.iooc

LiBr in 0,1 M CTAB 8,553 + 1.309 -12.38 + 0.14

NH^Br in 0.1 M CTAB 6,381 + 0,487 2.406 + 0,064

Na2C03 in 0,075 M DTAB -20,55 + 1,02 -0.830 + 0,147

NaBr in 0.075 M DTAB 3,482 + 0.678 -0.955 + 0,082

NaC2H302 in 0.04 M NaLS 1,949 + 0.458 -4.332 + 0.066

NaNOj in 0.04 M NaLS 1.375 + 1.133 4,355 + 0,159

Na2S0^ in 0.04 M NaLS 4.844 + 0.458 -1.695 + 0.080

(CH3)^NBr in 0.04 M NaLS 12.38 + 1.54 3.403 + 0.152

NaSOgC^H^ in 0.0015 M HACl 19.88 + 7.19 -0.460 + 0.516

NaCl in 0.0015 M HACl 43.62 + 7.68 -2.986 + 0.472

(low concentrations)



TABLE LIX (Continued)
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Solute and Solvent m
solute »

kcal/moleb

NaCl in 0.0015 M HACl

(high concentration

Bromoform in H2O

Uracil in 0.1 M CTAB

Uracil in H2O

2-Butanone in 0.1 M CTAB

2-Butanone in H2O

Benzoic acid in H2O

o-Chlorobenzoic acid in

0.1 M CTAB

Salicylic acid in 0.1 M
CTAB, run 1

Salicylic acid in 0.1 M
CTAB, run 2

Salicylic acid in H2O

Phenol in 0.1 M CTAB

£-Nitrophenol in 0.1 M CTAB

Phenol in n-hexane

Benzoic acid in n-hexane

Phenol in 0.01 M CTAB

Catechol in 0.01 M CTAB

Phenol in 0.05 M CTAB

1,330 + 0.510

17.38 + 7.01
-r

-55.90 + 8.12

-74.89 + 15.33^

28.06 + 9.67

5.784 + 2.735

-227.7 + 4.6

-451.9 + 67.8

-79.62 + 9.16

-153.8 + 12,7

-321.2 + 32.1

28.35 + 1.56

72.90 + 9.12

-51.55 + 10,04

-54.50 + 13.59

21.86 + 1.13

115.7 + 34.2

26.48 + 7.91

0.417 + 0.077

-0.177 + 0.041

6,388 + 0.110

6.403 + 0.200'

-2.632 + 0.100

-2.713 + 0.028

6.916 + 0.041

4.687 +0.199

2.243 + 0.118

2.592 + 0.102

7.742 +

-0.961 +

-0.867 +

7.654 +

4.545 +

1.852 +

1.563 +

0.488 +

0.201

0.022

0.089

0.145

0.112

0.022

0.197

0.147
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TABLE LIX (Continued)

The AHg values are actually good only to three significant
figures, except for values >10 kcal/mole. This table includes an
extra significant figure (in some cases) from the computer printout
of linear least squares analysis.

^AHg (cone) = m(cone) + AHg (infinite dilution). The intercepts
are presented in Column 3. The expression (cone) may take a variety of
forms: for inorganic solutes it is /~C or v'™! unless otherwise noted,
for organic solutes it is C unless otherwise noted (C « [solute], M and
I = ionic strength).

AHg was plotted against C.

<^AH was plotted against /T.



T
A
B
L
E
 
L
X

T
E
M
P
E
R
A
T
U
R
E
 
D
E
P
E
N
D
E
N
C
E
 
O
F
 
S
O
L
U
B
I
L
I
T
Y
 
I
N
 
W
A
T
E
R

F
O
R
 
O
R
G
A
N
I
C
 
S
O
L
U
T
E
S
a

S
o
l
u
t
e

T
,

C
o
n
c
e
n
t
r
a
t
i
o
n

m

H
2
0
»

k
c
a
l
/
m
o
l
e
^

C
a
r
b
o
n
 
t
e
t
r
a
c
h
l
o
r
i
d
e

B
e
n
z
o
l
e
 
a
c
i
d

0
;
-
H
y
d
r
o
x
y
b
e
n
z
o
i
c
 a
c
i
d

o
0
.
0
0
6
3
1
 
M

2
2
3
.
7
 +
 
8
9
.
0

-
3
.
0
4
5
+

0
.
3
0
8

-
1
.
0
2
2
+

1
0

0
.
0
0
5
4
0
 
M

1
5

0
.
0
0
5
0
1
 
M

2
0

0
.
0
0
5
2
0
 
M

2
5

0
.
0
0
5
0
1
 
M

3
0

0
.
0
0
5
2
7
 
M

0
0
.
1
7
0
 
g
/
1
0
0
g
H
2
O

-
1
4
3
7
.
3
 +
 9
0
.
0

5
.
3
9
1
+

0
.
2
9
5

6
.
5
7
7
+

1
0

0
.
2
1
0
 
g
/
1
0
0
g
H
2
O

2
0

0
.
2
9
0
 
g
/
1
0
0
g
H
2
O

2
5

0
.
3
4
5
 
g
/
1
0
0
g
H
2
O

3
0

0
.
4
1
0
 g
/
1
0
0
g
H
2
O

4
0

0
.
5
5
5
 
g
/
1
0
0
g
H
2
O

5
0

0
.
7
7
5
 
g
/
1
0
0
g
H
2
O

6
0

1
.
1
5
5
 
g
/
1
0
0
g
H
2
O

8
0

2
.
7
1
5
 
g
/
1
0
0
g
H
2
O

0
0
.
8
 
g
/
i

-
1
6
7
1
.
6
 +
 5
8
.
6

6
.
9
6
4
+

0
.
1
9
0

7
.
6
4
9
+

1
0

1
.
2
 g
/
£

2
0

1
.
8
 
g/
Jl

2
5

2
.
2
 
g
/
£

3
0

2
.
7

4
0

3
.
7
 
g/
il

5
0

5
.
4
 
g
/
£

u
>



T
A
B
L
E
 
L
X
 (
C
o
n
t
i
n
u
e
d
)

S
o
l
u
t
e

T
,
 "

'C
C
o
n
c
e
n
t
r
a
t
i
o
n

b
 b

m
 b

f
 s.
 H
2^

k
c
a
l
/
m
o
l
e
'
^

6
0

8
.
2
 g
/
£

7
0

1
3
.
2
 
g
/
£

—

8
0

2
0
.
5
 
g/
Jl

^
-
H
y
d
r
o
x
y
b
e
n
z
o
i
c
 
a
c
i
d

0
1
.
2
4
 
g
/
1
0
0
0
g
H
2
O

-
1
4
9
4
.
6
+
5
7
.
6
 
5
.
4
4
4
+
0
.
0
8
7

6
.
8
3
9
 +
 0
.
2
6
3

5
1
.
2
9
 
g
/
1
0
0
0
g
H
2
O

1
0

1
.
3
5
 
g
/
1
0
0
0
g
H
2
O

1
5

1
.
8
4
 
g
/
1
0
0
0
g
H
2
O

2
0

2
 g
/
1
0
0
0
g
H
2
O

2
5

2
.
4
8
 
g
/
1
0
0
0
g
H
2
O

3
0

2
.
9
8
 
g
/
1
0
0
0
g
H
2
O

3
5

3
.
5
1
 
g
/
1
0
0
0
g
H
2
O

4
0

4
.
1
6
 
g
/
1
0
0
0
g
H
2
O

4
5

4
.
8
9
 
g
/
1
0
0
0
g
H
2
O

5
0

6
.
3
8
 
g
/
1
0
0
0
g
H
2
O

5
5

7
.
4
4
 
g
/
1
0
0
0
g
H
2
O

6
0

9
 g
/
1
0
0
0
g
H
2
O

6
5

1
0
.
9
4
 
g
/
1
0
0
0
g
H
2
O

7
0

1
3
.
7
0
 
g
/
1
0
0
0
g
H
2
O

7
5

1
7
.
5
5
 
g
/
1
0
0
0
g
H
2
O

o
;
-
N
i
t
r
o
p
h
e
n
o
l

5
0

0
.
3
8
8
g
/
1
0
0
0
g
H2
O

-
9
8
2
.
0
 
+
 4
7
.
8
 

3
.
6
2
1
 +
 0
.
1
4
0

4
.
4
9
4
 +
 0
.
2
1
9

6
0

0
.
4
6
3
g
/
1
0
0
0
g
H
2
O

7
0

0
.
5
6
0
g
/
1
0
0
0
g
H
2
O

8
0

0
.
6
8
5
g
/
1
0
0
0
g
H
2
O

9
0

0
.
8
5
6
g
/
1
0
0
0
g
H
2
O

L
O

U
i



T
A
B
L
E
 
L
X
 (
C
o
n
t
i
n
u
e
d
)

A.
 S
ei
de
ll
, 
"S

ol
ub

il
it

ie
s 
of

 I
no

rg
an

ic
 a
nd
 O
rg

an
ic

 S
ub

st
an

ce
s,

" 
Do
 
Va

n 
No
st
ra
nd
 C
o.

.
N
e
w
 Y
o
r
k
,
 N
.
Y
.
,
 2
n
d
 e
d
.
,
 1
9
1
9
,
 3
r
d
,
 1
9
4
0
.

^L
og
 s
ol
 =
 i
n[
l/
T(
°K
)]
 +
 b
.

„
 „
 =
 
-
2
.
3
0
3
 
R
 
m
.

s
 y 
^
2

C
O
M O
S



APPENDIX IV

COUNTERION BINDING IN SURFACTANT-SALT SOLUTIONS
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Figure 19. Plot of log ag^.- (in millivolts) versus log C
for Cj^gNMe^Br in H2O at 25°.
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TABLE LXIII

CORRIN PLOTS FOR n-ALKYLTRIMETHYLAMMONIUM BROMIDES

IN THE PRESENCE OF SODIUM BROMIDE

Surfactant [NaBr], M  CMC, M^ m^ b'
c

CioNMe3Br — 0.050 + 0.004 -0.488 + 0.026 -1.9459 + 0.0269

0.0400 0.0385 + 0.0015

0.1000 0.030 + 0.003

0.2000 0.024 + 0.002

DTAB — 0.0105 + 0.0015 -0.420 + 0.025 -2.7987 + 0.0338

0.0300 0.0064 + 0.0006

0.1000 0.0044 + 0.0003

0.3000 0.0025 + 0.0002

CTAB — 0.00080 + 0.00005 -0.765 + 0.038 -5.4606 + 0.0768

0.0100 0.000115 + 0.00001

0.0500 0.000040 + 0.000006

0.1000 0.0000178^

25°.

studies.

All determined by surface tension measurements at approximately

From early work done In connection with Intrinsic viscosity

Determined by linear least squares analysis of the data In the
following form: log CMC = m log (CMC + Cg) + b, where C = [NaBr].
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Figure 22. Corrin plots for Cj^^NMe^Br and DTAB,

Circles: CMCs of determined by surface tension,
squares: CMCs of C]^oNMe3Br determined by ion-specific electrode,
triangles: CMCs of DTAB determined by surface tension.
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Figure 24. Plot of Yg versus CMC + [NaBr] for
Cj^gNMe^Br,
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Figure 25. Plot of Ys versus CMC + [NaBr] for
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Figure 26. Dependence of rij^ for 0.1 M CTAB on the
NaBr concentration.
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TABLE LXV

ENTHALPY OF SOLUTION OF CTAB IN HnO USING A SINGLE

INJECTION TECHNIQUEa.b

CTAB, mg/200
ml H2O

AH „ ̂
8, H20»

kcal/molec

46.05 16.26

41.01 16.09

52.48 (12.29)

49.73 15.45

55.03 15.45

43.75 16.20

45.29 15.25

38.13 (17.89)

38.08 15.54

43.56 15.15

a
Fresh water placed in the calorimeter prior to each injection.

^Neglected points are in parentheses.

Average AH 15.67 kcal/mole.
s >"2
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TABLE LXXVI

CALCULATION OF SURFACE POTENTIALS FOR BROMIDE IONS
BOUND TO CTAB MICELLES (0.1 M CTAB) IN THE

PRESENCE OF TOSYLATE IONS

[NaS03C7H7]
M

> Bound

[Br-], M
[Br Free
Ma [Br"l, M

l'(Br-),
mVC

0.0120 0.0680 1.87 0.032 58.3 104

0.0100 0.0702 1.93 0.0298 64.6 107

0.0080 0.0720 1.98 0.0280 70.6 109

0.0052 0.0750 2.06 0.0250 82.3 113

0.0040 0.0757 2.08 0.0243 85.5 114

0.0020 0.0770 2.11 0.0230 91.9 116

®[Br"
corrections

^mic " (j) - 0.0364 for 0.1 M
for the CMC necessary.

CTAB, with no

'"'■".nlc /free [Br ].

-

+ei((/lcT.
®  } for in millivolts, kT/e « 25.69 at 25° •



APPENDIX VI

VISCOSITY DATA FOR HEXADECYLTRIMETHYLAMMONIUM

BROMIDE-SOLUTE-SODIUM BROMIDE SOLUTIONS
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TABLE LXXVII

CALCULATED AREA PER HEAD GROUP FOR SPHERICAL AND

ROD-SHAPED CTAB MICELLES^

g  ̂ Area per head
Shape Volume h Surface area® group^

Sphere^ 5.8 x 10^ A^ ~ 7250 A^ 76,4 A

Rod^ 5.8 X 10^ P 32. A 4830 A^ 51 A

^Containing 95 monomers.

^r = 24 A.

c  3
Computed from 4/3 irr ; used for both the sphere and the rod.

^For the rod V = Trr^h.
0  2
Surface of sphere is 4Trr , surface of rod is 2Trrh.

^(Surface area)/95 monomers.
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TABLE LXXVIII

VISCOSITY DATA FOR CTAB IN SOLUTIONS CONTAINING 0.1 M NaBr
AND VARIOUS ORGANIC SOLUTES^*^

Solute

C  (CTAB) X

g/ml
102,

"Irelm ^sp
'^sp/Ctn»

ml/g

^-hexane^ 3.643 (4.954) (3.954) (108.3)
2.732 1.602 0.602 22.0

1.821 1.257 0.257 14.1

0.9829 (1.223) (0.223) (22.7)
0.8182 1.066 0.066 8.1

0.6542 (1.096)^ (0.096) (14.7)
0.3626 1.023 0.023 6.3
0.2714 (1.008)^ (0.008) (2.9)

rv-Octane*^ 3.643 1.147 0.147 4.03

2.732 1.105 0.105 3.84

1.821 1.075 0.075 4.1

1.456 1.052 0.052 3.6

0.8183 1.035 0.035 4.2

0.5449 1.024 0.024 4.4

0.3627 1.014 0.014 3.8

0.2715 1.0096 0.0096 3.5

Benzole acid;® 3.643 4.165 3.165 86.9
0.02 M NaBr not 2.768 2.062 1.062 38.4
0.1 M NaBr 1.821 1.237 0.237 13.0

1.383 1.105 0.105 7.6

1.091 1.058 0.058 5.3

0.8182 1.039 0.039 4.8

0.7271 1.030 0.030 4.2

0.5521 1.027 0.027 4.8

0.3625 1.015 0.015 4.2

0.2768 (1.019) (0.019) (6.7)
0.1802 (1.013) (0.013) (7.1)

Benzole aeld^ 0.9104 6.411 5.411 594.3

0.7280 3.410 2.410 331.0

0.4053 1.510 0.510 126

0.2722 1.181 0.181 66.6

0.2020 1.086 0.086 43

0.1123 1.022 0.022 19.5

0.07156 1.009 0.009 13

0.03928 (1.056) (0.056) (144)
0.02597 1.030 (0.030) (116)
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TABLE LXXVIII (Continued)

C  (CTAB)
Solute ™g/ml

X 102,
hrelm Igp

Isp/C^,
ml/g

l-Hexanol® 0.9094 2.938 1.938 213.1

0.5450 1.510 0.510 93.6

0.3627 1.190 0.190 52.3

0.2716 1.093 0.093 34.3

0.1805 1.045 0.045 25.2

0.1441 1.021 0.021 14.3

0.08940 (1.003) (0.003) (3.1)
0.07118 (1.0017) (0.0017) (2.4)
0.03473 1.0052 0.0052 14.9

0.025 M Benzole acid 0.7282 (214.3) (213.3) (29,407)
0.4035 19.46 18.46 4575

0.3616 13.47 12.47 3449

0.3221 10.38 9.38 2912

0.1793 3.785 2.785 1553

0.1067 2.127 1.127 1057

0.06991 1.635 0.635 907.9

0.05808 1.406 0.406 870.9

0.05196 1.310 0.310 597

0.04284 1.185 0.185 432

0.03355 1.087 0.087 259.6

0.02961 1.065 0.065 218.7

0.02463 1.049 0.049 198

0.01894 1.038 0.038 198.1

0.01533 1.029 0.029 187.3

0.01174 (1.014) (0.014) (118)
0.00803 (1.031) (0.031) (389)
0.00438 (1.022) (0.022) (512)

Joints neglected are in parentheses.

''aII CMCs were determined by surface tension measurements,

'^ricMG " 0*898 cP; CMC = 5.31 x lO"^ M.

%MC ' = 5.01 X 10"^ M.
®ncMC " 0*®®^ OMC = 5.62 X lO"^ M.
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®^CMC "

^CMC " - 7.95 X 10"^ M.
Neglected because n-hexane present had evaporated.
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TABLE LXXX

DETERMINATION OF THE SECOND CMC FOR THE

CTAB-0,1 M NaBr-0.Q25M BENZOIC

ACID SYSTEM

Trial value for

second CMC, g/ml

Calculated value

of F(c)
(=0 at CMC)"

, „ -4
5.8 X 10 23.5

_ _ —4
5.7 X 10 -10.3

-4®
5.73 X 10 - 0.5

®Value used in Table XXX (p 181 ).

^F(c) is obtained by setting the two polynomials for the system
(presented in Table LXXVIII, p 355) equal and then rearranging to give
5.607 X 10^2 c -9.67 x 108 c2-1.063 x 10^ C'-128.6 = F(c). At the point
where the two polynomials intersect, F(c) = 0.
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TABLE LXXXI

CALCULATION OF AXIAL RATIOS (p)
OF ORGANIC SOLUTES AND 0.

FOR CTAB

1 M NaBr

MICELLES IN THE

(Vgp = 1 ml/g)a
PRESENCE

Solute [n], ml/g
Prolate ellipsoids 1.5 [nl,

p  A(p)'^ ml/g^ P

Rods

A(p)®

n-Hexane 3.12 + 1.05 2^ 2.91^

n;-Octane 3.88 + 0.17 3^ 3.68^

Benzole acid,
0.02 M NaBr

,  4.45 + 0.20 3.8

(13)

4.64

4.51
j

Benzole acid 13.3 +0.5 9.8

O)

13.03

13.22

19.95 12 20.01

1-Hexanol 16.7 +0.5 11.5 16.36 25.05 15 27.59

16.56 (2) 24.93

0.025 M

Benzole acid

199 298.5 64.

(65)

5  296.5

300.5

828 1242 150 1302

147 1256

(Q) 1242

Values of p were estimated and A(p) then calculated using
equations from C. Sadron, Progr. in Biophysics. ̂  237 (1950); values
circled appear in Table__XXX (-p 181). For ellipsoids [n] = A(p)Vsp*
for rods [n] = 2/3 A(p)Vgp.

^From tabulated values in C. Sadron, Progr. in Biophysics, 3,
237 (1950). ~

'^A(p) - P^/15 [l/(ln 2p-1.5)] + p^/5 [l/(ln 2p-0.5)] + 0.933.

"^For rods [n] = 2/3 A(p)Vgp.
®A(p) - p^/15 [l/(ln 2p-1.8)] + p^/5 [l/(ln 2p-0.8)] + 0.933.
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COUNTERION BINDING EFFECTS AND TRUE ENTHALPIES OF

SOLUTION FOR BENZOIC ACIDS IN

HEXADECYLTRIMETHYLAMMONIUM
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APPENDIX VIII

ATTEMPTS TO CALCULATE DISTRIBUTION COEFFICIENTS FOR

SOLUTES BETWEEN MICELLAR AND BULK PHASES USING

CALORIMETRIC AND SPECTROSCOPIC DATA

A. The Bollesrn-Drago Approach

274Belles and Drago found, that both.the equilibrluia constant (K)

and enthalpy of formation (AH°) for an adduct (C) could be determined

calorimetrically. To do this, Equation 56 was derived, and reasonable

values of AH" were chosen^ This generated a family of straight lines

of the form 1/K versus-AH"; the. point at which the lines intersected

gave the true K and AH for adduct formation. The following experiment"

al quantities were used in Equation 56.: (1) V, the volume of solution

in milliliters, (2) AH', the measured heat of formation for an unknown

amount of complex and (3) the initial-concentrations A and B .
o  o

A + B C K = [C]/[A][B]

C = (1000AH'/V)/AH°

K = (1000AHVVAH'')/ (A^ 1000AH'/VAH°) (B^ - lOOOAH'/VAH°)

K"^ = 1000AH'/VAH° + A B VAH°/1000AH' - (A + B ) (56)
0 0 o o

For studies of the equilibrium constant and true enthalpy of trans

fer from bulk to micellar phase for a-solute. Equation 57 was derived.

The quantity (observed heat of-transfer'for an'unknown amount of

solute) corresponds to the.Bolles-Drago.AH'.- The quantity AH is the
mt

true enthalpy of transfer for the solute in kcal/mole. The equilibrium

372
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constant K is given by the expression K = [solute] , /[solute] or
mic aq

[Y]/[X]. It also equals (n /n )(1 - <j))/<t) , where n is the number of
m aq m

moles of solute associated with the micelles, n is the number of moles
aq

of solute in the bulk phase and (j) is the volume fraction of the solution

occupied by the micelles. Total added solute is n (n + n ). The
tot in aq

expression - 1000 200^^^^^) is n^^. Unfortunately, Equation 57

[Y] - 1000

K - [Y)/[X]

•= - <""'0 - ♦

for 0.1 M CTAB

K-l - WH^,/26.5 X 5 - 5

-  =• 5 "obBt' - 1/26.5 (57)

gives a family of straight lines (iepending on what Is) which inter

sect only at -1/26.5, not a very realistic value for K~^. The failure

of this approach may be due to the form of our equilibrium constant

being different from the equilibrium constant for adduct formation used

274
by Bolles and Drago.

B. Detertaination of Distribution Coefficients Using an Equation

for a Solute's Observed Enthalpy of Solution in One-tenth

Molar Hexadecyltrimethylammonium Brcmide

For solutes whose enthalpies of solution are concentration
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dependent, will vary. Since Q^^jg ®ay be expressed in the form

of Equation 58, a series of simultaneous equations containing two un

knowns, AH and K are obtained. AH is the true enthalpy of solution for
lu ni

the solute in the micellar phase. Using Equation 58 for each of six

Q , - AH„ ̂ n + AH nobs H2O aq mm

m aq

- (n /n ) X 26.5 in 0.1 M CTAB
m aq

K'- K/26.5 - n /n - (n, ̂  - n )/n
m aq tot aq aq

n K' ■ n.^. - n ; n = n. ./(I + K')
aq tot aq aq tot '

"m -

obtained from calorimetric runs for phenol and o-chlorobenzoic acid in

0.1 M CTAB gave K' values of minus one, not a realistic nxjmber. Equation

57 was rearranged to give a left-hand side of the form Q^^jgCl + K') prior

to using it in calculations.

C. Ultraviolet Spectroscopy as a Tool for Determining

Solute Distribution Coefficients

It was hoped that 0.1 M CTAB would alter the UV absorption bands

of the solutes phenol and catechol sufficiently (compared to their spectra

in water) so that the relative amount of these materials in the micellar

and bulk phases could be determined. Table LXXXVII shows that a small
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TABLE LXXXVII

THE EFFECT OF CTAB ON THE ULTRAVIOLET ABSORPTION SPECTRA

OF PHENOL AND CATECHOL

Solute

[Solute] X 10 ,
M ^max* nm

H2O
A  e

0.1 M CTAB

A  e

Phenol

Catechol

2.789 269 1.043 1496

3.485 269 0.525 1506

6.971 269 0.416 1492

1.946 273 0.300 1541

3.243 273 0.525 1619

3.892 273 0.635 1632

6.486 273 1.072 1653

4.505 275.5 1.021 2266

5.632 275 1.270 2255

1.123 278.5 0.275 2449

2.246 278.7 0.560 2493

2.808 279.0 0.720 2564

4.212 278.7 1.105 2623

5.616 279.3 1.426 2539

^'Sadtler Standard Spectra," Sadtler Research Laboratories, Inc.,
Philadelphia, Pa., 1969, reports X
methanol.

max
277.5 nm and e = 2673 in
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shift in X for both catechol and phenol was observed when the sol-
max

vent was changed from water to 0.1 M CTAB, but no new peaks appeared.

An attempt was made to use the variation in extinction coeffic

ients (e) observed as the concentrations of phenol and catechol increased.

The treatment developed parallels the procedure discussed in Section B.

The expressions derived for n and n in Section B are used in deriving
m  aq

Equation 59. V is the volume of the solution and is the total con

centration of solute in moles/liter. The path length of the cells used

was 1 cm. By using Equation 59 for each concentration of solute a

\ot " "tot^obs'' " "aq^Hjo" Vmlc'"

\ot - \ot\0

\ot - '"tot'^obs ■ ^

series of simultaneous equations may be set up, each containing two

unknowns, (the extinction coefficient of solute in the micellar

phase) and K'. Unfortunately, Equation 59^ is again of the form where K' =

-1 is the only possible solution with respect to that unknown.

D. Determination of Distribution Coefficients Using Enthalpies

of Solution Obtained at Varying Concentrations of

Hexadecyltrimethylammonium Bromide

Table LXXXVIII lists the AHg values and values for

phenol and catechol at three different concentrations of CTAB.

Figure 36 indicates that the values of for phenol and catechol
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-1.0 3.0

a -2.0 4.0O

-3.0 5.0

<

-4.0 6.0

1i  » I  I 1

0.02 0.04 0.06 0.08

[CTAB], M

0.10

Figure 36. Dependence of (water to CTAB) for p)ienol
and catechol on CTAB concentration.

Circles: phenol, squares: catechol.
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are linearly dependent on the concentrations of CTAB at which they were

measured. Attempts were made to solve for K = (n /n )(l-(t))/(j) using
m aq

simultaneous equations gotten from Equation 60. The expression

CTAB same as the used in the derivation of

Equation 58. The value of the quantity (l-(}))/(j) depends on the concentra

tion of CTAB being used: 26.5 (0.1 M CTAB), 53.94 (0.05 M CTAB) and

"tot^®s,CTAB " ' "tot " °aq

^ " ̂"tot ■ "aq^/"aq *
" [ (l^<l>)/i))]n^^j./[K + (l-(j))/(|)]

"m " "tot ■ ta-<l>)/'l']n^o^/[K + (l-<|.)/(^]

o PTAn ~ 4. 4H n /n8 ,CTAB 1120 aq tot m m totAH,

- 4Hjj^q[(1-(^/4.]/[K + d-*/*] + AH^K/[K + (l-fj))/*] (60)

273.7 (0.01 M CTAB). For each concentration of CTAB (|i was computed

using Equation 61, where Vgp ■ 1 ml/g.

<t> - ([CTAB], M X 364.45 g/mole x Vgp)/1000 (61)

It was hoped that the K obtained from Equation 60 (three equa

tions per solute, one for each CTAB concentration) using the AH
8 f CixAB

values for phenol and catechol in Table LXXXVIII would be a constant.

This was not the case; depending on which two equations were used a dif

ferent K was obtained. For example, for phenol let Equation 60a denote

the one obtained from data at 0.1 M CTAB, Equation 60b from data at

0.05 M CTAB and Equation 60c from data at 0.01 M CTAB. When Equations

60a and 60b were used to solve for K, K = 20.4; when Equations 60b and
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60c were used, K = 127 and when Equations 60a and 60c were used, K « 72.

The same result was obtained for catechol. Apparently K in the expres

sion K = (n^/n^^) (l-(ji)/(j) is not a true equilibrium constant for micellar

systems.

E. Summary of Distribution Coefficient Work

Attempts to calculate distribution coefficients for solutes between

micellar and bulk phases were completely unsuccessful when data using

only one concentration of CTAB were employed. Use of calorimetric

data for phenol and catechol taken at three different CTAB concentra

tions met with more success. However, it was found that the behavior of

these solutes as the concentration was varied could not be described by

the use of a single K.

F. The True Enthalpy of Transfer of Phenol from Water

to 0.0274 M Hexadecyltrimethylammonium Bromide

249Good and Milloy report an observed AG. for phenol from water
trans

to 0.0274 M CTAB of -0.360 kcal/mole; this corresponds to K ■ 1.84 where

K is defined as n /n . The phenol present in 0.0274 M CTAB is there-
ui

fore divided into 65% associated with the micellar phase, 35% with the

bulk, aqueous phase. The distribution coefficient K ■ (n /n
m aq r/# r

is then 182, since (() = 0.01 for 0.0274 M CTAB. The true AG
trans

-RTln 182 = -3.07 kcal/mole.

From Figure 36 the observed AH^ for phenol is 0.0274 M CTAB
trans

is estimated to be -1.72 kcal/mole; correcting this to a true AH
trans

requires dividing by 0.65, since only 65% of the phengl is actually
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transferred to the micellar phase. The value of the true AH is

then -2.65 kcal/mole and AS ■ 1.1 eu.
trans



APPENDIX XX

MICELLAR CATALYSIS DATA
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TABLE LXXXIX

REPRESENTATIVE RAW DATA FOR THE HYDROLYSIS OF METHYL

AND HEXYL SALICYLATES AT 25°

[Ester], M [CTAB], M t, oln A -A^
00 F

Methyl sallcylate

0.002024^' — 20 1.522
56 1.467

85 1.381

147 1.306

255 1.181

376 1.053

1404 0.403

1527 0.349

1787 0.247

2043 0.202
2852 0.108

3070 0.082

A-1.532

0.001033*^ 0.00500 100 0,708
322 0.600

382 0.594

nil 0,264
(1237) (0.127)
1343 0.217

1491 0.182

A-0.772

0.000987*^ 0.00501 72 0.731
162 0.721
269 0.567

343 0.535

396 0.439

1434 0.104

1525 0.099

1680 0.074

A"0.789

Hexyl sallcylate

0.001003^ 0.00503 1191 0.756
2625 0.687

5505 0.538



TABLE. LXXXIX (Continued)
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[Ester], M [CTAB], M t, mln A -A,.
00 Z

0.000991 0.00454

0.001070 0.00501

8575 0.413

10101 0.365

11665 0.320

14163 0.265

15984 0.204

19117 0.183

21634 0.161
00 A-0.783

1157 0.648

1532 0.621

4256 0.428

7573 0.270

9885 0.194
12665 0.147
15617 0.094

(17656) (0.063)
00 A-0.738

1197 0.705

2631 0.599

5509 0.414
8579 0.271

10108 0.215

11669 0.194

14168 0.122

15988 0.094
00 A-0.844

Joints neglected in the least squares analysis (to obtain rate
constants) are in parentheses.

^^0.02 M borax buffer.

^0.02 M carbonate buffer, 50% base.

^0.03 M carbonate buffer, 75% base.
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TABLE XC

LINEAR LEAST SQUARES ANALYSIS OF KINETIC DATA FOR HYDROLYSIS
OF METHYL AND HEXYL SALICYLATES AT 25

[Ester], M [CTAB], M
4®

m' X 10

Methyl sallcylate

0.002024^ — - 4.140 + 0.057 0.1777 + 0.0089

0.001154'' — - 4.407 + 0.081 -0.0409 + 0.0092

0.002168'' 0.00497 - 2.929 + 0.141 0.1794 + 0.0212

0.001178b 0,00500 - 1.577 + 0.094 0.0162 + 0.0110

0.001644b 0.0505 - 0.3337+ 0.0232 0.0640 + 0.0386

0.001113^ — - 5.077 + 0.222 0.0435 + 0.0204

0.001035'' — - 8.429 + 0.230 -0.1879 + 0.0230

0.001082" — - 4.891 + 0.223 -0.0996 + 0.0161

0.001423" — - 9.545 + 0.393 0.0253 + 0.0130

0.001033*^ 0,00500 - 4.358 + 0.134 -0,0850 + 0.0129

0.001218" 0.00500 - 6.769 + 0.878 0.0228 + 0.0201

0.001268'' — - 4.390 + 0.234 0.0854 + 0.0195

0.001362'' — -14.31 +0.204 0.0131 + 0.0080

0.001044'' — -12.86 + 1.26 -0.0787 + 0.0309

0.000945'' 0.00501 - 5.615 + 0.241 -0.1783 + 0.0235

0,001374'' 0.00497 - 5.719 + 0.317 0.0502 + 0.0211

0.000987^ 0.00501 - 6.242 + 0.138 -0.0751 + 0.0134

Hexyl sallcylate
0.001003 0.00503 -0.3448 + 0.0119 -0.0857 + 0.0152

0.000949^^ 0.00111 -0.3721 + 0.0167 -0.0158 +, 0.0148

0.001134'^ 0.00348 -0.5372 + 0.0147 -0.00065+ 0.0132

0.000991" 0.00454 -0.5767 + 0.0099 -0.1237 + 0.0090

0.001090" 0.00500 -0.4993 + 0.0096 0.0164 + 0.0067

0.000996^ 0.00551 -0.6165 + 0.0047 -0.1144 + 0.0049

0.001050" 0.00654 -0.4884 + 0.0220 -0.1038 + 0.0238
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TABLE XC (Continued)

[Ester], M [CTAB], M
A®

m X 10 b^

0.000963^ 0.0X000 -0.4871 + 0.0170 -0.1300 + 0.0195

0.001070<^ 0.00501 -0.5889 + 0,0148 -0.0664 + 0.0148

^Log(A„-Aj.) - mt + b.

^0,02 M borax buffer.

^0.02 M carbonate buffer, 50% base.

•^0.03 M carbonate buffer, 75% base.
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Figure 37. Surface tension of CTAB in 0.1 M NaBr.
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Figure 40. Plot of millivolts versus ag^- for NaBr
standards used with the bromide ion specific electrode.
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TABLE XCI

AVERAGE MILLIVOLT READING3 AND MAXIfpi DEVIATIONS FOR A
SERIES OF SODIUM BROMIDE SOLUTIONS USING THE

BROMIDE ION SPECIFIC ELECTRODE

[NaBr], M
a

Reading, mV

0.010 - 72.6 + 0.5

0.020 - 87.4 + 0.4

0.050 -107.3+0.3

0,100 -122.3 + 0.1

0,200 -136.9

0.500 -156.5 +0.1

^Average of two readings.
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Figure 42. Plot of pH versus aoH" NaOH standards

and CTAB solutions containing NaOH.

Circles: NaOH standard solutions, squares: CTAB
solutions.
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Figure 43. Adherence to Beer's law for the complex of
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Circles: salicylic acid in H2O, squares: salicylic
acid in 0.005 M CTAB, triangles: methyl salicylate in H2O.
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