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ABSTRACT

A Joule heating temperature-jump relaxation spectrometer has been
designed and constructed. The fastest heating time of the instrument
is approximately O.2uS, which enables reactions with half lives greater
than 0.5uS to be followed. To ensure maximum flexibility three easily
interchangeable capacitors are fitted (0.01, 0.02 and 0.05uF). The
maximun temperature rise (0.05uF capacitor, 40kV discharge) is 6.5K.
Concentration changes may be monitored by observing changes in
fluorescence, absorbance and light-scattering. An existing small
volume stopped-flow instrument has been modified to enable the observa-
tion of changes in light-scattering and fluorescence. A data capture
system has been developed to facilitate the rapid and accurate
determination of kinetic paraneters.

The thermodynamics and kinetics of the interaction between
acridine-type dyes and anionic surfactants have been investigated.

The dyes used have distinctly different absorption and fluorescence
characteristics below and above the CMC. They may, therefore, be used
to determine the CMC of anion:ic surfactants.

Below the CMC of the surfactant, a time-dependent association of
dye and surfactant is observed which leads to the growth of large
aggregates. The strength of this interaction increases sharply with
increasing hydrocarbon chain-length of the surfactant, and with the‘
tendency of the dye to self-associate in aqueous solution. A mutually
induced aggregation mechanism is proposed.

Above the CMC of the surfactant the dyes are absorbed by the
micelles. Evidence is presented which establishes that the dyes are
incorporated into the hydrocarbon region (palisade layer) of the

micelle, and not simply held at the surface by electrostatic forces.



The kinetics of dye absorption have been studied by the stopped-flow
method utilising fluorescence and absorbance detection. The rate of
absorption for a given dye reaches a limiting value for high surfactant
concentrations i.e. for a micellar surfactant dye ratio (M/D) greater
than ~102. The limiting rate of absorption is found to decrease as
the hydrocarbon chain length of the surfactant increases. The limiting
rate is found to be dependent to some extent on ionic strength, pH, and
co-solvent e.g. methanol, but is little affected by small additions (0 o
mole fraction) of potential impurities e.g. dodecanol. For a given
micelle the process of dye absorption is very sensitive to the geometric
shape of the acridine dyes, subtle structural changes resulting in
large kinetic effects. Dyes having the same geometry are found to be
absorbed at very similar rates.

The mechanism proposed for the absorption is a two-step process
involving a very rapid (diffusion-controiled) absorption of the dye onto
the micelle surface followed by a slow absorption or '"intercalation'
into an energetically more favourable site in the palisade layer of the

micelle.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Classification of Colloid Systems

Colloid science is concerned with systems which contain components
which have dimensions within the range 1 to 100nm, i.e. systems
containing large molecules e.g. synthetic and biopolymers, small
particles e.g. metal sols, or aggregate species e.g. micelles.

Colloids find many applications in industry: plastics, rubber,
paint, detergents, foodstuffs, drugs and hetrogeneous catalysis are a
few examples. The vast range of industrial processes which are based
on colloid systems emphasise the importance of a sound practical and
theoretical understanding of colloid phenomena.

Colloidal systems may be grouped into three general classifications:

(1) Colloidal dispersions: These are thermodynamically unstable
owing to their high surface free energy and are irreversible systems
in the sense that they are not easily reconstituted after phase separa-
tion.

(2) True solutions of macromolecules: These are thermodynamically
stable and reversible in the sense that they are easily reconstituted
after separation of solute from solvent.

(3) Association colloids (Micelles), which are thermodynamically
stable.

This thesis will be concerned exclusively with the group three

colloids (micelles in aqueous media) .

1.2 General Properties of Micellar Systems

The characteristic property which distinguishes micelles
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from other colloidal systems is that the associated units of the former,
the micelles, are in dynamic association-dissociation equilibrium with
the monomer units. The monomers are molecules usually of low mole-
cular weight (<500), which exhibit a property known as amphipathy.
This term was introduced by G.S. Hartley(l) to describe the sympathy of
one part of the molecule for water, hydrophilicity, and the antipathy
of another part for water, hydrophobicity. Molecules which show this
property are known as amphiphiles, surfactants or tensides.l Throughout
this thesis the term surfactant will be used. The hydrophilic part, or
head-group, of the molecule may be ionic, zwitterionic or non-ionic.
The hydrophobic part, or tail-group, is usually a hydrocarbon chain.
Examples are shown in figure 1.2.1.

The physical properties of very dilute aqueous surfactant solutions
do not differ significantly from those of non-surfactants, in that
close to ideal behaviour is observed. As the concentration of surfac-
tant is increased, a dramatic and abrupt change in various physical
properties is observed. A diagramatic representation depicting changes
in several physical properties for one ionic surfactant (sodium dodecyl
sulphate, SDS) is shown in figure 1.2.2. The properties plotted are
those of refractive index (n), density (e), turbidity (t), molar
conductivity (A), osmotic pressure (m) and surface tension (o). These
sudden changes in physical properties have been attributed to the
reversible association of typically 20 to 100 monomers to form molecular
aggregates, micelles. For ionic surfactant systems, the micelle surface
charge is partially neutralised by counter ion binding. The concentra-
tion at which the abrupt changes occur, actually a small but finite
range of surfactant concentration, is called the Critical Micelle
Concentration, CMC. Figure 1.2.1 contains CMC values for a number of

different classes of surfactants in water. It must be noted that the
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CMC values cover an extremely wide range of concentrations depending

on the nature of the surfactant. The physical properties mentioncd

, e (] S ,
above and many others may be used to determine the CMCs of surfac-

]

tants and to provide information regarding the size and structurc o

the micelles.

The interpretation of the abrupt changes in physical propertics
has led to a fairly detailed structural picture of the micelle. For
many systems the micelle appears to be approximately spherical of 1-3mn

radius, with the hydrophilic head-groups at the surface. The hydro-

carbon chains are usually thought to be fairly flexible, so that the
hydrocarbon micelle core is effectively a small volume of liquid
hydrocarbon. However, the viscosity ol the hydrocarbon micelle

interior has been found experimentally to be greater than for purc

(3)

liquic hydrocarbon of the same chain-length. This has been attributed

: . » - . 2 .
to the high internal pressure of the micelle core, which leads to a

severe restriction on the mobility of the hydrocarbon chains. lonic

. , . . T Eg - 4 ‘
micelles have large surface potentials, for SDS it is —lolmV( J, and

generally 50-70% of the counter ions are bound within the Stern layer.

A diagramatic representation of a micelle is shown in {igure 1.2.5.

\

The CMCs for a given class of surfactants c.g. sodium n-alkyl

>

sulphates (1912n+1

OSOQ Na*, are found to decreasc as the hydrocarbon
chain-length is increased, while the hcad-group type and countcer ion
(providing it has the same charge) do not affect the CMC to any great
(5)

extent The amount of added electrolyte also drastically changes

the CMC, which decreases as the added ionic strength is increased "
The mean aggregation number, z, also increases with added ionic strongthtpﬁ
The variation in the CMC for a given homologous series of surfactants

with those factors mentioned above (and many others) has been extensively

5, . - . . .
documented( ). Some of the thermodynamic factors which determine the



FIGURE 1.2.3

SCHEMATIC DIAGRAM OF A MICELLE

CMC values are considered in the following section.

1.3 Thermodynamics of the Monomer-Micelle Equilibrium

1.3.1 Introduction

There are two main approaches which may be used to interpret the
thermodynamics of the monomer-micelle equilibrium. One description of
the process is in terms of a dynamic cquilibrium(7) between monomers,
(A) and micelles, (M) based on the Law of Mass Action. The other
approach considers micelle formation, or, micellisation, in tems of a
phase-separation model I't will be shown that both approaches over-
simplify the real situation, since assumptions have to be made regarding
the size distribution of the micelles. lHall and Pethica(g) have

attempted to overcome this drawback by the application of Hills(lo)




small system thermodynamics to micellar systems. In this approach each
micelle is regarded as an independent small system in equilibrium with
monomer surfactant. This last model is discussed in considerable detail

)

elsewhere

1.3.2 The Multiple-Equilibrium Approach(7’9’10)

A simplified multiple-equilibrium approach can provide a simple,
thermodynamic formulation of micellisation which is rigorous for mono-
disperse systems. For such a monodisperse micelle (M) in equilibrium

with monomers (A) we have:

zZA =M (1:3.2.1)

neglecting any effect of counterion binding.
The overall molar equilibrium constant for micelle formation (Kﬁg,

neglecting activity coefficients, is expressed by:

_ ]
[A)*

K' (1.3+2.2)

It is useful to express concentrations in mole fraction units so

that the free energies obtained are in unitary units(ll).

Let X5
represent the mole fraction of monomer in bulk solution and X, the mole

fraction of surfactant monomer contained in each micelle. Hence,

X
K= —"— (1.3.2.3)
z(xA)“

Thermodynamic calculations based on equation (1.3.2.3) are now

straightforward. AGﬁ, the free energy of transfer of one monomer to

the micellar state is given by



zAG) = -RT In K (1.3.2.4)
The equation for representing micelle formation then becomes
In x, = - -t Z Mmx, +Inz (1.3.2.5)

Throughout thermodynamic ideality is assumed, but this is not a
serious limitation. Any non-ideality of the monomer is corrected for
by replacing the molc fraction X) s by the activity. The ideality of
the micellar species is not assumed unless K or AG; are held constant
and independent of all variables except z. In fact, AG; will be a
function of many variables such as ionic strength. For the rigorous
case, AGg will depend on the micelle aggregation number, and for a
polydisperse system tne thermodynamics will be much more complex.
Since most calculations are performed at low micellar concentrations
the effect of inter-micelle interactions will be small. A concentra-
tion dependent term could be introduced to account for such interactions.

(8)

1.3.3 The ’hasc-separation Approach

Micelles, in this treatment, are considered to be a separate phase,
the phase-separation occurring at the CMC.

The process may ve represented in the following way:

(Surfactant) == Micelle
H,0

The micelle is then a separate phase and has an activity of 1.

The equilibriun constant for the formation of the separate micelle phase

is given by:




=
]

- [Surfactanﬁ]Hzo {1.5.5.1)

CMC (1:3.3.2)

K

Neglecting all effects due to counterion binding the thermodynamic

0 o} .
parameters AGm and AHm are given by

A62 =RT In OMC (1.3.3.3)
o _ RT%dIn QMC
and AHm = —dr (1.3.3.4)

The phase-separation approaéh is not acceptable on experimental
grounds, since the CMC is not a discontinuity but occurs over a small
but finite range of concentrations. Also, micelles are generally small,
certainly smaller than many enzymes and so do not constitute a true
phase.

The fundamental difference between the multiple-equilibrium and
phase-separation approaches is that the former model states that the
monomer activity must increase (however slowly) above the CMC and in
the phase-separation approach it must remain constant. Surface
tension(lz) and dialysis(ls) measurements on extremely pure surfactants
have shown that an increase in monomer activity does in fact occur
above the CMC.

The phase-separation description of micelle formation therefore
seems inappropriate, although its intrinsic simplicity has wide appeal.
Any realistic thermodynamic description of micelle formation should,
therefore, be based on a multiple-equilibrium scheme, and the implica-

tions of this model will be considered further in Chapter 3.




1.3.4 Contributions to the Overall Free Energy of Micelle Formation

When considering ionic (e.g. sodium n-alkyl sulphate) surfactants,
it is necessary to separate the overall free energy of micellisation,
(AG;), into the negative contribution arising from the hydrophobic
interaction (AGﬁyd), and the positive contribution arising from the
repulsive Coulombic potential associated with the charged head-groups
(AGo,) -

5@ (1.3.4.1)

AGe = AR, +
el

m hyd

1.3.5 The Hydrophobic Contribution

A factor of fundamental importance in the estimation of AGﬁyd is
the extent to which water penetrates the micelle. It is possible to
estimate this unfavourable contribution to micelle formation from a
consideration of the possible hydrocarbon chain surface area which is
in contact with water. Calculations based on a model in which the
hydrocarbon chains are closely packed, perpendicular to the core
surface and in an infinite bilayer, will result in zero contact area
between the hydrocarbon chains and water. A surface area per chain (S)

15), Obviously, this is an unrealistic

of O.Zmn2 is detcrnincd(l4’
model, but it represents the lowest limit for the value of S.
Further theoretical calculations based on either spherical or

(14,15)

ellipsoidal micelles provide a better estimate of S The volume

and surface area of  spherical or ellipsoidal micelles 1s easily
calculated. The radius, r, or minor axis, bo’ is equal to the extended

chain length, Z ., of the monomer. The volume of the alkyl chain is

m
easily calculated from an empirical relationship derived from the X-ray
data of Reiss-llusson et a1(16). From the volume of a single alkyl

chain and the volume of a micelle consisting of surfactants of the same

10




chain length, n, the maximum aggregation number, z, and the surface area
per chain, S, can be found.

The volume, surface area and maximum aggregation number will depend
on the chain-length, for example if n=12 the maximum value of z for a
spherical micelle is 56. Any estimate which allows for water penetration
will reduce n to an effective chain length (n') and this will drastically
reduce the maximum aggregation number, for example if n'=10, z will have
a maximum value of only 40. The experimental determinations of z are
much larger, but the introduction of slight elliptical character to the
micelle greatly increases the maximum values of z. Table 1.3.5.1.

It can be seen from table 1.3.5.1 that for ellipsoidal micelles
the ratio of semi-major (ao) to semi-minor (bo) axes has a small effect
on S, and the choice of n is by far the most critical factor. It is
possible to obtain values of S from the experimental determination of
the aggregation number only. S is found to decrease with increasing
aggregation number and tends to a limiting value of ~0.4511m2 which
corresponds to the surface area per chain of cylindrical micelles.

Table 1.3.4.1 shows that the values of S calculated from the
spherical and ellipsoidal micelle models are much greater than the
theoretical value for close-packed hydrocarbon chains, and indicates
the possibility for some water penetration between the hydrocarbon
chains. Direct experimental evidence supporting the penetration of
water into the micelle to a depth of a few carbon atoms has been obtained

from X-ray scattering(l7) and NMR measurements(IS_zo).

These results

have been re-evaluated and criticised by Stigter(21). The conclusions
reached from his investigation relating the change in CMC for a given

hydrocarbon chain-length to the specific head group electrostatic

potential at the micelle surface, are that the hydrocarbon-water inter-

face 1s 0.04-0.12nm (0.4—1.2&) from the a-carbon atoms. This study

11



TABLE 1.3.5.1

MAXIMUM AGGREGATION NUMBER (z) AND SURFACE AREA PER CHAIN (S) FOR

SPHERICAL AND ELLIPSOIDAL MICELLES

n 10 1.2 15
z Snm2 z Snm2 z Snm2
Sphere, r=Zmax 40 | 0.82 56 0.78 84 0.76
Ellipsoids bo=zmax
Prolate, ao/bO 1.25] 50} 0.77 70 0.70 95 0.66
1.50| 60 | 0.74 84 0.65 126 0.60
2.0 | 70| 0.70 111 0.60 167 0.52

12



infers that there is no penetration of water between the hydrocarbon
chains.

In conclusion the evidence regarding the penetration of water
between hydrocarbon chains seems to be contradictory and no clear
understanding of this fundamental problem is available at the present
time,

The free energy of contact between water and hydrocarbon chains has
been shown to follow simple rules. The transfer of an n-alkyl chain
from water to a liquid hydrocarbon results in a free energy of transfer
which includes a contribution of -8790 Jmole-1 per CH; group and

(14)

-3558 Jmole_l per CH, group The free energy of transfer of a

hydrocarbon can be related to the surface area in contact with water;

1

the free energy of transfer is -10.5kJmole ~ per nmz of hydrocarbon

removed from contact with water(zz).

These results may be applied to the transfer of alkyl chains from
water to the micelle interior. However, as already stated, the hydro-
carbon chains in the micelle are more constrained than in bulk hydro-
carbon. Wishna has shown that this extra constraint may have a significant

(23). A positive contribution of

effect on the free energy of transfer
approximately 400-1000 Jmole_1 per CHZ unit is taken to be a reasonable
estimate.

These empirical arguments suggest a separation of AGﬁyd into two
factors, a constant term, independent of micelle size and a term which
is dependent on micelle size representing the contact area of the hydro-
carbon chains with water.

(15)

An appropriate expression 1is

Acﬁyd = -8372 - 2930(n.-1) + 10500(S-0.21) Jmole * (1.3.5.1)

where S is the surface area per chain at the distance of closest approach

13



of water (for sodium dodecyl sulphate ~O.7nm2)and O.Zlnm2 is the area
representing no water penetration.
For n=12,

AGﬁyd = -33.07kJmole !

Although the penetration of water into the micelle is of funda-
mental importance in an understanding of micelle structure, it is seen
that for most micelles its contribution to the overall free energy is
small. For sodium dodecyl sulphate it is approximately SkJmole_l.
However, for sodium hexyl sulphate, n=06, the contribution is much
larger, approximately 61<Jmole—1 in a total hydrophobic contribution of
23kJmole_1. But even for this extreme case,(sodium hexyl sulphate has
a C(MC of ~0.4M and is the last in the homologous series which forms
micelles),the contribution is approximately 25% of the hydrophobic

contribution.

1.3.6 The Electrostatic Contribution

The electrostatic repulsive potential (AGgl) in equation 1.3.1.1

can be empirically represented by

Acgl = q/T (1.3.6.1)

r 1s the distance of separation between head groups, and a is a
constant which contains contributions from both the repulsive potential
between the head groups and an attractive potential with counterions.

The electrostatic contribution to the overall free energy is
expected to be very dependent on the particular head groups of the
surfactant and local environmental conditions e.g. ionic strength. It
will be independent of alkyl chain-length.

The equation (1.3.6.1) is purely empirical and no mechanism for

14




the repulsive interaction can be deduced from its form. Tanford (14>1%)
has shown that expressions similar to those derived by Debye and
Hiickel for the work of charging a sphere radius r, with m charges may
be used to calculate AGgl.

2 )
o - 2m €~ N ro(1+kai)
Ale1 = DR (T+kr_ + Ka,)

(1.3.6.2)

where ay is the average radius of mobile ions in the surrounding
electrolyte, € is the electronic charge, D is the dielectric constant
of the medium, R is the surface area per charge at the surface of the
micelle and K is the Debye-Huckel parameter proportional to the square
root of the ionic strength.

One method which may be employed to obtain values of AGZl, which
avoids the need to derive a suitable theoretical expression, is to -make
use of the experimental data from pressure-area curves for surfactants
at a hydrocarbon-water interface. Data is, however, difficult to
obtain and must be corrected for surface curvature before application
to micellar systems. A typical value obtained from such experiments for
sodium dodecyl sulphate is 11.7kJmole—1(24) at zero ionic strength.

The total free energy of micelle formation for sodium dodecyl

sulphate is therefore

AGY = -33.07 + 11.7 kJtgle

I

-21.37 kJmole_l

The hydrophobic contribution greatly outweighs the electrostatic
contribution and micelle formation is expected to take place. For
ionic and non-ionic surfactants of the same chain-length, AGﬁyd will
be the same and the difference in the CMC values is a consequence of

the electrostatic contribution. In general, non-ionic surfactants have

15



CMC values a factor of ~4 lower than ionic surfactants of the samc

) CMC4 onic
= AGyy = -RT In e
non-10ni1c

. 0 0 0
‘hain-length, i.e. AG. . - AG conic - 0AG
chain-length, i.e. AGy 5. "non-ionic

To engble a better understanding of the process of micelle formation
and the driving forces responsible, it is necessary to establish the
relative impdrtance of contributions from the enthalpy and entropy of
micelle formation to the overall free energy of the process. These contri-

butions will be considered in the following section.

1.3.7 The Enthalpy and Entropy of Micelle Formation

Only a small number of measurements of the enthalpy of micellisation
(AH;) have been reported. Until recently(zs) micelle formation was
regarded essentially as an interfacial energy effect, analogous with the
coalescence of oil drops in water. Since interfacial free energy has a
large enthalpy component, micelle formation is expected to be highly

-
exothermic. In fact, experimental determinations of Ang, from the
temperature dependence of the CMC(26-28) and direct calorimetric

methods (29-34)

show that AH; is usually numerically small (less than
4kJmole-l) sece table 1.3.7.1. The enthalpy change is temperaturc
dependent in all cases, the heat capacity of micellisation, (Acgm) being

lK-1 for all surfactants investigated.

between 200-400 Jmole™
Since AHK is small, micelle formation is primarily an entropy driven
process. Therc.are two main sources of the positive entropy contribution
(Asg). The most important arises from the destruction of the organised
water around the hydrocarbon chains. These structured regions (the
rather inappropriate term '"Ice-bergs' has been introduced to describe

(58) arc not permanent, static regions of water, but dynamic

them)
associations of water molecules with the hydrocarbon chains, in which
bound water is exchanged with the bulk solvent. This "binding' of water

by the monomeric surfactant molecules below the (MC, results in a loss

.
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TABLE 1.3.7.1

VALUES OF AH& OF SODIUM DODECYL SULPHATE, IN AQUEOUS SOLUTION

METHOD

CALORIMETRIC

TEMP . DEPENDENCE

OF CMC

CALORIMETRIC

TEMP . DEPENDENCE

OF CMC

TEMP . DEPENDENCE

OF CMC

CALORIMETRIC

CALORIMETRIC

TEMP/K

297

278
298
318

298

273

298

303

293-313

299.8

513.2

276

278
303

17

AHO/Jmole_1
m
-1046 + 1046
+3348
+2511
-7953
+4186
+1674
-416

=2093

-1674

REFERENCE

29

26

30

28

27

5l

33




of translational and rotational entropy. Micelle formation involves
desolvation which results in the destruction of these ordered regions
and a consequent increase in the entropy of the system. It should be
noted that for ionic micelles As; is smaller than the entropy change

for the transfer of a hydrocarbon chain of the same length from water

to liquid hydrocarbon. Hence, the association of the head groups during
micelle formation is associated with a negative entropy change. The
high surface potential causes an increase in the hydration of the head
groups.

Thought to be of secondary importance is the supposed increase in
"flexibility" of the hydrocarbon chains on their transfer from an
aqueous to a micellar environment. Precise experimental information is
difficult to obtain, but Aranow and Witten(sﬁ) have discussed on a
theoretical basis the change in internal torsional oscillations of the
surfactant in water to hindered internal rotation in the micelle.
Relatively large entropy changes are predicted. It is, however, unclear
how well this model represents the state of the hydrocarbon chains in
aqueous and micellar environments.

The relative contributions of the factors discussed to the overall
free energy of micelle formation for some surfactants are given in

table 1.3.7.2.

A recent Kinetic investigation(37) of micelle formation has shown
that the micelle is formed via a nucleus of 6-10 monomers. AH for the
formation of this nucleus is large and endothermic. The addition of
monomers to this nucleus results in a small and exothermic and hence the

overall enthalpy of formation is small.
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TABLE 1.3.7.2

RELATIVE CONTRIBUTIONS TO THE FREE ENERGY OF
MICELLISATION AT 298K

1

SUREACTANT AGg/kJmole_l AGﬁyd/kJmolef Asgl/kJmole‘l AH;/kJmole-l Tas%/kJmole ™t 10°aMC/M
SDS 21.5 ~33.07 +11.7 0.4 21 8.0
prag 37 ~17.2 ~28 ~11 -1.33 +15.9 16.0

DTAB is Dodecyl trimethyl ammonium bromide




1.4 jyﬂgmirs of Micelle Processes

l.4.1 Introduction

The dynamic aspects of micellar systems have only been investigated
during the ‘p:lst decade; glthough many papers concerned with the
equilibrium properties of micelles have been published since the 1950's.
The key dynamic processes” associated with micelles occur over very short
times (<ls), outside the range of classical techniques. Following the
development of relaxation methods (both single-step and stationary) the
rapid micelle processes can now be studied.

Since 1965 the dynamics of micelle processes have been investigated
by nearly all the fast reaction techniques available including:- stopped-

37 ;58 : 38 : 40 : :
197, ‘), tenq)eruture—Jump(—6 ), pFVﬁSHYO—Jump(l ), and ultrasonic

flow
ahsorption(il). Also, NMR(qz) and HSK“S) methods have been applied to
the study of the dynamic behaviour of micelles from a dil ferent viewpoint.

The single perturbation relaxation methods involve tae sudden,
external perturbation of the system into a non-equilibriuvn state; the
process of attaining equilibrium (relaxation) under the now conditions
is then observed. In order to achieve a relaxation the following condi-
tions must be met:- (7) the system must be at equilibrium before the
perturbation is applied, (ZZ) the process under investigation must have
an enthalpy change for temperature-jump, a volume change for pressure-
jump or a dipole change for E field-jump if a perturbation (and
subsequent relaxation) of the system is to be observed. The stopped-f{low
method is not subject to these conditions.

For ultrasonic methodsthe system is perturbed by the continuous
irradiation of sound waves. The system is therefore subjected to a
variable frequency periodic fluctuation in pressure and temperaturc,
and so the concentrations will vary periodically with the sound absorption

in the correct frequency range but with a phase-lag. The system under
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investigation must have a volume or enthalpy change associated with it,
if sound sbsorption is to take place. By measuring the sound absorption
at several frequencies, the characteristic relaxation time(s) for the
system can be obtained.

The application of these essentially similar techniques has
produced very different apparent rate constants which have been assigned
to the same process:- that of micelle association-dissociation. This
has, until recently, caused a great deal of confusion over the analysis
of the raw kinetic data. This state of affairs has retarded the

development of a dynamic picture of micelles.

1.4.2 The Fast Relaxation Process (I)

The ultrasonic absorption method has shown that a very fast relaxa-
tion process I exists in ionic micellar systems(42). Yasunaga et 31(44)
initially attributed this relaxation to the association-dissociation
process of counterions at the micelle surface. Extensive measurements
by Graber et a1(45) and Wyn-Jones et a1(37’46’47) have shown that this
relaxation process is, in fact, independent of the type of counterion
but dependent on the alkyl chain-length. Also the measured volume change
for process [ is too large for counterion binding; it is, for instance,
much larger than for the equivalent process of counterion binding to
linear palyelectrolytes(45).

However, another possible origin of the relaxation process is the
exchange of water to and from the micelle surface. The relaxation time
is, therefore, expected to be dependent on the water structure close to
the micelie surface. The addition of Li* and Na' which alter the water
structure near the micelle surface do not effect the observed relaxation
time. Water exchange is therefore discourited as the relaxation process

observed(44).
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The observed relaxation process I is now thought by nearly all
workers to be the diffusion-controlled exchange of monomer surfactant

between bulk solution and the micelles.

(1.4.2.1)

The assignment of the rapid relaxation process I as an exchange is
consistent with NMR results and ESR data on the rate of exchange of spin
labelled surfactant ions between bulk solution and micelles. In an NMR
experiment the monomeric and micellar species produce a time averaged
spectrum in which individual signals are no broader than signals obtained
when monomers are present alone. The absence of line-broadening indicates
that any process which occurs in the system is fast on the NMR timescale
i.e. mean residence timec of a monomer in the micelle is less than
~lO-4 sec.(48). The ESR experiments, in which some surfactant monomers
are labelled with a radical e.g. nitroxide, also ind:icate the mean
residence time of a monomer in the micelle is ~1O-4 sec.(49).

A further possibility consistent with the observed relaxation data
is the exchange of end surfactant ions to and from pre-micelle aggregates
which may exist close to the CMC.

The application of temperature—jump(39’50’54),pressure—jum§4o)and
stopped—flow(sb) techniques to the study of micelle dynamics has shown
the existence of a "slow'" relaxation process (II) which occurs in the
millisecond time range. In common with process I the slow relaxation is
apparently characterised and analysed as a single relaxation time. This
slow relaxation has also been attributed by several workers(SO’Sl) to
the exchange process, in particular the loss of a monomer from a stable
micelle which is the rate-determining step in the breakdown of the
complete micelle.

This situation in which two relaxations, which differ by up to
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three orders of magnitude, have been assigned to the same chemical
process is clearly not acceptable. An attempt has been made by Muller(sz)
to reconcile the difference in relaxation times. Muller pointed out
that the slow relaxation II was not detected by NMR, and went on to
examine the differences in the various relaxation techniques. He showed
that the '"large perturbation' of the temperature-jump method would not
allow linearisation of the rate equations, i.e. the relaxation time
should depend on the amplitude of the perturbation. Muller therefore
concluded that the slow process II was in fact the complete dissolution
of the micelles. Recently, Hoffmamet a1(37’53) have determined the
relaxation time as a function of the size of the perturbation (by
temperature-jump and stopped-flow, Tondre personal communication). A
very small dependence of relaxation time on the amplitude of the
perturbation was observed. Although the reason for the differences in
relaxation times put forward by Muller may be incorrect, the concept of
a slow complete breakdown of the micelle (dissolution) has been accepted.
The kinetic equations for the process will be discussed in the next
section.

Nakagawa(54) has recently reviewed the kinetic results obtained
for micellar solutions by various relaxation, NMR and ESR methods. The
model he proposed is similar to that of Muller in that two relaxation
processes were postulated.

(1) an exchange process (rapid)

(ii) a readjustment of micelle size and aggregation number (slow)

Process (ii) involves the change in micelle concentration

aggregation nunber and size distribution. Figure 1.4.2.1.
We may consider the relaxation processes with the aid of the
micelle distribution curve figure 1.4.2.%.. Muller assumes that one or

more monomer ions dissociate from the micelles state 1 -+ 2. This 1is
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FIGURE 1.4.2.1

DISTRIBUTION CURVE FOR MICELLE/MONOMER DURING A TEMPERATURE-JUMP
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the exchange process I. A few micelles then dissociate completely
represented by 2 * 3. Muller(sz) suggests that both processes are
detectable by relaxation methods but only process I will be detected
by the NMR method.

Nakagawa(54) assumes process I occurs, but assumes the slow
process II to be represented by 2+4 in figure 1.4.2.1 and calls this
a "'self-adjustment of micelle distribution until final equilibrium is
reached'. Moreoever, he asserts that this process will not be
detectable except by light-scattering. He therefore attempts to
analyse all the data so far collected by an exchange mechanism. This
is clearly invalid since measurements on sodium dodecyl sulphate by
(51)

light scattering temperature-jump and pressure-jump with conduc-

tivity detection(40) yield the same relaxation times.

The analysis developed by Nakagawa for the exchange process is,
however, of interest. Ie assumes that the rate at which monomer
surfactant enters an existing micelle is proportional to the surface
area of the micelle and the concentration of monomers. The importance
of the micelle surfacc area is also considered by Wyn-Jones et 31(47).

The expression for the reciprocal relaxation time derived by
Nakagawa 1is

1/1 = kyy (b + (1.4.2.2)
where b is a constant equal to 1/3, 1 or 2 depending on the exact
proportionality assumed between surface area and rate.

The assumption that the exchange rate is proportional to the
surface area of micelle is a reasonable one. The effects of such
factors as surface potential on the rate could be included provided

that the dependence of I, on the parameter and the dependence of the

parameter on the aggregation, 1s known.
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Equation (1.4.2.2) predicts a linear dependence of l/TI with total

(47). Hoffmam et

concentration, which has been observed experimentally
31(37’53) have shown slight upward curvature of the plots of l/rI against
CX. The explanation for this behaviour is that the concentration is

high and the polydispersity of the micelles at high concentrations affect
the exchange kinetics.

Wyn-Jones et 31(47) have developed a model based on the Langmuir

absorption theory. The derived relaxation expression is
— _ o _4, 0 : |
1/TI = klZ aO((l a)/a)CA k21 a (1.4.2.3)

where a® is the surface area covered by one mole of monomer in the
micelle; o is the fraction of the total micelle surface covered by
monomers.

. , (37,5%) .

I'he model of Hoffmann et al is a complete treatment of the
fast and slow relaxation processes on the basis of the theory of heat

conduction and will be discussed in section 1.4.3.

1.4.3 The Slow Relaxation Process (II)

The only complete treatment of the slow relaxation process is
given by Hoffmann et al and the same theory is used to derive the

relaxation expressions for both the fast and slow relaxations.

The theory of micelle dynamics based on the theory of heat
conduction was developed by Aniansson and Wa11(37’53). The approach
is based on the similarity between the rate express:ons for a series
of bimolecular equilibria and heat conduction. Aniansson and Wall(ss)
pointed out that the kinetic process may be visualised as a system

of "two large metal blocks' connected by a thin wire; ''one block'
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corresponding to the monomers and oligomers and the other to the stable
micelles. The two relaxations were then seen to be (1) the fast
relaxaticn as an initial rapid adjustment of micelle and (2) the slow
relaxation as a pseudo-stationary flow from one '"block'" to the other.

The assumption was made that the aggregation number r was a
continuous function and the relaxation times T and 1 could be
obtained.

The overall process may be represented by

K _
A+ A e A, r = 2.3, exe (1.4.3.1)

where Ar 1s an aggregate containing r monomers.

The attainment of equilibrium following a perturbation will
involve the movement of excess populations on the distribution curve
from one region to a region consistent with the new equilibrium
conditionis. According to equation (1.4.3.1), this will occur in
steps which are smail compared to the distance in aggregation space
generally covered i.e. the process will have the appearance of a flow.

A consequence of the theory is that diffusion through the narrow
tube connecting the two '"blocks' (monomers and micelles) will be very
much slower than the equalisation at each end. These two processes
will be coupled since each one will result in a net production or
consumption of monomers. But since one process is very much more

rapid than the other, they may be treated as decoupled equilibria.

The relaxation expression derived by this method(°7’53) 1s given
by
k., k
1/1; = =5 + =L a(1-C) (1.4.3.2)

where o is the width of the distribution curve =10
. & =5
4 1is (CA Al)/Al
Kljs the equilibrium concentration of monomers = CMC
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Co is the average relative deviation from equilibrium of
the micelles generally <1%

z 1s the average micelle aggregation number.

l/rI is therefore a linear function of CX (experimentally observed)
with a slope of k21/z. Since z is known from light scattering measure-
ments k21 can be calculated and hence o from the intercept. This plot
therefore leads to an experimental estimate of o for the first time.

Process 1 is represented by path I in figure 1.4.3.1 i.e. no net
change in micelle concentration but a change in average aggregation
number .

These techniques suggest relaxation times of the order of one
microsecond for exchange of C12 alkyl-chain ionic surfactants. The
ultrasonic method shows that the relaxation time increases rapidly with
increasing surfactant chain—length(46). The exchange process is assumed

1 1

to be diffusion controlled and rates of the order of loglmole- sec.

are observed(37). It is, however, not clear why such a process should
approach the diffusion-controlled limit. Ionic micelles are highly
charged species and have high internal microviscosity(s). The entering
monomer must, therefore, experience considerable charge repulsion.

The entrance of the monomer will also lead to considerable local
reorientation of the existing hydrocarbon-chains. Both these effects
should operate to decrease the rate below the diffusion-controlled limit.
(14,15)’

Since the micelle is fairly open at the surface an

incoming monomer may not experience significant steric-hindrance in the
early stages. On the assumption that little or no water is present in
the outer regions of the micelle (see section 1.3.5(17_21)) it may be
possible for the monomer to reach a stage (at the diffusion-controlled
rate) where the hydrophobic (favourable) contribution outweighs the

electrostatic repulsion. The monomer has then reached a 'point of no
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return” and must complete its entrance into the micelle. The completion
of the entrance may be aided by some form of "hydrophobic suction' which
drags the monomer into the micelle.

The infrcusing relaxation time with increasing chain-length 1s
consistent with the decreasing surface arca per head group with
increasing chain-length and indicates that the cntrance of monomer 1s
not entirely diffusion-controlled.

The slow relaxation or '"pseudo-stationary flow'" may be represented

)

on a micelle distribution curve as process 2+3. (Figure 1.4.2.1).
(37 ,54,55,56)

W

The relaxation expression derived by Aniansson and Wall

is given by

5
1 1 \ R
1/t LN ¥ S (1.4.3.3)
11 Al R 1 +0°/za
I',) |
where R = )| —"r—
rl+l }’L).] ol 7(1“

Since z is of the order of 60 small changes in z will produce large
changes in the number of micelles. It has also been shown that if the

narrow tubc 1s short

L

R=—-""—

K A

21,s °s

where s is the aggregation number at the minimum value of Kg (of the
order of 6-10); . is the effective length of the tube.

The rate of distribution is characterised by the value of R

r)
< - Z{f‘ 1 - L )
Fytl 1\21,1“ A l\—Zl,l‘ Ap s

The enthalpy of the exchange process (obtained from a plot of l/y[

against l/FK) is exothermic. Since the cverall enthalpy of micelle




formation AHm is small (section 1.3.7) there must be a process which
has a large endothermic enthalpy. The temperature dependence of 1/TII
leads to such an endothermic enthalpy for the formation of the
aggregate at the distribution minimum. Micelle formation-dissolution
is therefore considered to operate via a nucleus of surfactant mole-
cules which may at high temperatures be as small as two. (See Chapter
B} «

The present picture of micelle dynamics is one in which monomer
surfactant is in rapid exchange equilibrium between micelles and bulk
solution. This exchange process is dependent on the total surfactant
concentration and occurs in the microsecond time range. The micelles
also dissociate in the millisecond to second time range. Considerable
progress has been made in the attempt to account for the observed
variations in rate with (i) surfactant concentration, (ii) counter-ion
type, (iii) ionic strength and (iv) surfactant chain length.

Further studies on the effects of impurities e.g. long chain
alcohols, and the interaction of dyes with micelles are in progress in
an attempt to further amplify the pi:cture and widen our knowledge
concerning micelle processes in real situations e.g. in micellar
catalysis, detergent cleaning action, release of drugs administered in
micellar form etc. It is hoped that these studies will enable a
clearer understanding of the effects of additives, such as drugs, on
the stability of micelles. This knowledge may be of great importance
in understanding the dynamic processes which occur at the cell membrane
surface and such properties as membrane stability, permeability and

transportc of drugs across membranes.
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1.5 Uses and Industrial Importance of Micellar Systems

The use of pharmaceutical substances which have only a limited
solubility in water has presented problems to the formulation and
administration of drugs in suitable forms. The large scale introduction
of surface-active substances and the discovery of the phenomena of
micellar solubilisation has lead to the extensive use of surface-active
substances in the pharmaceutical industry. Water-insoluble bactericides,
vitamins, steroids, essential oils and antibiotics have been formulated
in micellar systems, thus facilitating their use in medicine.

Micellar solutions have been used to facilitate the extraction of
crude drugs from plants. For example, anionic detergents have been used
to solubilise alkaloids(Sé) and Tween 20 has been used in the extraction
of Belladonna(57).

The phospholipids of the body form aggregates in solution which are
now considered to be micelles. The nature of the micelles formed by
lecithin and lysolecithin may be spherical, helical or folded-laminar
types. The main factor which determines the micellar shape is the
stereochemistry of the individual phospholipid molecules. The inter-
pretation of solubilisation by these components requires an understanding
of phospholipid micellisation, and this is also important in the
explanation of the transport of drugs across membranes. Studies have
suggested(sg) that phospholipid bi-layers may momentarily micellise when
in contact with increased Caz+ concentration, which may suggest a
mechanism for the transport of drugs through the pores formed.

Micelles provide environments which are quite different from
aqueous solution. Reactions which occur within the micellar environments
may be quite different from those which occur in aqueous solution.
Reactions between ions are especially influenced by the presence of

C
jonic surfactants both above and below the CMC(S)). For example, the
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alkaline-fading of positively charged triphenylmethane dyes e.g.
crystal violet is accelerated by cationic micelles and greatly reduced

by anionic micelles(bo).

In this case it is thought that the dye are
adsorbed/absorbed by the anionic micelles which then present a con-
siderable charge barrier to the hydroxyl ions. The pH in the region
of the micelle is known to depend on the surface charge size and
polarityg6l) Anionic micelles repel hydroxyl ions and the pH at the
micelle surface may be up to 2pH units lower than in bulk solution.
Cationic micelles on the other hand attract hydroxyl ions and form
ones of high hydroxyl ion concentration and negative charge which will
attract the positively charged dye. A vast range of surfactant types
exist and it may be possible to provide micellar systems which will be
tailor-made to catalyse or inhibit industrially important processes and
promote novel syntheses.

It can be seen that micellar systems not only have intrinsic
scientific appeal and are interesting systems for study, but are useful
in many important industrial and medical situations. It must be
stressed that in most cases it is the phenomena of solubilisation and
the absorption of molecules into micelles which play  the dominant roles
in determining the mode of action. It is for these reasons that the

work described in this thesis was undertaken.
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CHAPTER 2

DESCRIPTION OF APPARATUS AND GENERAL EXPERIMENTAL PROCEDURE

2.1 Introduction

In this chapter the equipment, experimental procedures and apparatus

relating to the kinetic measurements are described.

2.2 Abbreviations

A number of abbreviations are used throughout the text. These
abbreviations and, where appropriate, the corresponding structural

formulae, are given in table 2.2.1.
2.3 Materials
Details of the suppliers and grades of the chemicals are given in

table 2.3.1.

2.4 Purification of Materials

2.4.1 Acridine Orange (AO)

Acridine orange was dissolved in triply distilled water and 1M
sodium hydroxide was added slowly with shaking, a yellow precipitate

(neutral dye) formed which was filtered, washed with water and dried at

393k,
C H N
Elemental analysis % Calculated 76.05 7.16 15.85
(as neutral dye) % Found 75,8 7.01 15.73
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TABLE 2.2.1

ABBREVIATIONS AND STRUCTURAL FORMULAE OF COMPOUNDS USED

ComEound

Acridine Orange

Acriflavine

Atebrine

Malachite Green

Methylene Blue

Proflavine

Abbreviation Structure

(CHZ) N T 3) 5
H
@@
“ZN ¥ NH2
CHq G, G
CHz— CH (Cil,) 5N
| | \CHZ CHy
N H
OCH
w* O
ct N
|
H
+
MG* (CHy) N C= (Bl
N
' ©
(CHy) N S (CHg)
O
H N N NH,
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# S ~ ~ -
TABLE “)'3;1 (cont.) tructure

Compound Abbreviation @ @
> TR wet ~
Pyronine G PYG ((“”3) 2N 0 N(CHS) 2

H+
N(CH,CH)
= 0 252
CHCHHN
Rhodamine 6G RhG™
CH
CH4
COZCHZCH3
= S +

n-alkyl sodium sulphates CnH2n+10503 Na

n

i methyl SMeS

8 octyl SOS

10 decyl SDeS

12 dodecy1l SDS

14 tetrodecyl STS

16 hexadecyl SHDS
sodium dodecyl sulphonate SDSn

el +
ClZ“ZSSOS Na
sodium dodecyl benzene sulphonate SDBSn
e
ClZ“ZS@ Na
SOS
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TABLE 2.3.1

SUPPLIER AND GRADE OF REAGENTS USED

Reagent Supplier Grade
Acridine Orange Fisons
Acriflavine Fisons
Atebrine Fisons
t-Butanol Fisons A.R.
Diethyl ether Fisons A.R.
Dioxane Fisons Sielis Rs
Dodecan-1-07 Fisons Specially pure
Ethan-1-07 Fisons A.R.
Isopropyl alcohol Fisons A.R.
Malachite Green Fisons
Methanol Fisons A.R.
Methylene Blue Fisons
Proflavine Fisons
Pyrorine G Fluka
Rhodamine 6G Fisons
Sodium Chloride Fisons
Sodium Decyl Sulphate Cambrian >99%
Sodium Dodecyl Sulphate Fisons
Sodium Dodecyl Benzene Phaltz & Bauer

Sulphonate
Sodium Dodecyl Sulphonate Cambrian >99%
Sodium Hexadecyl Sulphate Cambrian >99%
Sodium Hydroxide Fisons A.R.
Sodium Methyl Sulphate Fisons S«LsRs
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TABLE 2.3.1 (cont.)

Reagent

Sodium Perchlorate

Sodium Tetradecyl Sulphate

Supplier

Fisons

Cambrian
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2.4.2 Acriflavine (AF)

Acriflavine was shaken with a small excess of sodium hydroxide,
left overnight at 273K, filtered, brought to pH=7 with hydrochloric acid
and evaporated to dryness. The product was recrystallised twice from

methanol, twice from triply distilled water and dried at 393K(2).

C H N
Elemental analysis % Calculated 064.86 5.40 16.22
(as the hydrochloride) % Found 64.80 5.42 16.17

2.4.3 Atebrine (AB)

Atebrine was dissolved in hot triply distilled water and hydro-
chloric acid was added. The solution was filtered and allowed to cool.
The product was filtered off and recrystallised from triply distilled

water, dried at 373K and stored over silica gel(s).

C H N
Elemental analysis % Calculated 63.3 7.12 9.64
(as the hydrochloride) % Found 63.0 7.10 8,60

2.4.4 Malachite Green (MG)

Malachite green was recrystallised from triply distilled water

three times(4).
G H N
Elemental analysis % Calculated 75.7 6.85 7.68
(as the chloride) % Found 75.1  6.95 7.61

2.4.5 Methylene Blue (MB)

Methylene blue was recrystallised three times from water and ethanol

and dried at 393K(5).
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G H N
Elemental analysis % Calculated 00.0 S5.61 13.1

(as the chloride) % Found $9.85 5.63 13.0

2.4.6 Proflavine (PF)

Proflavine was recrystallised three times from triply distilled water

and dried at 393K(0).

C H N
Elemental analysis % Calculated 56.80 4.00 15.23
(as the hemisulphate) % Found 56.68 3.83 15.10

2.4.7 Pyronine G (PYG)

Pyronine G was dissolved in methanol, filtered precipitated with

ether and dried at 373K(7).

C H N
Elemental analysis % Calculated 67.3 6.29 9.2
(as the chloride) % Found 67.1 6.30 9.0

2.4.8 Rhodamine 6G (RhG)

Rhodamine 0G was recrystallised from triply distilled water three

times and dried at 383K(8).
c H N
Elemental analysis % Calculated 69.9 6.26 6.23
% Found 69.1 6.13 5.91

The purity of the dyes was also checked by comparison with literature
values of the extinction coefficients. The spectral characteristics of

the dyes used are shown in table 2.4.1.
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TABLE 2.4.1

SPECTRAL CHARACTERISTICS OF DYES USED

Spectra were recorded in unbuffered triply distilled water (pH 6-7);

temperature 298K.

+

1

Dye A s/ T 10 /dm>Mole tem™ Ao/ T
AO 492 55 526
AF 452 47 510
AB * 425 10 502
MG 620 83
MB 656 81 710
PF 444 41 510
PYG 550 46 570

Rh6G 530 80 580

Aem is the wavelength of maximum fluorescence intensity

€ is the extinction coefficient at A nax (for 107°M dye)

*
AB2Y

2.4.9 Surfactants

The alkyl sulphates and sodium dodecyl sulphonate were greater than
99% pure and were extracted with ether for 36 hours, dried and kept over
silica gel(g).

The sodium o-dodecyl benzene sulphonate was dissolved in ether and
extracted several times in a separatory-funnel with water. The aqueous

layer was evaporated to dryness. The essentially pure sodium o-dodecyl

benzene sulphonate was then recrystallised from anhydrous ethanol(lo).
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Elemental Analysis:

% Calculated % Found

CnH2n+1SO4Na 8 H S C H S

n

8 41.38 7.32 13.8 41.01 7.20 13.73

10 46.15 8§.10 12.31 45.91 8§.00 12.11

12 50.00 8.68 11.11 49.53 8.73 10.96

14 53.10 9.18 10.13 52.31 9.11 10.00

16 55.81 9.59 9.30 55.20 9.41 9.21
ClZ“ZSSOSNa 52.94 9.19 11.76 52.41 9.01 11.81

-+
C12“25 L6H5503Nu 62.07 8.53 9.19 61.31 821 9,23

2.5 Preparation of Solutions

Triply distilled water was used for the preparation of all aqueous
solutions.

Stock dye solutions were made up in aluminium foil covered poly-
ethylene bottles, to minimise the effects of adsorption and photodecom-
position. Dye solutions were stored at 277K and were found to be stable
for many months.

Stock surfactant solutions were kept for no more than three days

in order to minimise any effects of hydrolysis(ll).

2.6 Spectrophotometers

The UV/visible spectra of solutions were recorded on either a Pye-
Unicam SP8000 spectrophotometer, or a Penkin-Elmer 402 machine. The

absolute accuracy obtainable with both these machines is +0.003 optical
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density units. The temperature of the thermostat tanks for these machines
was controlled by a thermistor device designed by members of the
Electronics Workshop of this Laboratory. The temperature could be con-

trolled to within #0.05K in the range 273-323K.

2.7 Measurcment of pt

The ptl meter (Radiometer model PHM26) was equipped with G202B glass
and K401 and K901 reference electrodes. The pH standards employed were
0.05M potassium hydrogen phthalate (ptl 4.000+0.002), 0.05M potassium
phosphate monobasic sodium hydroxide buffer (pH 7.00+0.02), and sodium

tetraborate (pH 9.180+0.002) at 298K.

2.8 Description of the Temperature-Jump Apparatus

2.8.1 Introduction

The temperature-jump technique is the most common of the 'single-

step'' perturbation relaxation methods(lz).

Relaxation methods involve
the perturbation of a chemical equilibrium such that the rate of approach
to the new equilibrium state is linearly dependent on the displacement.
The reciprocal of the proportionality factor is called the relaxation
time, t. The other methods of single step perturbation are pressure -
jump and electric field jump. Perturbation of a chemical equilibrium
can also be effected by a periodic variation of the external forcing
parameters e.g. NMR, ESR, dielectric and acoustic absorptions.

The method is based on the temperature dependence of the equilibrium

constant K for the reaction under study:

o
RT

where R is the gas constant and AH® is the standard enthalpy change.
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1f ai’ # 0, a rapidly applied temperature rise AT will cause a
displacement in the equilibrium and the chemical reactants will relax
to the new equilibrium conditions, defined by K(T+AT). If AH° s
positive the shift will be towards the production of more products;if
AHC is negative the shift will be towards the production of more
reactants. The relaxation time, t, will be independent of the direction
of the displacement of the initial equilibrium.

Systems with A # 0 may react in one of three ways to the tempera-

ture perturbation:

(1) if the reaction is very slow no change in the initial
equilibrium will occur and essentially no change in the
absorbance will be observed on the time scale of the

experiment,curve 1, figure 2.8.1.1;

(2) if the reaction is very rapid, the new equilibrium will
be set up almost instantaneously and the absorbance change
will follow the rate of the physical perturbation, curve 2,

figure 2.8.1.1;

(3) if the reaction proceeds at an intermediate rate, the
chemical re-equilibration will be observed taking place,

curve 3, fipure 2.8.1.1.

If the displacement is small, then the reaction transient follows
an exponential, irrespective of the order of the reaction. The
transient exponential is described by the equation A = Aoe_t/T, where
A is the absorbance difference between the new equilibrium and that at
time t, and T is the aforementioned relaxation time.

The most important feature of the relaxation method is that the

experimental parameters used to monitor the transient concentration
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FIGURE 2.8.1.1

RESPONSE OF A CHEMICAL EQUILIBRIUM TO A RAPID TEMPERATURE PERTURBATION
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changes in the system are a sum of exponential decay curves (relaxation
times). Each relaxation time, s is a function of all the rate
constants of the chemical system and is a function of the reactant
concentrations. A particular t value will usually have a dependence on
only a limited set of rate constants, the others being negligible in
comparison.

The relaxation times are characteristic of the chemical system and
are independent of the mode of the perturbation.

A general description of relaxation methods will be found in
references (12)-(14).

The temperature-jump relaxation spectrometer described here was
designed and constructed in consultation with the Mechanical Workshops
of this Laboratory.

The instrument described in this work produces a temperature rise
in the chemical system by the discharging of a high-voltage capacitor
through the solution which contains an inert electrolyte (e.g. NaCl).
The instrument has been designed to produce a 1-5K temperature rise in
0.5-5uS. Detection of transient concentration changes is by fluorescence,

absorbence and light-scattering.

2.8.2 High Voltage Discharge Unit

In a temperature-jump experiment the temperature rise in the sample
solution is required such that the heating time is less than TCHEM/lo’
where TOHEM is the chemical relaxation time. The heating time (T“) for
a capacitor discharge (C) through a conducting solution (resistance R) is
given by the relationship T, ~ IRC. The heating time can, therefore, be

reduced in either of two ways:

(i) By decreasing the cell resistance (reduced electrode separation,
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increased electrode area or the addition of inert electrolyte).

(ii) By decreasing the value of the discharge capacitor.

Since there may be experimental disadvantages in increasing the
jonic strength, the most simple method which will reduce the heating
time is to reduce the value of the capacitor, which also reduces the
magnitude of the temperature rise (AT), since AT=C for a fixed discharge
voltage. The apparatus has three easily interchangeable capacitors, the
values of which are 0.05, 0.02 and 0.01uF. For a cell resistance of
10002 (I~0.1) the heating times are 2.5, 1.0 and O.5usec. respectively.

The capacitors, capacitor charging and trigger unit were supplied
by Hartley Measurements Ltd., llartley Whitney, Berks. The maximum
voltage which may be discharged through the cell is 40kV.

A schematic diagram of the high-voltage supply, spark-gap and
trigger unit is shown in figure 2.8.2.1. In this design both the cell
electrodes are at carth potential until the spark-gap is triggered.

This arrangement is much safer than the normal configuration in which
one electrode is held at the discharge voltage until triggering. The
design employed here ensures that the capacitor cannot be charged
unless the cell is in position. The equipment also has a '"dump switch"
which allows residual charge to be quickly and safely discharged to
earth.

The spark-gap is a simple triggered unit with the trigger electrode
at the centre of the cathode. The discharge voltage may be pre-set and
varied from 15 to 40kV. The spark-gap is triggered by a 300V pulse
which, when fed through the pulse transfermer, produces a 30kV triggering
"kick'" for the spark-gap. The spark-gap may be triggered manually or

automatically and in a repetitive mode when the capacitor has been

50




— CAPACITOR
SPARK-GAP (1) H.V.

SUPPLY
C CELL

CHARGING
RESISTOR

FIGURE 2.8.2.4

CIRCUIT DIAGRAM FOR H.V. SUPPLY & SPARK-GAP

charged to a pre-set voltage.

When the system is used in the repetitive mode, the time interval
between discharges may be varied from 0.2 to 60 seconds. This allows
solutions to be "jumped" many times in rapid succession. The resulting
transients would be recorded and processed by a signal-averaging unit.
This procedure will improve the signal-to-noise ratio (the signal-to-
noise ratio is improved by a factor of /N, where N is the number of
measurements) . Application of signal-averaging will be uscful when the
observation of small, noisy transient changes 1s necessary.

The rapid repetitive "jumping' of a solution will lead to heating
of the solution and consequently a gradual change in the observed
transients. The repetitive mode would be most useful when very short
heating times (~O.lusec.) are required. The small capacitor necessary
to achieve these short heating times will mean that the temperature-jump

will be very small (AT~0.1K). Approximately ten jumps may be used before

any significant heating of the solution (total temperature rise <1K) occurs.
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In crder to employ the repetitive mode without heating the sample
solution, a closed circuit flow-through cell would need to be designed.
With such a cell any size temperature-jump may be used providing the
sample solution can be cooled to the initial temperature before it
enters the cell again. This arrangement would allow rapid repetitive
jumping of the solution, with a jump repetition rate of 5 per sec ad,
100 jumps could be achieved in just over 20 seconds, and the signal-to-

noise ratio would be improved by a factor of ~10.

2.8.3 Optical Arrangement

The optical arrangement of the instrument is as shown in figure
2.8.3.1. The light source used is the¢ 100 watt Mercury arc lamp
(HBO 100w/2) of Hanovia Inc., New Jersey, N.Y. Pure xenon (Hanovia)
and tungsten 50 watt pre-focus projector lamp Al 17 supplied by Woton,
West Germany. The light is focused onto the fixed aperture slit of a
UV/Vis high intensity grating monochromator (Bausch and Lomb, 33-86-97),
which has an aperture ratio of approximately 1:2 and a dispersion of
3.3nm mm_l, giving a bandpass of 10nm for an exit slit width of 3mm.
The lamp power supply was constructed by the Electronics Workshop of
this Laboratory (ripple less than 0.05%). The design is similar to that
used in the Gottingen Messanlagen, Studiengesellschaft temperature-jump
instrumcnt(ls).

The lamp and monochromator are rigidly mounted on a track which
allows horizontal movement to facilitate focusing. Vertical movement
of the lémp and monochromator is achieved by screw-in supports which may
be lockec at any desired height. The exit end of the monochromator is
attached to the cell housing by u tightly fitting split collar which
reduces the effects of vibration.

The monochromator exit slit is focused at the centre of the sample
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cell (A) by a collimating/focusing pair of lenses (B,CC') focal length
50 and 100mm respectively. The collimating lens (B) may be axially
adjusted to correct for chromatic aberation at the focus. The light
transmitted through the cell is refocused onto the absorption photo-
multiplier (RCAIP28) by a plano-convex collecting lens (D) mounted in
the cell holder, focal length 25mm. Facility is provided to replace
this lens by a concave parabolic mirror in order to increase the light
intensity in the sample cell if fluorescence is to be measured without
simultaneous measurements of absorbance.

The fluorescent light emitted at 90° (in the horizontal plane) to
the excitation beam is focused by collecting lenses (E,F) focal length
25mm onto the fluorescence photomultipliers, (RCAIP21), after passing
through a 50mm by 25mm rectangular interference filter (e.g. Jena Veril
Verlauf S60 400-700nm) or a 50mm by 25mm rectangular cut-off filter
(e.g. Oriel G~770}.

At present , the lenses are made of glass (Ealing Beck Ltd.) but

e I

b O\ L

FIGURE 2.8.3.1

OPTICAL ARRANGEMENT OF THE TEMPERATURE -JUMP DETECTION SYSTEM
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these could easily be replaced by fused silica lenses to allow operation
in the UV region of the spectrum when required.

Part of the excitation light beam is deflected by a fused silica
beam splitter (G) (Grubb and Parsons, England), (97% transmittance, 3%
reflectance) and focused by a lens (H) onto a reference photomultiplier
(RCAIPZB) .

For measurements of transient changes in polarisation of fluorescence
a polariser (I) is inserted in the excitation light beam before the
collimating lens. The analyser (I') is inserted between the cell holder
and one cf the fluorescence photomultipliers. Both polariser and analyser
can be rotated through 360°+0.1° and locked in any position (Ealing Beck
No. 22-9161).

Except for the monochromator/light source unit, all the optical
components are contained in an aluminium matt-black painted light-tight
compartment approximately 300mm x 200mm x 200mm to which the photo-
multipliers are attached by light-tight aluminium flanges. All the
lenses and filters are easily replaced and adapted. The whole optical
system is mounted on an optical bench to ensure stability and vibration-
free operation.

The lamp and optical components ure aligned so that the excitation
beam passes through the centre of the temperature-jump cell.

The beam is sufficiently far removed from the electrodes that
transient changes at the electrode surfaces do not interfere with the
detection of transient optical changes.

A mechanically operated shutter is provided to prevent excessive

and damaging illumination of the sample solution and photomultipliers.

2.8.4 The Temperature-Jump Cell

The temperature-junp cell coupled to the optical system described
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in the previous section, has been designed to comply with the following
requirements
(i) maximum light throughput,
(1i) absence of self-fluorescence and optical strain
effects in the cell window materials,
(iii) small sample volume,

and (iv) uniform solution heating.

The temperature-jump cell is similar to that used in the Gottingen
Messanlagen Studiengesellschaft temperature-jump instrument(ls).

The cell body is machined completely from black Dynal (polyacetal
resin). The volume of heated sample liquid is approximately 1.5cm3 and
the total cell liquid volume 1is approximately 3cm3. The absorption
path length (1) determined by a spectrophotometric method (section
2.8.9) is found to be 7.35£0.1mm. The four quartz conical section
windows with optically flat faces have an inner diameter of 6.0mm, and
an included angle of 31°.

An enhancement in [luorescence light output could, however, be
obtained by fitting emission windows with a larger included angle (up to
600) and the outer faces spherically ground.

The electrodes are made of gold capped steel and are designed to
produce a ''clean'" discharge through the solution.

The lower electrode although removable for cleaning, can be firmly
fixed in the cell body, and the upper electrode can be removed while
the cell is still in the holder. The cell is aligned in the holder by a
pin in the holder which fits into a hole in the cell body. The cell is
then connected to the high tension lead by a push-fit socket.

The cell is fitted in a square (90mm x 90mm) section holder which

is thermostatted by means of circulating water through channels drilled
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in the holder. The temperature of the thermostat bath for the instrument
was controlled byathermistor device designed by members of the
Electronics Workshop of this Laboratory. The temperature could be con-
trolled to 0.1°C in the range 283-318K.

The temperature of the test solution is monitored by means of a
Comark 10604 electronic thérmometer. The Cr/Al thermocouple can be placed
directly into the test solution through a small (2mm diamcter) hole in
the top electrode body. The time required to re-establish the initial

temperature after a 2K temperature-jump is approximately 3 minutes.

2.8.5 Photomultiplier Heads

To obtain the optimum signal-to-noise ratio for a photomultiplier,
the highest possible light levels must be employed, within the region
where the photomultiplier response is linear. There are two main sources

»

of noise.

(i) Shot noise. That is the statistical fluctuation of electron
emission, caused by the random arrival of photons at the photo cathode.
This is the major component of noise in times shorter than O.lm.sec. In
general, the signal-to-noise ratio (S/N) for a photometric detection

circuit may be given by equation (2.8.5.1)(16),
S/N «(81/1) .1 (2.8.5.1)

where IO is the incident light intensity and 8I/1 is the relative change
in light intensity. It can be seen that increasing the incident light
intensity, Io will increase the signal-to-noise ratio, (see section

2.8.7 for further details).

(ii) Ripple from the monitoring lamp power supply and physical

movements of the source can produce interfering noise at longer times
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(>0.1 msec.)
For the optical arrangement described here, the photocathode current
for the RCAIP28 photomultipliers used for absorption and reference light
. ”
detection, ranges from lx10_4 to 1x10”'A, whilst that for the RCAIIP2I
photomultipliers used for fluorescence detection ranges from 1x10~ vz to
]xlO_SA. For maximum efficiency and case of operation, the photomultipliers
are used with dynode-switching circuits (designed by Dr. C.J. Wilson of
this Laboratory), the absorption photomultipliers with 4 to 7 dynodes
and the fluorescence photomultipliers with 6 to 9 dynodes. The dynode-
switching circuits are incorporated directly into the photomultiplier
housings and the output is fed to the photometric control unit smoothing
circuits by short low loss coaxial cable (capacitance 50pF m_]).

In order to obtain a fast response time for the detection circuit,
the anode load resistance of the photomultipliers is fixed at 10ki.
This, together with the capacitance of the coaxial cable and dynode-
switching circuit ~50pF, gwesacalculated response time df approximately
500 nsec. The response time was accurately mcasured using a squarc
light pulse obtained from a light cmitting diode by switching it with
the square-wave veltage generator (4V) from the oscilloscope. The
resulting modified voltage-pulse produced at the photomultiplier anode
was displayed on the oscilloscope, and the response time calculated.

The response time was found to be approximately 0600 nsec.

The photomultipliers are powered by a Brandenberg 475R photomulti-
plier supply. They are shielded with mu-metal to minimise electrostatic/
magnetic pick-up from the high-voltage discharge. A further necessary
precaution to reduce electrostatic/magnetic pick-up is to electrically
isolate the photomultipliers from the light-tight compartment. This 1is
achieved by fixing the photomultiplier heads to the compartment by nylon
bolts and earthing the photomultiplier at the oscilloscope or transicnt
recorder.
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Since the anode saturation current of the photomultiplier is
approximately ImA and the anode load resistance is 10k, the measured
signal corresponding to saturation (the onset of non-lincar responsce to

.
optical changes) is 10V. In practice, the measured signal 1s kept
below 5V (maxXimum anode current 500pA) which prevents damage to the
photomultipliers. Since‘noisc is introduced as ecach dynode is added to
the chain, the optimum working conditions are high voltage and the
smallest possible number of active dynodes which will give a good signal.

The shutter fitted to the light-tight compartment is Kept closed
except during signal mcasurement and temperaturc-jumps to ensure (1)

that solutions are not photo-decomposced and (ii) that exposure of the

photomultipliers to high anode currents is kept to a minimun.

2.8.0 Photometric Control Unit

The photonérric control unit is arranged in the form of an analog
computcr(l7) (figure 2.8.6.1). There are four input channels, two
fluorescence, one absorbance and a reference. A, B, C and D respectively.
Each input signal is processed via an input amplifier with continuously
adjustable gain controls in order to set a normalised signal. The input
offsets for channels A, B and C are normally switched of[, but they can
be used for dark current or stray light compensation.

The two main amplifiers R and S have switchable gains of 1, 2 and 5,
and can be switched to a number of input signals. The summation
amplifier S can select signals A, (A+B)/2,(A/2)+B,B or D, the offset
control can be connected to the reference input D or switched off. The
differential amplifier R can select signals A, B or #(A-B), the offset
can be connected to D or the output of the summation amplifier.

The output of the amplifiers can be divided R/S and also R/D and 5/D.

The output stage consists of a rise time filter which enables
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smoothing time constants from lusec. to 5 msec. to be used. This time
constant must be set at least five times shorter than the relaxation
time to be measured. A delay mode, to cancel the effects of the
instantancous fluorescence change which accompanies the temperature risc
or fast reclaxation processes in multistep relaxation mechanisms is
provided by the transient’ recorder (sce details in section 2.10j.

In order to normalise signals and control amplitudes, a voltmeter
is provided which allows the voltage at various points marked with a
square in figure 2.8.6.1 in the circuit to be measured.

The complete temperature-jump instrunent is shown in photographs

2.8.1 and 2.8.2.

2.8.7 Absorption Measurements

The absorbance A of a sample at a given wavelength A is given by
- \\ -
A=1 ,  Cies 2+8.7.1)
i=

where . is the absorption path length of the sample cell C; and e, are
the concentration and molar extinction coeflficient of species i.
Lk S is the incident light intensity, the Beer-Lambert Law gives

the intensity of the transmitted light [ (sce figure 2.8.7.1),

_ -A S
I =110 (2.8.7.2)

1

L. S B ; . :
Now, 1 Vé 1s the measured photomultiplier signal with water in

A A : s .
the cell, V. and Vf are the signals before and after a temperaturc-

Jump perturbation, then the change in absorbance AA is given by

A
O

AI/TI = A\ = logIO V /ViA - loglo vé\/vf\ (2.8.7.3)
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PHOTOGRAPH 2.8.1 :
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PHOTOGRAPH 2.8.2

: THE TEMPERATURE-JUMP CELL HOLDER AND DETECTION UNIT
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M = logyy Ve /v (2.8.7.4)

Since Vé\ = Vf\ + AVA cquation (2.8.7.4) may be written

M = Tog o (1+av ™ V1Y) = 172,303 (vt Y (2.8.7.5)

If the percentage signal change is small i.e. AV/\/Vf\ < 5%, then we

can consider the first term of the expansion of Zn(1+AV'A/V§)

AA

or AVA

1/2.303 avi/v (2.8.7.6)

Il

2.303 AA.V.lA (2.8.7.7)
For absorbtion measurements the absorption photomultiplier is

connected to input channel C. The signal is then processed through

amplifier R or S with the offset control set to reference channel D.

Il

FIGURE 2.8.7.1

TRANSMITTED AND EMITTED LIGHT INTENSITIES
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Since the noise 1n photomultipliers is primarily shot noise, the

signal-to-noise ratio (S/N)A for absorbance is given by(lz’lé):

s/ = e1/)2ry, T BOY/P)2 (2.8.7.8)

where T}, is the detector rise time, B(A) is the photo sensitivity at
wavelength A and P is a noise factor which takes into account the noise
due to secondary emission at the dynode surfaces.

Substituting for I from equation (2.8.7.2)

A/

s = EYA 1022, 1, B /P)? (2.8.7.9)

2.8.8 Fluorescence Measurements

The total fluorescence over all angles IF of a sample at excitation

and emission wavelengths Aex’ Aem respectively is given by(17)
n_
r
= 2.303 ) Ce.o. (2.8.8.1)
g it

where o5 1s the quantum yield of species 1i.

‘The measured fluorescence intensity F of a sample is dependent on

the path length ZL, the spherical angle of fluorescence o, the

incident light Fj and the absorbance of the solution over the path

length 1, K.

E)2
L -A/2 sinh A 2 _ LBF -
F = FO e .(*—}WZ‘—> Zl—n_ A (2.8.8.2)

The relative fluorescence change AF/F following a temperature-jump

perturbation is given by
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apsE = sV P = arfyab - ('L/z-(zl).A/l.Z)aA-(ig‘,r—I—) 3T

(2.8.8.3)

where VF is the initial signal at the photomultiplier and AVF is the
signal change.

The first and second terms represent the chemical contributions.
The second term reflects the'inner-filter effect at wavelength Aex'
The third term represents the instantaneous change in the quantum
yield with temperature, this must be separated from the chemical
relaxation process.

For fluorescence measurements the output from both fluorescence
photomultipliers are normally fed into channels A and B. The signals
are equalised, summed in amplifier S to give (A+B)/2. The combination
of both signals increase the overall signal-to-noise ratio. Offset S
is set to reference channel D.

Analogous to equation (2.8.7.8) the signal-to-noise ratio for

fluorescence (S/N)F is given by
3 1 )
(/) = /2Ty B BOY /P2 (2.8.8.4)

2.8.9 Determination of the Absorption Path Length (ZT]) and

Tenperature Rise of the Cell

For accurate amplitude analysis the path length of the temperature-
jump cell must be known, also the temperature rise for a given discharge
voltage must be accurately determined.

The path length of the cell was determined using a solution of
acridine orange approximately 2X10_5M containing 2.Ox10_1M sodium

chloride. The spectrum of this solution is shown in figure 2.8.9.1.
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FIGURE 2.8.9.1

SPECTRUM OF ACRIDINE ORANGE USED IN THE PATH LENGTH DETERMINATION

The transmitted light falling on the absorption photomultiplier
gives a signal V_ volts when water is in the cell. V  is measured at
various wavelengths between 400 and 550 nm. This will take account of
the wavelength-dependent sensitivity of the photomultiplier surface
and the wavelength-dependent intensity of the lamp. The transmitted
light with acridine orange in the cell V is then measured at the same
wavelengths. The calculated absorbance 10g10 Vb/V‘QkLﬁ ;s then
compared with the absorbance determined in the spectrophotometer (ASP).
The results are shown in table 2.8.9.1.

It can be seen that the values determined are wavelength dependent,
this is because of the bandpass of the optical system (exit slit width
3mm, bandpass ~10nm). From the area of the curve to the positive and
negative side of the mean wavelength, values between 470 and 500nm should
give values close to the true path length. The very inaccurate values
obtained at the either extreme of the wavelength range may also be due

to the very low absorbance of the test solution i.e. small inaccuracies
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in the determination of V will greatly effect the absorbance measured.

TABLE 248.9.1

ABSORPTION PATH LENGIH DETERMINATION OF THE TEMPERATURE JUMP CELL

Temp. 298.2K; Test solution 2x10 °M.AO/2.0x10™M.NaCl
SIGNAL
M Agp Water V_/volts AOTV/Volts Apy ZTJ/mm
400 0.05 0.80 0.65 0.08  16.0
410 0.07 0.88 0.78 0.04 7.0
420 0.11 1.30 0.88 0.17  15.0
450  0.31 1.65 0.90 0.26 8.5
470 0.56 2.01 0.76 0.42 7.5
480  0.58 2.05 0.74 0.43 7.4
490  0.63 2.10 0.72 0.42 7.3
500 0.57 2.20 0.83 0.42 7.2
510 0.31 2.35 1.40 0.28 9.0
520  0.11 2.65 2.00 0.11  10.0
530 0.04 2.80 2.61 0.03 8.5
550 0.0 3.0 3.0 0.0 10.0

Mean of values for which the slit width error is small = 7.35+0.1mm

v

As shown in the path length determination, the bandpass of the
excitation beam can seriously affect the calculated value of ZTJ’ it
will also seriously affect the measured amplitude of any relaxation
process. For the determination of activation parameters from relaxation
amplitudes, the amplitude must be known at zero-slit-width. This must
be separately determined for each system under study. To determine the
temperature rise in the cell, (AT), the absorbance change with temperature

of a test solution in the spectrophotometer is compared with the
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absorbance change in the temperature-jump cell for a given discharge
voltage (Vg - Since the amplitude is dependent on the bandpass of
the optical system, the amplitude must be determined at zero-slit width
i an accurate measurce of the temperature risce is to be achieved.
The absorbance change (AA) at 580nm for a solution of cresol red,
. S . : : -1 A
approximately 3x10 "M (ptl = 7.8, 0.15M sodium nitrate, 1x10 "M tris
- : . : ; ’ . ~1 "
bulfer) is found to be 0.00980 optical density units K (figure
2.8.9.2). 'This solution is then subjected to a temperature-jump of
various magnitudes. The jumps are repeated at three different slit-
width combinations (5.30/3.0, 2.068/1.56 and 1.34/0.75mm) . The amplitudes
r‘\ N ~ i~ = P T | = = X

obscrved (AVY) are measured to an accuracy of +2mV by enlarging the
photographic traces onto graph paper. A plot of amplitudes versus slit
width is made and the amplitude is extrapolated to zero-slit width

AL e T . - .
(Av, ) (figure 2.8.9.3). All the amplitudes are normalised to an input
signal V' of 4.3 volts.

The relation between observed amplitude AVU, input signal V, path

length .., and absorbance change AA is given by cquation 2.8.9.1 (sec

[J
section 2.8.7 for derivation of equation 2.8.9.1)

awl = 2303 Vi A (2.8.9.1)

For v‘\ = 4.3 volts

&= 0,75 cm. AV$\ = 7.17 AA

i.c. 10mV = 0.0014 Optical density units.

The absorbance change in the temperature jump cell Au\r} 1s simply rela-

ted tO AAy AN, = Lo BA,

I'J i

Thercefore, for the cresol red system:
ANy = Lyy X 0.0098 for AT = 1K
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7.17 x 0.73 x 0.0098 x 10°

Il

A
0

o~
AV 70mV K
O SE———
The temperature rise of a solution for a given discharge voltage is
therefore simple to calculate. The results are shown in figure 2.8.9.4.

The mass of sample heated may be calculated from the relationship

C = capacitor
1 ., o T M o= o oce Af camn
E'LVDIS =M Lp AT M = mass of sample
Cp = specific heat of water

For V = 30x10° volts, C = 0.02uF, AT = 1.5K

- . 2
L 0.02x107° x (30)% x 10°

1l

Mx4.18 x 1.5

9 =6.27M

M= 1.43g

2.8.10 Lvaluation of the Performance of the Temperature-Jump

[nstrument
Two systems have been chosen to evaluate the performance of the
temperature -jump instrument. The interaction between the dye proflavine
and Calf-Thymus DNA is well characterised and has been studied by
o - R - e (17,18) v
absorbance and f{luorescence temperature-jump spectrometry . This
system has a characteristic relaxation time in the millisecond region.
The second test system used in the dimerisation of acridine orange in
, ML L - C . : :
aqueous solution . The characteristic relaxation time is of the
order of 10-20usec. and allows an estimation of the quality of the
machine for the observation of very rapid processes.
A detailed account of the wavelength dependence of the absorption
signal-to-noise ratio will not be given, except to say that in the

T - A . e 3
range 350-700nm it is greater than 107, and at the maximum efficiency
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of the lamp (50 watt tungsten), monochromator and photomultiplier (~500nm)
it is close to 104 (for a bandwidth of 1Milz).

The wavelength dependence of the fluorescence signal-to-noise ratio

is more difficult to measure,since it would require a wide range of
fluorescent species to cover a range of wavelengths. Tor the proflavine/DNA
system A, 444nm, Aem all wavelengths above 490nm, it is approximately 150.
Although often quoted the signal-to-noise ratio in itself does not
give any real indication of the quality of the traces which may be
obtained. The quality of the traces, overall sensitivity and accuracy
which may be obtained depend on the signal change-tc-noise ratio, AV/N.
The proflavine/DNA system has been used to assess absorption and
fluorescence performance of the temperature-jump instrument in the milli-

second time region. The experimental conditions were as follows.

Proflavine concentration SXLO_OM, Calf-Thymus DNA (molecular
weight 2x107) sufficient to give a phosphate-to-dye ratio
(P/D) of 20, <O.5mM EDTA, 0.03M K-phosphate buffer, pH = 7.3,

0.1K C1, final temperature 298.2K.

The light source was the 50 watt tungsten lamp, excitation wave-
length 444nm. The total fluorescence above 490nm was observed using a
cut-off filter (Oriel G770-475). For absorbance measurements the
photomultiplier was operated at 500 volts with 5 active dynodes (total
signal 4.5 volts). Fluorescence measurements were made using one photo-
multiplier operated at 800V with 8 active dynodes (total signal 1.5
volts, scattered light water only in cell,50mV). A temperature rise of
1.5K was achieved by the discharge of the 0.02uF capacitor at 30kV.
Monochromator exit slit 3mm.

Sample traces are shown in figures 2.8.10.1 a-c. The bandwidth of

the detection system is 30uS, for absorbance and fluorescence measurements.
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The absorbance signal-change-to-noise ratio is approximately 20, and for
fluorescence it is approximately 10.

The absorbance change is 6mV in 4.5 volts, a transmittance change of |
0.15%, and corresponds to a change in absorbance of the solution of 0.0008.
The change in fluorescence intensity is approximately P.8%. The measured
relaxation-time is in good agreement with the published values(17’18).
Rigler et al quote a relaxation time of 0.9+0.05 msec., the result obtained
in this work is 0.97+0.1 msec.

Under the present operating conditions with the proflavine/DNA system,
the temperature-jump instrument compares very favourably with the commercial
instruments currently available. Small increases in the overall sensitivity
may be achieved if a more powerful light source is used, but further
improvements are unlikely to be achieved.

Very few instruments with fluorescence detection have been

(17,280,210 and even fewer experimental traces have been published,

reported
which makes comparison between instruments difficult. However, the
instrument reported by Rigler et al seems to have the best published
performance to date. Using the same test system as that employed here,
but with a temperature-jump 3.3 times as large the fluorescence signal
change-to-noise ratio is =100. This is =3 times better than that reported
here, (allowing for the difference in the size of the temperature-jump).
The dimerisation of acridine orange was used to test the operation
of the instrument in the lpsec. time region. The experimental conditions
were as follows:

SM,OJ_MMI,Ehwlt@mennum

Acridine orange concentration 1x10°
298.2K.

The light source was the 50 watt tungsten lamp, the observation




wavelength was 492nm. The absorbance photomultiplier was operated at

600 volts with 6 active dynodes (total signal 4.5 volts). A temperature-
jump of 1.5K was achieved by the discharge of the 0.2pF capacitor at
30kV. Monochromator exit slit 3nm.

A sample trace is shown in figure 2.8.10.1 d. The bandwidth of the
detection system is 1pS. The absorbance signal-change-to-noise ratio 1is
approximately 30.

The absorbance change is 35mV in 4.5 volts a transmittance change
of 0.77% and corresponds to a change in absorbance of the solution of
0.049. The measured relaxation time is in good agreement with the

. ‘ o (19) _ . . . N
published values. Robinson et al quote a relaxation time of 14uS,
the result obtained in this test 1s 14.1uS*1.5.

Under the present operating conditions with the acridine orange
system, the temperaturc-jump instrument compares very favourably with
the commercial instruments currently available.

The longest relaxation time which can be measured is determined by
how rapidly cooling of the solution after the temperature jump will cause
convection currents which will affect the measured signal. This time
may be determined as follows. A system with a relaxation time of less
than 10ms is subjected to a temperature-jump. The change in absorbance
is measurcd on a long time base (>0.1s). The deviation of the observed
trace from the horizontal (following the rapid relaxation) will give an
indication of the maximum time before cooling affect the trace. Using
the acridine orange system in this instrument this time is ~0.5s i.e.
the longest relaxation time which may be accurately determined is ~0.4ds.

The overall fluorescence signal-change-to-noise ratio of our instru-

would be improved by: (see equations 2.8.8.2,4)

(1) using a more powerful light source e.g. a xenon or mercury

arc lamp;
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(2) employing both fluorescence photomultipliers in parallel

(increase (AVP/N)L by ~2] ;

3) improvement ol the optical system, mainly by using fish-
b O

eye conical windows in the temperature jump cell;
(4) increasing the size of the temperature-jump.

Increasing the light intensity would bring about the largest
improvement in(AVF/N)F. For the proflavine/DNA system discussed above,
excitation by the 436nm line of a 100 watt mercury arc lamp will
increase the fluorescence signal by a factor of ~5. This allows a
reduction in the number of active dynodes employed and a reduction in
the photomultiplier voltage to be made. This results in an increase 1n

the signal-change-to-noise ratio of ~3.

2.9 Description of the Stopped-Flow Instrument

2.9.1 Introduction

The stopped-flow instrument employed in the course of this work
. . it ) € di - T .
has been largely described*™™”. A block diagram of the instrument is
shown 1in figure 2.9.1.1.

Several modifications have been made to the basic design in the
course of this work. The instrument has been adapted for observation of
fluorescence and light-scattering changes, and several minor design
faults, which became apparent with prolonged operation over several
years, have been eliminated.

The previously undetermined machine parameters, path length and

dead-time have been measured.
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2.9.2 Modilications

The major change necessary to adapt the existing instrument to
cnable the detection of [luorescence and light-scattering changes has
been to it flexible quartz (ibre-optic light-guides (Schott, Fena,
Mainz, W.Germany) A and B in figure 2.9.1.1. These 0.5m light guides
have an optical aperture (diameter) of 2mm and a transmittance decrease
of 20%/m. The light guide A transmits the light output from a light
source (C) and a Bausch and Lomb (excitation) High Intensity UV/Vis
33-806-79 monochromator (D) to the obscrvation cell of the stopped-{low
instrument (11) . EBach end is rigidly (ixed to monochromator (D) and
and detection block (F) respectively. This arrangement considerably
reduces the cffects of vibration on stopping the flow. The absorption
photomultiplier (G) (RCAIP28) is [litted with a dynode switching circult
(1-4 active dynodes), and the load resistance 1s 100K,

The other quartz light-guide (B) is rigidly fixed into the vertical
iris of the detection block, so that cmission 1s at UUU, to the excita-
tion beam; the other end is connected to the entrance slit of a second
Bausch and Lomb (emission) ligh Intensity UV/Vis 33-80-7Y9 monochromator
(I11). Since fluorescent light intensities are usually very low, the
cmission photomultiplicr (I), (RCAIP28), is fitted with a dynode switching
circuit (7-9 active dynodes), the load resistance is again 100k,  For
both absorbunce and [luorescence photomultipliers, the dynode switching
circuit, together with an RC smoothing circuit (0.1,1,2,5 & 10m.Sec. time
constants), arc housed in a box fitted directly to the photomultiplier
(J,K).

The original drive syringes (Sumnit lLWHS) were found to be prone to
lcakage, duce to poorly machined pistons and non-circular syringe barrels.
There was also an alignment problem since tip and barrel were out of line.

3 : o . .
They have been replaced by lem™ gas-tight precision syringes (Precision
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BLOCK DIAGRAM OF THE STOPPED FLOW INSTRUMENT
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Sampling Corporation, Baton Rouge, lLouisiana, U.S5.A.). These ualso
ensure that equal volumes of reagent solutions are delivered from cach
syringe.

It is known that the volume of solution delivered per run docs not
affect the transients unless it falls below a critical value when pre-

. : e S s (23) : -
back diffusion may effect the value of the observed rate . For this
apparatus this volume is approximately 75ul per syringe. In practice,
the usual volume delivered is greater than 100pl. This ensures that
both the transient time constants and amplitudes are not distorted by
insufficient clearing out of aged solution from the mixer-observation
chamber region.

After continuous use for some years the original three-way central
control adjustable tapered Teflon tap in figure 2.9.2.1 a, began to lcak.
The manufacture of new tap Kef-F block combinations did not solve the
problem, which was thought to be due to the poor quality of the new
batch of Kef-F supplied which resulted in rapid deformation of its
machined shape. Mr. P. Smith of the Mechanical Workshops, U.K.C., of
this laboratory designed a new "push-pull' type control tap in stainless
steel shown in figure 2.9.2.1 b. This new control tap has proved to be

very successful in operation.

2.9.3 Determination of the Effective Path Length of the Quart:

Observation Chamber

Since the observation chamber is cylindrical only an "effective'
path length can be measured.

The light intensity falling on the photomultiplier should be zero
when the observation chamber is filled with a completely opaque solution,
unless some light is scattered around the observation chamber. This may

be checked by filling the observation chamber with a concentrated
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solution (¥IM) of potassium permanganate in water which has a very high
visible absorbance. The photomultiplier voltage was then <0.001V. )

The absorbance A* of a solution in the observation chamber of the

.

apparatus is related to the observed photomultiplier signal (volts) by
equation (2.9.3.1) in which Vb is the photomultiplier signal when water
is in the observation chamber, V is the signal when an absorbing species
is present, and V' represents the light which by-passes the observation
chamber.

In general,

A = Togyo| (Vv /(v-V) (2.9.3.1)

It, Vi =0 A* = loglO(VO/V) (2.9.3,2]

By definition, if the path length is /(cm), the concentration C(M) and

> - -
the extinction coefficient £(M lcm 1)

N

A = ZZ(eiCi) (2.9.3.3)
g

Hence, the absorbance (A) measured in the spectrophotometer cell of
length Z(lcm) is related to the absorbance A* measured in the stopped-

flow observation chamber of length Z* by the equation

A*/A = L*/1 (2:9.3.4)
From equation (2.9.3.2)and(2.9.3.4)

A= (Z/1*)A* = (1/L*) log(Vb/V) (2.9.3.5)

«0)

W

A 1* = log o (V /V) (2.9.

Hence, by plotting loglo(VO/V) against A for a given wavelength,
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TABLE 2.9.3.1

ABSORPTION PATH LENGTH DETERMINATION FOR THE

OBSERVATION CELL OF THE STOPPED-FLOW APPARATUS

Temp. 298(+0.2)K; A = 540nm for measurements of A and V

Solution A Signal V/volts LoglO(VO/V)
Water _ 4.1(VO)
an()4 - 0.001

| 1.20 2.30 0.250

2 100 2 .61 0.196

3 0.81 2.85 0. 157

4 0.60 3..05 0.127

5 0.29 3.25 0.100

§) 0.22 3.60 0.057

the effective path length of the observation chamber can be determined
from the slope.
Results for the stopped-flow apparatus are shown in figure 2.9.3.1

and table 2.9.3.1. The effective path length is found to be 2.0+O.lmm.

2.9.4 The Relationship between Absorption Photomultiplier Voltage

and Concentration Changes

The relationship between transmitted light intensity (input signal
to the oscilloscope) VA, measured signal change AVA and the absorbance

of the solution is shown below.
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For a reaction with an absorbance change AA*
. A,GAL A, A
AA* = log, (V] /Vf ) log,(Vy /ViH) (2.9.4.1)

where V, and Vf are the initial and final voltages respectively.
Therefore

M* = Tog o (Vi VL) (2.9.4.2)

Depending on whether the reaction is accompanied by a decrease or
increase in absorbance during the reaction

Vf\ = Vf\ * AVA
1 £

Therefore
M* = Tog (L £ AVVL) = oior in(1 £ V'V (2.9.4.3)
For a small change in A*(<0.05) only the first term of the

expansion of 10g10(1+AV/Vf) need be considered,

AV = iZ.SOS.AA*.VfA (2.9.4.4)

Therefore, for changes in voltage to be equated with changes in absorbance
AVA/VEA must be <0.05, and this should always be checked.

Using equations (2.9.3.4) and (2.9.4.4) we can relate the change in
voltage observed in the stopped-flow experiment to a change in absorbance

measured in the spectrophotometer

av? = 2.303 Az\.l*.VfA (2.9.4.5)

This equation should be used to ensure that the total change in the

absorbance is being observed, i.e. a fast transient is not taking place
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outside the time range of the stopped-flow.

The noise kBvel (N) for the detection system over the wavelength
range 350-700nm is always below 1mV for signals upto 20V (with a
smoothing time constant of lmsec.). If accurate kinetic data are to be
obtained, the signal change to noise ratio (AVA/N) must be ~5. Hence,
the smallest change which may be measured is ~5mV. If Vf is 2.15V the
5mV change represents an absorbance change of 0.005, then an amplitude
of 100mV corresponds to an absorbance change of 0.1 in a lcm optical

cell.

2.9.5 The Relationship between Emission Photomultiplier Voltage and

Concentration Changes

The quantitative correlation between the stopped-flow absorbance
amplitude and concentrationisdiscussed in section 2.9.4 . However, the
quantitative correlation between the stopped-flow fluorescence amplitude
and concentration is much more complex. The problems involved in the
correlation of fluorescence amplitudes and concentration are the same as
those encountered in the construction of a spectro fluorimeter which
enables the measurement of true emission spectra. Most spectro fluori-
meters arc of single beam type and have no compensation for the
wavelength dependent efficency of the excitation light source, mono-
chromators and photomultiplier. If a correct excitation or emission
spectrum is to be recorded these instrumental parameters must be adjusted
so that the overall efficiency of the instrument is independent of
wavelength.

The correction of the excitation light output is fairly simple to
achieve(24). The light beam is split before it reaches the sample cell;
one part of the beam passes through the sample and one part strikes a

thernppile(which, of course, must have a wavelength independent response
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to light intensity). The uncorrected excitation signal is divided by the
thermopile signal, thereby correcting for the change in excitation light
intensity and with wavelength.

(24). A

The correction of the emission spectrum is more complex
tapped potentiometer generates a pre-determined correction programme
(voltage vs wavelength), which is multiplied by the output of the photo-
multiplier. The correction programme is determined from a point by point
plot of the ratio of the intensity of reflection from a magnesium oxide
block placed in the cell compartment to the thermopile output.

From this brief discussion it can be seen that in order to attempt
a correlation between fluorescence amplitudes observed in the stopped-flow
instrument with those observed in the spectro fluorimeter both instruments
must be adapted to record corrected spectra. If the path length and
bandpass of the spectro fluorimeter and stopped-flow instrument are the
same the amplitude observed in the stopped-flow experiment would be
related to the change observed in the spectro fluorimeter by an appropriate
scale factor.

However, the path length in the spectro fluorimeter is 5mm and in ‘
the stopped-flow instrument it is 2mm. The difference in the path length
means that the "imner-filter effect'" will Complicate'any attempt to
correlate the observed fluorescence changes in the spectro fluorimeter
and stopped-flow instruments. The inner-filter effect operates in two
ways (1) absorption of the exciting light means that the light intensity

decreases as it traverses the cell, consequently all the molecules in the

light beam do not receive cqual illumination; (2) re-absorption of the
emitted light will also result in a reduced fluorescence signal. This

latter effect is only important if the absorption and fluorescence spectra

overlap to any great extent.

The inner-filter effect becomes increasingly important if the
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absorbance rises above 0.05. A solution which has an absorbance of
0.25 in a 5Smm cell has an absorbance of only 0.1 in the stopped-flow
cell. It is clearly seen that the fluorescence changes in the 5Smm and
2mm cells are not sinply related, i.e. the fluorescence signal or change
in a 5mm cell is not 2.5 times that in the 2mm cell.

If the absorbance is to be kept below 0.05, the concentration of
the dyes used in this study would have to be <2x10_6M. Dye concentrations
of this magnitude not only lead to practical problems of detecting
fluorescence changes with adequate signal-to-noise ratios, but also the
adsorption of dyes at these low concentrations onto the syringes,
observation cells etc. may adversely effect the observed kinetic behaviour.

In general, the fluorescence amplitudes encountered in the course of
tlis work are large. The expected amplitude AF may then be obtained by
measuring the fluorescence signal of the initial and final solutions
directly in the stopped-flow instrument. The initial signal Fi is deter-
mined by mixing dye at concentration Cf), with water in the stopped-flow
instrument. The final signal at t=w,Ff,is determined by mixing the same
concentration of dye with the surfactant solution in the stopped-flow
instrument. In both cases the final concentration of dye (the fluorescent
species 1s CX)/Z. The expected amplitude is given ?y

AF = Fg = E.

The influence of background scattered light on the observed fluorescence
signals is small providing the excitation and emission wavelengths are
separated by at least 10nm. The present experimental configuration has
a bandpass of 6.6nm, for excitation, and emission monochromators. Hence,
for acridine orange the range of excitation and emission wavelengths is
489-495nm and 523-529nm respectively. The separation of excitation and
emission wavelengths is at least 18nm and the background signal, which

arises from light scattered around the observation cell and by dust
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particles in the solution, will be small. The level of the background
signal may be determined with water in the observation cell. When the
excitation and emission wavelengths are 492nm and 526nm respectively,
and with the emission photomultiplier operating at maximum sensitivity
(9 dynodes 1000V), the background signal is 20mV. The fluorescence
signal obtained, under identical operating conditions, from a solution
of lxlO_SM acridine orange is 1.0V. The background light intensity is
therefore only 2% of the total light intensity and can be effectively
neglected.

The general importance of measuring the amplitude observed in the
stopped-flow experiments can not be overemphasised. If the observed
kinetic amplitude is less than the amplitude observed in the static total
amplitude measurements, a mechanism involving at least two steps which
cause changes in the observed property must be invoked. (Any fast
process occurring in times less than the dead-time are not observed,
and can only be inferred from a precise amplitude analysis). The varia-
tion of experimental conditions may cause changes in the relative
amplitudes of the two or more processes and thus further information

regarding the mechanism can be obtained.

2.9.6 Determination of the 'Dead-time'" of the Stopped-Flow Instrument

The "dead-time'" of the instrument is the time taken for the liquid to
flow from the mixer entrance to the point of observation. It therefore
represents a lower limit to the rate of the reactions which may be studied.

The dead-time for the instrument was determined by measuring the
observed amplitude (AVl), of a trace obtained from a study of a reaction
with a relaxation time of ~20 msec. The reaction chosen was between aquo
CobaltII and PADA, since the rate constant is accurately known(zs), was

chosen. The expected amplitude (AVZ) can be calculated from a knowledge
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of the absorption change for the reaction and equation (2.9.4.5). Then
Avl and AV2 are related by equation (2.9.6.1), where k is the rate

constant for the reaction and At is the dead-time of the instrument.

(AVI/AVZ) = exp(-kAt) (2:9.6.1)

At 298K, k is 36 sec.”. From static measurements the expected
amplitude AV, 1s 90mV. The mean of five determinations of the observed
amplitude Avl is 84+2mV. Using equation (2.9.6.1) the dead-time is
calculated to be 1.4+0.3 msec. when the driving pressure is ~7x104Pa.
From the path length of the observation chamber and the distance from
the mixer to the point of observation (20mm) we may calculate both the
linear and volume flow velocities. These are 14.3 + 2 msec.—l and
45.5cm35ec.~1 respectively.

Cavitation is not found to be a problem and this is usually the case
when the linear flow velocity is less than 20 nsec_1(26). From the
determined flow velocity and the path length the Reynolds number is
calculated to be 7,500, which is considerably greater than the value
required for the onset of turbulent flow (1,200). It is necessary to
obtain turbulent flow conditions to ensure that the solution is homo-

geneous across the observation point. Turbulent flow also assists the

process of mixing.

2.9.7 Determination of Mixing Efficiency

The mixing efficiency was evaluated in the following way(27). A

solution of lxlo_ZM sodium hydroxide was mixed with a solution of
2x107°M acetic acid to which had been added ~1x10™°M bromo Cresol green
(pKa = 4.90) as indicator. On mixing neutralisation occurs and the pH

of the system 1s changed. This causes the bromo Cresol green to change
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colour and the reaction is followed at 410nm. Since the neutralisation
is diffusion—controlled(ZS) and the indicator reaction coupled to it is
also diffusion—controlled(zg), the reaction will be complete within the
dead-time of the stopped-flow instrument. The oscilloscope traces
obtained were completely horizontal, identical with those obtained by
mixing water with water. This indicates that complete mixing had been
achieved within the dead-time of the instrument.

Typical traces obtained with this instrument are shown in figure

2.9.7.1a-¢.

2.10 Derivation of Relaxation Expressions(12_14)

2.10.1 Single-Step Association-Dissociation Equilibrium

Consider the simple equilibrium represented by equation (2.10.1.1)

where only species C absorbs light at a particular wavelength.

k

12
A+B==C (2.10.1.1)
21
K
K = % (2.10.1.2)
21

Activity coefficients have been neglected in the above equation.
For small displacements from equilibrium the concentrations of the

reactants, at time t, may be expressed as:

[A] = [A] + a[a]
(8] = [B] + a[s]
[c] = [C] + a[c]

where [KJ, 'ﬁJ and [ﬁj are the equilibrium concentrations of A, B and C

at the final temperature T+AT, and A[KJ, A[ﬁ] and Altj are the small

time dependent concentration changes.
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The rate equation is given by:

_ djlltq - ‘JE‘;' y d(ll? = k(A [] - Ky [C] (2.10.13)

From the stoichiometry of the system
AlA] = A[B] = -A[C] = x (2.10.1.4)

Substituting equations (2.10.1.2) and (2.10.1.4) into equation (2.10.1.3)

and neglecting terms in xz we obtain:

dx

- _{k12[1x_"|+|)3j + fogy I (2.10.1.5)

t/T, the absorbance A is a measure of the

As shown before A = A, e
displacement from equilibrium i.e x therefore x = X, eﬁkt when the

constant term k = T—l. Therefore, from equation (2.10.1.5)
o = kg, ([A] + [B)) + ky (2.10.1.6)

If the concentration of either A or B is much larger than the
concentration of the other then the concentration of say A is essentially

time independent anu we obtain the expression:

._l e
T = klz[ﬁj + ks (2.10.1.7)

The wvalues of klZ and k21 can be obtained from the slope and

interupt of the linear plot of t T as [A].

2.10,2 Consecutive Multi-Step Equilibrium

Let us now consider the more complex system shown by equation
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(2.10.2.1)

k
A+B == (C =td D (2.10.2.1)

K. . = (2.10.2.2)

Do
W
—

K,, =+ (2.10.

The system has only two independent rate expressions. Any two of
the three may be chosen to be independent. The system therefore, has

only two relaxation times

igft\l = -k, [A] [B] + Kk, [C] (2.10.2.4)
d[C] = k(A [B] - ky[C] - kyslC) + kyp[D]  (2.10.2.5)
dt

i([_l:f_] = ky3[C] - ks, (D] (2.10.2.6)

Because of their shortness (2.10.2.4) and (2.10.2.6) will be used.

From the stoichiometry

MA = AB (2.10.2.7)

-AC = AA + AD (2.10.2.8)

Substituting equations (2.10.2.7) and (2.10.2.8) into (2.10.2.4) and

(2.10.2.6) and neglecting square terms we obtain

i‘%?l = ~(ky,[K+B] + k,,8[A] - kyp8[D]) (2.10.2.9)
= ky30[C] - kq,n[D) (2.10.2 100

IA[D] ~ ;

‘ dE] = -kyz0[A] - (kyz+ks,)A[D] (2.10.2.11)
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These equations have the general form

n

e L
Sy - E a;;(8X1;) 1,5 =1 ... n (2.10.2.12)

where a;; are functions of the various rate constants and equilibrium
concentrations [}jj.

The relaxation times are then obtained by solving the determinant,
det(aij - T_lﬁij)=0 (dij is the Kroenecker delta).

If one of the steps is much more rapid than the other then it may
be considered to be in equilibrium during the relaxation of the other
step. If the first step is much more rapid than the second then TIl
will be given by equation (2.10.1.6)

o = k] + [B]) + Ky,

The slower relaxation time may be obtained by a similar procedure. We
must, however, define AC in terms of AD.

Since the first step is always at equilibrium with respect to the

second step

k,, (8] [B] = x,,[d] (2.10.2.13)

which leads to

ky,([&] a[B] + [B] a[A]) =k, A[C] (2.10.2.14)

substituting from equation (2.10.2.8) and rearranging

AlC] = _klz([MﬁLlBj) .A|D] (2.10.2.15)

ky A + B+,

substituting into equation (2.10.2.10)
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daln] _ _k12k2§EAjf£B} ail kg0 1] (2.10.2.16)
dt ky, (] +[B)y+kyy

Hence o
_1 - klzkzs(tqy+ﬁﬂ)

T s + k (2.10.2.17)
Lok (E B,

We may also derive these expressions using the two linearised
(30)
differential equations from equations (2.10.2.9) and (2.10.2.11)

"L A[A] = apA[K] + ap,a(0] (2.10.2.18)
—dA[D] i A»' .
T = (121 IAJ sk dZZA[D] (2.10-2.19)

where a;; = k ((-7\:]+7T3i)+ k

ghey o 21
aj, = Ky
a1 = Koz
a,, = k,, t'k

22 23 32

The expression for the two relaxation times Ty T 1s then

§

d

+a
- 2 ]
Tll o 112 ~2 (1+(1_b)2) (2.10.2.20)
d +a
. 2 !
Tzl _ 112 22 (1+(1-b) 2) (2.10.2.21)
_ Hayg8,5,r8) 58y
where b =

2
(ay;%ap;)
1
for 1>>b and expanding (1-b)? and omitting square and higher terms
1
(1-b)? = 1-b/2
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then

-1
=ap *ta, (2:10.2.22)

-1 _ . .
= ayqdy, T dpodsy (2.10.2.23)

If two relaxation processes are observed then

>> a (2.10.2.24)

41 22

or

>> a (2.10.2.25)

a2 11

If condition (2.10.2.24) holds then the relaxation times are given by

the same equationsas before i.e. (2.10.1.6) and (2.10.2.17).

2.10.3 Relaxation Amplitudes

A relaxation experiment yields two different types of information:
the exponential time constants and the amplitude of the relaxation. So
far we have only discussed the time constants. We can obtain further
information from the relaxation amplitudes, which are a function of the
thermodynamic properties of the reaction under investigation. A
knowledge of the relaxation amplitudes will allow determination of
various thermodynamic parameters and help in the elucidation of the
mechanism.

. - ’ s 2 : g 19
Consider a simple one step dimerisation reactlon( )

For spectrophotometric detection where the initial light intensity I is

given by the signal received by the photomultiplier
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AI/TI = 2.3 AA

where A 1s the absorbance of the solution

where € 1s the extinction coefficient of the solution at the wavelength

of the experiment and CX 1s the total concentration of the reactants.

The amplitude of the relaxation process SA for a small temperature

perturbation ¢T 1s given by
T o= Ay 0 .
bA = ¢1,(3 In L/3T) C, L 31

where 15 1s the amplitude factor.

(2.10.3.1)

N L . 0 L \ P ;
If we define L = hlZLA and s KlZLA where LA 1s the concentration

of monomer and K12 1s the equilibrium constant.

The amplitude factor % is given by
¢10 = L(9e/3s) (9s/3L)

. B o[ K
Now d In hlZ = (AHlZ/Rl )61

The amplitude is therefore

N o_ -0 O yisrpid
A = ¢12 LA L (AHT/RT™) 6T

Now e=¢g, *+ (g, - €, )/(1+2s)
Ry Ty g

and L = s(1+2s)

The amplitude factor is now
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(2.10.3.3)

(2.10.3.4)

(2.10.3.5)

(2.10.3.6)



by, = {-2s/[(1+25) (1+4s]] } “ATen, (2.10.3.7)

If the response of the photomultiplier is linear then AV/V = AI/I where
AV is the signal change.
: 7 /O — o (o =
We may now plot AA/LA VeTsus ¢;,; if we know hlZ and (eAl eAZ) we

may obtainAHcl)2 from the slope.

There are alternative methods(12’31—33)

of obtaining expressions
relating observed signal changes to the thermodynamic parameters of the
system.

(

Thusius et al 53] have demonstrated a straightforward method of

obtaining expressions for the amplitudes. For the reaction

A+ B = AB

MK = (a°/R1%) [1/K + 1/B + 1/KB) L. (e e -ep)

(2.10.3.8)

This approach has been used to calculate AH for the binding of proflavine
to trypsin and the binding of proflavine to DNA(SS).

It is well know that one can not 'prove' a mechanism, it is only
possible to show that all the experimental evidence is consistent with
the proposed mechanism. It is, therefore, important to show that the
same mechanism can be satisfactorily fitted to equilibrium, relaxation

times and amplitudes.

2.11 The Stopped-Flow Method

The stopped-flecw method is a logical extension of classical kinetic
procedures. The solutions are mixed rapidly and the resultant solution

is then brought to & sudden halt. The changes in concentration are then
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transient at discrete moments in time. During recording, each sample of
the signal is converted into a digital number and stored in the memory.
In the case of the DLY90S5 there are 1024 words of memory, and amplitude
resolution is to one part in 256 (8 bits).

The first 1000 points of the record stored in the memory are
reconstructed via a digital-to-analogue converter as a repeating sequence
of 1000 values, so that the reconstructed transient may be viewed
continuously on a non-storage oscilloscope (Tektronix 545B).

The amplitude of the transient may be up to 50 volts, but the
essential point to remember is that the recorder amplifier voltage must
be set as closely as possible to the total amplitude. This ensures that
close to the maximum amplitude of 1/256 is achieved. If the transient
amplitude is larger than the recorder setting, the trace is ''clipped"
and if it is smaller the trace contains ''steps'. (See figures 2.12.2.1
a&b).

The quartz crystal time-base( accuracy 0.05%) for the recorder can
be varied from 200uS to 10 sec. for 1000 points. This means that the
fastest sampling time per point is 200nS. Therefore, a transient con-
sisting of approximately 20 points may be accurately evaluated giving a
fastest measurable time of 4uS.

The transient recorder has pre-trigger and délay modes, which may
be set to pre-trigger by any amount up to 999 points or delay the sweep
by up to 9.99 times the sweep time. The pre-trigger mode may be used to
observe pre-trigger flow characteristics in the stopped-flow apparatus.
The delay mode may be used to eliminate fast transients in either
temperature-jump or stopped-flow experiments which will allow easy
observation of slow processes. The DLI0S5 also has a facility for sweeping
a certain number of points at one rate and the rest at another, slower

rate. This may prove useful to the easy separation of a very fast and

%UBRARYt_
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FIGURE 2.12.2.1

EXAMPLES OF INCORRECT TRANSIENT RECORDER SETTINGS




very slow transients. Therefore, it can be seen that the transient
recorder is far more versatile than a conventional storage oscilloscope.
The Data Dynamics 1132 paper tape punch interface is the 905/ASC,
the data code used being ASC 11. Each data word is punched as a group
of three characters preceded by a ''line-feed" code. Every three rows of
binary correspond to one point on the transient, ranging from 0.255. The
paper tape 1is then fed through the University Computer.
This reads the tape, converts the information back into signal size
in millivolts, compiles the program and calculates the rate constants,
errors, etc. according to the Algol program used and the results required.

The programs are described in Appendix II.
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CHAPTER 3

A COOPERATIVE MODEL FOR MICELLE FORMATION

3.1 Introduction

The self-association of hydrophobic molecules in aqueous solutions
is not confined to detergent molecules; self-association is exhibited
by drugs, dyes, proteins and surfactants of physiological importance
such as bile salts. The modes of self-association may be very
different for solutes with diffcrent molecular structures and geouetry.
In this chapter some general secll-associ: ion models are xamincd, and
their applicability to the self-associati n of surfactants to form
micelles of narrow and wide size distributions 1is indicated. It will
be shown that most self-association models do not predict a "Critical
Micelle Concentration''. A necessary condition for the formation of
micelles of reasonable agoregation number (z = 20-100) ov r a small but
finite range of surfactant concentration is that the selif-association
model should introduce cooperativity in the early stages.

In the development of any theory of micelle formation, 1t 1s
important to consider possible structures for micelles, and aggregated
species leading to micclles, and the relative stabilities of these
aggregates if a clear understanding of the self-association process is
to be gained. It is well known that the aggrcgation of planar dye units,
e.g. acridine orange, leads to formation of oligomeric stacks in a non-
cooperative nmnncr(l). Non-cooperative self-association means that

¥ £ K.. for

l\r—l’ = 12
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In this case, the concentration ot the (r+l)mer Crep will always
be less than (or equal to, as the total concentration CX +v~)ﬂr. tence,
no critical formation of any particular n-mer is possible. These systems
may, therefore, be considered as self-associating without micelle forma-
tion. It is, however, possible to invoke a model involving modest
positive cooperativity. The existence of relatively stable pre-micellce
aggregates at surfactant concentrations close to the CMC is predicted.
Pre-micelle aggregation has been postulated for a number ol CJU‘UII

(2-4)

surfactants , but 1n general observations close to the CMC ar«

difficult to interpret relying mainly on deviations [(rom the Ons per
: S (5)
slope of conductivity plots 7.

The approach discussed in this chapter is based on modifications of
the multi-equilibrium scheme reported previously for the stackin: ol
small charged molecules such as acridine dyes.

For many years micelles were considered to be perfectly monodisperse,
i.e. the weight-average molccular weight, Ww, 1s equal to the nwber-
average molecular weight, Nn. More recently, it has been recogn sed that
micelles will in general be polydiSpCIhu‘"). th perimental evidence
regarding the degree of polydispersity is difficult to obtain. (heo-
retical calculations show that narrow sizce distributions may be common
(width at half-height = 10), and this implies that the mean aggrcgation
nunber above the CMC docs not vary significantly with the total

s s : O o
concentration of surfactant for Cp €9 CMC.

In any rcalistic approach to micelle formation in aqueous media
the experime ital generalisations described above will have to be
incorporatec into the model, and explained on the basis of (free)
energetic considerations.

Finally, it must be stressed that before meaningful conclusions can

be drawn from kinetic measurements, it is essential to have a sound
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theoretical thermodynamic base for the interpretation of the data. ‘'the
cooperative step-wise self-association model is favoured over alternative
approaches since 1t is more easily applicable to the analysis ol Kinetic
measurenents obtained by perturbation relaxation measurements. [urther-
more, it allows an explanation of micelle formation at the molecular

level, by means of the well-established concept of cooperativity.

3.2 Step-Wise Self-Association Models

This section will consider the various self-associati n models which
have been applied to micelle formation. Consideration will be given to
whether or not the model leads to a CMC, the type of size- listribution
and the structure of possible aggregates.

The complete description of a self-associating systen requires a
knowledge of all the equilibrium constants, Kr~1’r' Even when the number
of oligomers is small, this is very difficult because the cxperimental
uncertainties 1n one K,_y»p Vvalue will alfect thosc of all the others.

Experimental approaches available for studying self-associating
systems are usually unsuitable for a detailed analysis. Those based on
spectroscopy of any kind require the determination of a characteristic
parameter e.g. «xtinction coefficient for every oligomer in the system.

This makes the determination of K values very difficult. 'The

’r—l’r
equilibrium methods rely upon the estimate of the free monomer concen-
tration as a function of the total equivalent concentration. In
general, these methods do not afford sufficient precision to allow the
determination of more than one or two association constants accurately.
It 1s, therefore, necessary to consider models of self-association

in which the step-wise association constants are allowed to vary in some

predetermined manner.
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5.2.1 Non-Cooperative Step-Wise Self-Association

This scheme has been extensively employed for tic analys

. - (1) - P ‘
stacking of charged planar dye molecules and the self-ussociation of

. A . : (7
purine and pyrimidine bases of nucleosides ).

15 0l

The model employs only one parameter, a step-wise assoclation

the

constant, which is assumed to be independent of the size of the oligomer

Ky2
‘\1 + ,\] :;—‘ ,\2
Ky3
\) + ‘A\ Q‘:——:—* \
2 ]
. K
r-1
e B ¥
\1—1 ' \l Vg
where hJ: = hJS - kr—l,z = K.

[t is useful to define a dimensionless paramcter s

The total concentration (C'

o P : » ' ,
whctxr(v\ 1s the total concentration of A, C,, (, etc. and the

of /\P \3, etc.,

From tle Law of Mass Action:-

[ 1O

concentration

~




= > . . .0 . .
from which the total equivalent concentration (L\) 1s obtained by the
t

application of the Law of Mass Conservation:

-
o _ \! :
v = ~ { A ] 7
LA /T (l“ > )
1
ol L . 2t (5.2.1.8)
, 2 z-1 »
= C](1435 t 38 sesesns B ) (32ed 9]
R . . . . N )
The sum of an infinite series of the type 1+2x+3x” ........
. g
is (1-x)
therefore,
.0 . 2 -
Ly (41//(1—5) (3.2.1.10)
So the C, /S - ] C 2 5
o that (,J/,f\) =1 - KC; {3.2.1.11)

Equation (3.2.1.11)will enible the determination of K if Gl is kinown as
- . = . 0
a function of the total concentration Cpe
t
The characteristic fectures of this association model are that the
number and weight average nolecular-weights are slowly varying functions
of the total concentration, the aggregates are very polydisperse and

the average degree of ¢ssociation is usually quite low 2-5.

2.2 Step-Wise Association Model with Slowly Varying Equilibrium

Deliel

Constants

[n tiis model the variation of the equilibrium constant is pre-
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determined by an explicit f(unction. 'The variation of Kr—l " with r may
>

indicate ecither small positive (Kr-l - increases with r) or negative
>

Ky, decreases with r) cooperativity.
>

For example, using a function which allows for a repulsive coulombic

potential between nearest neighbours the model is developed below.

O
r,r+l

O

0 ’
= Al + A(Jel,r

The overall free energy change is AG (3.2:2+1)

0 s : .
where Abgt represents the contribution from short range 'hydrophobic

interactions' independent of 1 and AGZI rthe repulsive potential. AGZl

| 9 > T

is given by equation (5.2.2.2)

P
A2, = Ny e Pfon) 2. (1/1) 3.2.2.2
'el,t YA 5 a) 4}' . (3.2.2.2)

where NA 1s Avagadro's constant, e, the clectronic charge, a is the

average separation of surfactant hecad groups, and o 1s a screening
factor which is equal to the effective diclectric constant experienced
by the aggregate. As o is increascd the repulsive effect between
molecules is decreased. o can vary between 1 and =,

The summation term represents the repulsive potential of the added
surfactant molecules with the first, second ... rth nearest neighbour in
the aggregate.

/RT) . (3.2.2.3)

- 0
In general K = exp(-Abr

r,r+l P8

Separating AU? 41 into its hydrcohobic @nd coulombic terms we obtain
K - exp(—Ath/RT) exp(-q %(1/r)) (3.2.2.4)

T, r+l

)
where q = N, co“/ua RT

A
For simplicity we define

exp(—Augt/RT) = K, (3.2.2.5)
Then
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$ = 1 Y r r?)-,).k) ()}
hl 2 h()/(/xl)(al)
Ky3 = Kpp/exp(a(2)) (3.2.2.7)
g 3 / & ‘ ] \ (5.2 2.8
l\34 = }\!:/U"l)(‘“’j‘ + TTJ}) sliie v )
I‘ bl p ))
‘\l 9IV+] }\IZ/CXI)((l Z\ '(l/l)) s o
_l.
Now 1im( >‘€/r - Iinr) =c =0.57721 (Luler's constant)
1
L
For r » «, exp ) '1/r = 1/b
2
where r/b = cxp(-(l-¢c)) = 1.53

For smaller values of r, b is no longer constant but varies from 1.33
at r = 2 to L.53 at r =, A satis’act ry approximation is made by

assuming b to be a constant equal to 1.4. Then the theory gives

: q ,
K = K, ,(b/T)" < K n=2ow® I,
I.,[.+J l‘_)'( / ) — l»)a ( ) ‘\_.3.._.@-1())
For strong clectrostatic repulsion i.c. o » 1 or q >> 1,
: . i
hl‘ kr,l*l (1 2 ) (3.2.2.11)
This case applies to charged dye sell-association when only K]7 1S
o
considered signilicant,
For weak electrostatic repulsion i.e. 0 » ® or q << 1,
K = K r =2 » o 7 G o Ao
12 = Neyper ) (3.2.2.12)
i.e. all the equilibrium constants are equal.
. : . : : . 2 .
For the casc of medium electrostatic repulsion i.e. 0 = NA Sy /a Rl
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’ = K § = 2 4+ o (% 29 9 )
l\r,r*rl hlz(b/r) L 2+« (3224 13)

[n this case the equilibrium constants K slowly decrease as

1P e |
r is increased. This case will now be considered in detail.

As before we define

(fl :(l (5.2.2.15)
(2 :Klz(l (] —Cl S (3.2.2.16)
. , . 2 . - .
LS = b/r hlZ LJ.LZ = ((bs) .Ll/h)/Z (3:2:2:17)

r

(@)
I

by T }\']7 CI.C = ((bs)

I 2 r=d

Temy/a-nr (5.2.2.18)

The total equivalent concentration is then given by

uf\) = L S(r+l(bs) /1) (3.2.2.19)

For the example shown above i.e. Kr—l,r decreasing as r increases,
the system will exhibit negative cooperativity. The formation of
larger aggregates in preference to smaller ones is therefore less
favourable. 'The case of slight positive cooperativity i.e. Kr—],r
increasing with r, leads to a very polydisperse system in which the
distribution of oligomeric species is dependent on the total concentra-

tion. Thereforc neither of the models can predict a CMC and the general

properties ol the proposed model are inconsistent with micelle



formation.

3.2.3 The Infinite Cooperativity Model of Kresheck et al(’b)

The most common thermodynamic approach to micelle formation, due
to Kresheck et al, assumes a homogeneous system and is based on a step-
wise aggregation scheme similar to those already discussed.

lThe model assumes the co-existence of micelles Mz in dynamic
equilibrium with sur‘fzu'temt monomers above the CMC. All other species
are assumed to be present at negligible concentrations. Until recently,
most of the kinctic measurements obtained on micellar systems have been

interpreted on the basis of the Kresheck model. However, very recently

io
a number of new approaches have been developed notably by Mulleru') ’
Nakagawa(m) ,Hot fmann ¢t al("ll) and Aniansson and Wall(lz) 5
Now we have on the Kresheck schemc
K,
A] by mES A NUCLEATION
K -
A . oA l S, A_, ' EASF
& D)
GROWTH
b
App ' 4y = # -1 -
l\’r—l 7
‘/\1‘—1 t A | = M MICELLE FORMATION SLOW

The equilibria Ar + _»\1 == Ar+1 (r =1 > 100) are all assumed to be set
up rapidly, the rate-limiting step in the micelle-breakdown process
being the removal of the first monomer from the micelle, controlled by
rate constant }\ r-1°

The other assumptions of the Kresheck model are:

(1) For ;:X > CMC



and C] =~ CMC

(2) For C9 < cMmC
A

‘17 A

[t is therefore necessary that:

K, << K r =3->1-1) << K
D = Z,r—l( ) r=1,2

It can be seen that the overall model is comprised of steps
representing, nucleation, growth and micelle formation. If the
underlying assumptions regarding the intermediate concentrations are
to hold, it is necessary to regard the simple Kresheck model as

representative of a very highly cooperative self-association, 1.e.

KG = K23 etc >> KD . If q is defined as KG/KD , then

q(cooperativity parameter) - o,

Now if we define K Cl =3 (3.2,2,2)
then K, = s/q (3.2.2.3)

From the Law of Mass Action

oo 3.2.2.4
C; = Gy (3 )
K. c,
(l :—(T(‘l.(.l :—(—{—5 (3'2'2-5)
C; -
Co= L g2 (3.2.2.6)
] ({
C
c = _lgT2 (3.2.2.7)
r=1| q

Let J\I'—] ’ L’.: p l\(;

then C_ = p/q Cl Sr”1 (3.2.2.8)
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2 o

G5 (= , -
0 . 1 1 o | ol 7
Cp =0 + S - G5 -—L zz‘xs {50l del)
q q q q 7
Cl =S 5
The term — ) ,rs accounts for all species above aggregation nuiber
T

z and therefore effectively limits the micelle to aggrcegation nunber z.

C ) 2
P P S T S ! o
Ca L]+qﬂlﬂ U+quls TT%Jb (3.2.3.10)
0 (1 /a(1-2 + (-1 ; r-1 . , [> 'r(1-s)+s

(1-s)

(3.2.3.11)

Although the model is simple and may allow an easy interpretation of the
kinetic measurements it is obviously unrealistic. It cannot allow for
polydispersity.

The models discussed so far (i.e. non-cooperative and infinitely
cooperative) represent the two limiting cases of a more general coopera-

tive model for step-wise self-association discussed in the next section.

3.2.4 General Cooperative Model for Micelle Formation

The approach developed here is more complex than those described so
far. It is increasingly apparent that the early models, although
convenient are oversimplified. As more information, particularly accurate
kinetic data, becomes available, it is clear that micelle dissociation is
not adequately described by a single step.

The first step in any self-association process must be the dimerisa-

tion of monomer units, characterised by an equilibrium constant, K,

Kp
/\] * Al e AZ
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There is evidence, from NMR measurements, that surfactant monomers
I o = C rioid rods (13D e
can be more or less adequately represented as rigid rods , at least
up to a chain-length of 16 - no appreciable bending or coiling of the
individual surfactant chains takes place. The dimerisation may then be
represented diagramatically (where the head group (*) can be charged or

uncharged) as:

It is to be expected that there may be some preference for head to
tail dimerisation. This dimerisation, however, is associated with the
nucleation step. On building up the aggregates beyond the dimer state

there are three possibilities. (Ignoring head group effects).

(1) The growth of a linear (one-dimensional) chain:

Assuming only nearest-neighbour interactions(i.e. neglecting any long-range

coulombic effects due to charged surfactants), it is clear that the free-

energy potential between adjacent surfactant molecules which is responsible

for stabilising the aggregate (mainly hydrophobic and dispersive forces) is

expected to be independent of aggregate length (1)

1.:€4 KD = kr—l,r (r = 3 » =)

Kp and Kr—l . are expected to increase with increasing hydrocarbon chain-
>

length.
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The formation of such linear r-mers cannot be expected to exhibit

CMC phenomena for the reasons already stated. It is, therefore, necessary

to introduce aggregate structures which will allow a cooperative inter-
action betwecen surfactant chains as the aggregation proceeds beyond the
dimer stage. There are two possible ways of introducing a cooperative

interaction into the growth proc:ss.

(i) the growth of a two-dinmcnsional lamellar sheet

(ii) the growth of a "loose micelle'.

(2) The growth of lamellar aggregates:

The first step in this process 1s

A /\1 A

| I \ (\" I '
+ .—é-ﬁ

Do

3

The hydrocarbon-water interface eliminated i1 this growth step is
likely to be up to a factor of two greater than i1 a linear growth step.

If we define

0 = _PT / 2 ~1ant+1/
Ahst,ﬂ = -RT In hn (For nucleatio) (3.2.4.1)
.0
A("st,r—],r

then we expect for lamellar growth

AG (3.2.4.2)

0 < ACP = -RT Zn K. < 2AG'
— st

st.D— " st,b G
We may therefore define a cooperativity paraneter (q) such that
Kg =4 KD’ and from equation (3.2.4.2) we expect } to vary roughly between

1 and K in a real situation. Furthermore, we expect K. to be independent
3

G
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of r to a first approximation for the build-up ol lamellar aggregates.

(3) The growth of "loose micelles"

The build-up of this type of structurc is mucn more difficult to
visualise, and it is difficult to see how small agiregates of this type
could be stabilised to the extent required such that KG > K. However,

the process maybe represented diagramatically as:

(6] (6] (6]

K

O

The lamellar aggregates may become more like o '"loose' micelle as
the aggregation number increases and the ''loose" micelle then '""fills up"
to become a true micelle. The lamellar structure offers strong
stabilisation at low r, and the '"'loose'" micelle allows greater overall
stabilisation as the head group interacticn potential changes due to
counter-ion adsorption.

So we may have a range of structures thus:

T :
.’/O

§°
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Where the true micelle (4) is formed over a small concentration
range this may take the form of a cooperative phase transition (similar
to the a-helix to random-coil transition and liquid-crystal mesophase
transitions). ‘Iransitions between lamellar and spherical structures
have been postulated previously in connection with bio-membrane uction(14).

The model therefore describes a cooperative build-up of lamellar
aggregates, with the possibility of a cooperative phase transition to
aspherical micelle at the CMC. The phase transition may be viewed as a
required device to limit the size of the aggregates and produce a range
of z values.

It is not clear over what range of concentrations below the CMC
these aggregates (''loose micelles') are likely to build-up. It may be
that they would occur at concentrations only just below the measured CMC

and so would be difficult to detect and Jdistinguish from true micelles

by the usual physical methods.

3.2.5 Mathematical Treatment of the Cooperative Model

The nucleation step is:

Ay iy

== A2

Further growth could be obtained by the build-up of linear aggregates
A;, but for systems exhibiting modest positive cooperativity (q>1), the
formation two-dimensional aggregates Ar’ 1s preferred, since Kq > K for
q > 1. (In the simple treatment proposed here, linear aggregates beyond

the dimer stage are ignored). Therefore, we have

Kg
Ar—] + A] == A (r

I
N

> z)

To a first approximation K, # f(r).

The final step is the cooperative ''phase-transition' between K lamellar
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aggregates and spherical micelles

7

A == M
i § Z

For simplicity, we assume only a particular value of r can produce
the "phase-transition'. More detailed calculations could easily allow

for this transition over a range of values from r-x to r+x (x<r) with

0 = Y-x Yr-x+c < Y > Yr+x-c > Yr+x =0 (c =0~ x).

This would allow any shapc of size distribution to be obtained.
As previously described the dimensionless parameter s (= Kby) 1s

introduced to cnable the concentration of the various aggregates to be

expressed 1n a simple mathematical form.

By means of the Law of Mass Action (neglecting activity coefficients)

¢, = C, (3e2.5.1]
ey = K (s/q)C Bk s
Y2 = Ppilg br T By Ll
2 -

C, = (s“/q)(:l (3.2.5.3)

. r=]1 S
C. = (s /q)C (3.2.5.4)
C = (Y si/q)(:l (3.2.5.5)

From the Law ol Mass Conservation:-
Cp = ) iC + 2 (3.2.5.6)
1 7

[ ) : Y'~=2 _‘I""Jl - c o7
= (( ]/,(7[)1; t 55 wwe I=l S + 18 Jro (l (3. 2:5.7)
(G ¥ zsi)/q (3.2.5.8)




g - r-1 -2 .
Since I rs = (l=g) = = 1 (5:2:5.9)
2
0o . - - ) - )
and I (I+l)5r =s"(1-s) “{z(1-s)+1} (3.2.5.10)
Z i s’ 7 - — - P :
then % rs’ 1 (1-s) ~-1-s~ l{2(1—5) l+s( -5) - } . (3.2.5.11)
7

Since hl = s/hu

=i OF s = = \
l-s) “ra-D/a}- (s/K) {8 L7 2(1-s) Les (1-9) H

O _ s =
Cy = (s/K) {q ! !

(/K {2 1757717} (3.2.5.12)

1

The concentration of monomer —CI— for any value of s = s/nv. l'he

concentration of spherical micelle expressed in terms of monowcers -zC_-

o7
- ) . = e . z=-1 -1)
for any value of s = (s/h() 2z 1/8° q j.

It is possible to define the CMC qualitatively as the total concen-
tration at which

Cp = 2, i.e. when s = (Q/J\vaﬂl . (5.2.5.13)

[t is also possible to calculate the concentration of intermediate
aggregates. Such aggregates are likely to predominate at concentrations
just below the CMC. If the probability of the formation of spherical
micelles is low (i.e. Y < hJCI) the aggregation number will increase
beyond z. llowever, only a small range of spherical z-mers is stable.
Therefore whether lamellar or spherical aggregates predominate depends to
a large extent on the ratio Y/s.

£

Equation (3.2.5.12) can be readily simplified if a less compiex model

is adopted. For example, if only one type of aggregate is formed, as in
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the casc of lomellar aggregates, Y = O and:

LJX = :{ S/KG q E“{U—t-)-z + q-1 J (3.2.5.14)
If q =1, i.c. the growth is non-coc perative

cy 4{5/k“}ﬁlfnj_i) (3.2.5.15)

If only a monomer-dimer equilibrium is present, i.e. q =0 we have:

(,‘(,\) - 5(’1'!.157)//’}\'“ (where s = K,.C,) {525,106
/

e Lo

For the situation where cooperativity is especially strong

q > and Y » @
Then
O [ el - A (3.2.5.17)
('/\ ] J/l\(’;j{l + zYs q
s/K, (for ux < CMC) (3.2.5.18)
1.8, (Il = tﬁj\: , until spherical micelles are formed, when s = 1.0

This highly cooperative combination is shown in figure 3.2.5.1.

At total concentrations below A, only monomer is present in solution
(A is equal to KE;I). Above A, the monomer concentration is buffered,
(d(,‘l/d(lf,\) = 0) and the only species being formed are micelles MZ. The
concentration at B = _’/f\(_;l and Cy = 2L, which gives a more quantitative
measure of the CMC. However, this situation represents a limiting case

; W3 ; - a1 A
for which we must assume q > 1C°. Many surfactants exhibit CMC's around

10°M (see figure 1.2.1, Chapter 1). This implies K ~ l()"M—'1 and then Kl)
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-1 . o . . . )
must be <IM ". Since we have argued that it is unliely for q to be ':h“,
the limiting situation is not to be expected for surfactants with (MC's

greater than 107 M.

More realistic models must assume very different values for q and K”.

Al

In figure 3.2.5.2 the effect of finite cooperativity q on the concentration

of monomer (lose to the CMC is shown. It can be seen that deviations fron

S . . . Y O .
limiting bebaviour occur at progressively lower values of s as K.C. is
h = g G°A

increased. The piot was computed by means of cquation (3.2.5.12).

(15) ; . ; :
C has suggested that likely values of h“ are 1n the region

>
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10-10"M ~ for hlﬂkhll surfactants. Since q is related to h“, values of
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2 aadl =l T : ~2 . ~—4 : :
107-10'M °, and CMC's in the 10 "-10 "M region, as (ound experimentally.
For surfactants in which the spherical micellc predominates, large

values of ¥ are indicated. The effcct of changing the adjustable para-
meters - K, q, z, Y - 1s shown in figures 3.2.5.3 - 10 for the conplete
model. The figures show:-
)
(i) For the likely situation of 10<q<100 and z = 107, there

1s a progressive build-up of pre-micelle aggregates ii

a concentration range within a factor ol 2 or so below

the CMC. 'The CMC 1is clearly difficult to define in this

situation; it 1s probably most usefully described as when

€y = zCZ, and so this delinition is adopted for the

general cooperative scheme.

(11) The CMC is then not very sensitive to large changes in Y.

(Figures 3.2.5.3 and 4).

(iii) The prescnce of pre-micelle aggregates is sensitive to the

value of ¢, but no such aggregates are formed below the

CMC for q'lﬂj. (Figures 3.2.5.5-8).

(1v) The CMC increases proportionately as z increases and the likeli-

hood of pre-micelle aggregates increases as z increascs.

(v) It a threshold concentration of micelle is required by the
process used for detecting the CMC, then practically it may
be useful to use an alternative definition of the CMC as
when zCZ reaches a certain absolute concentration e.g. 10 "M,

With the CMC defined in this way, the plots shown in [igures
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(vi)

3.2.5.9 & 10 are obtained for the dependence of the CMC

on q and K q (when both are varied synchronously).
>

o : : 4 .
Values of K =25, q =25 z =060 and Y = 10" give u
good representation of the bechaviour of sodium dodecy |

sulphate in aqueous solution. (Figure 3.2.5.11).

The model allows several further predictions which are capable ofb

experimental verification:

(1)

(i1)

(111)

[t is to be expected that as the hydrocarbon chain-length

of the surfactant increases, K,, and q would increase.

D
Therefore, as the hydrocarbon chain-length decrecases, the
growth of pre-micellar aggregates would seem to be more

likely, although this is compensated to some extent by the

lower value of z.

The value of Y would be sensitive to the hydrocarbon chain-
length and to M, the sharpness of the transition would
increase as z increas:d. Such a process would also be sensi-
tive to the presence of small amounts of "impurities': in

contrast to the nucleation and growth processes.

The effect of ionic strength on the micelle formation process
is expected to operate primarily through an increase in K
and KG. In the aggregation process for charged surfactants,
the counterion can operate through a charge-screening

mechanism.  From studies on charged dyes, an ionic strength

ol 0.1IM should lead to a doubling of Ky and Kis and a

132




\
—————

o

e

i
)
|

. et i £

P

S—




corresponding decrease of the CMC.

For micellar systems in water, the ultrasonic tecinique detects a

(16-17

relaxation process in the microsecond time range . An analogous

relaxation (generally time unresolvable) has also been observed using

= . )
(RB=2L) and pressure-jump nethods L3} ). On the model

the temperature-junp
proposed, this relaxation may be associated with the exchange of monomeric
surfactant to and from a micelle or the exchange of a monomer end-unit
to and from a lamellar aggregate. The slow relaxation detected by
4 18-20,22) ; 43
tempcraturc—Jump( ?=7 and prcssu1u~)ump( ) may be due to the
cooperative phase-transition (which 1s known to be slow in the case of
the liquid crystalline-crystalline phase transition of dimyristoyl L-a-
o : (24) / : : . .
Lecithin bilagers) and/or the complete dissolution of the micelle.
The most recent and comprehensive winetic and thermodynamic model of

. - s L S S (25) o i
micelle formation has been given by Aniansson et al . The model put
forward by Aniansson ¢t al is essentially similar to the one developed
here. The micelle is considered polydisperse and 1s formed via a small
nucleus (6-10 monomers). The build-up from the nucleus stage is rapid

and must be considercd to be a cooperative process.
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CHAPTER 4

DETERMINATION OF CRITICAL MICELLE CONCENIRATIONS BY

(1 DYE-PROBE THCHNIQUE
4.1 Introduction

There are a great many methods which may be uscd to detcrmine the
CMC of surfactant solutions, some of which have alrcady been wment ioned
in Chapter 1. Since the object of the present work has been to study

" dyes with surfactants both above .ind

L)

the interaction of "hydrophobic’
below the CMC, the CMC's were determined by the "dyc-probe' e thod

The dye-probe method relies on the dye exhibiting (1) a change in
extinction coefficient (&) and/or (1ii) a shift in the main absorption
peak for spectrophotometric detection, and/or (iii) a change in quantuom
yield for fluorescence detection, as the concentration of surfactant is
increased beyond the CMC.

Although this i: the most convenient and widely applied method for
the determination ol CMC's for all classes of SHFfH&IHHtS(:), it has been
criticised in the pact because it tends to produce values of the CMC for
a given surfactant which are up to 5% lower than the values
obtained by surface-tension or conductivity nwthuds(s'. This decreased
CMC has been attributed to the formation of dye-induced micelles, in which
the dye-surfactant rotio may be as low as 1:]0(4). The dye which has
been generally used for CMC determinations is the rod-shaped pinacyanol
chloride. Mukerjee ¢t al have discussed the effects ot this dye on the
CMC of sodium dodecyl sulphate in some dctuil(4). lheir conclusions are
(i) the CMC is dependent on the concentration of the dye (i1) curiously
the CMC approaches the surface-tension value as the dye concentration is

increased (iii) the "dye-rich" micelles become 'mormal'' micelles as the

micellar concentration is increased and (iv) on increasing the ionic
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strength the CMC values obtained byfslye approach those lrom surface-
tension and conductivity. There is some independent evidence [rom

, e e : A5) ¢ - . -
fluorescence energy-transfer experiments , for the formation of dyc-
rich micelles at concentrations very close to the CMC.

In the present study it is found that for planar acridine and
related dyes: (i) the CMC's are not dependent on dye concentration 1n
the range 4x10 'M - 3x10 "M, (ii) the CMC's are independent of dye
structure and (iii) the CMC's are approximately 10% lower than surface-

(7

: : (3)
tension and conductance literature values

4.2 Spectrophotometric Determination of CMC's

The characteristic observations described below apply to all the
dyes used in this study. The specific case of acridine orange (A0%) inter-
acting with sodium dodecy! sulphate (Sbo) will be discussed in detail
since it exemplifies the approach.

From the acridine orange-sodium dodecyl sulphate visible absorption
spectrum in figure 4.2.l1a, two distinct types ol interaction are apparent.
For a fixed total concentration of dye («lO—SM), and concentrations of
SDS below the CMC the spectrum of AO%exhibits both a hypsochromic shift
(492 to 468 nm) and hypochromism at the monomer peak wavelength 492 nm,
the extinction cocfficient at 492 nm decreasing from 55,000 to A)£X1mflcm
as the concentration of SDS is incrcased below the CMC. Both these effects
have been observed previously from the process of planar sandwich-type

(0)

stacking of the dye alone , ("end-on'' aggregation will lead to a blue-
4 (7)
shift of the absorption peak) g
No isosbestic point i1s observed showing that therc are at least
three absorbing species in solution. These are most likely to be monomer,

dimer and some form of stacked dye. This type of behaviour seems to

indicate the formation of a mutually-induced aggregate species involving
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both the positively-charged dye and the surfactant anion.

The spectra of the dye-surfactant solutions below thoe CMC are tin
dependent to some extent, the intensity ol absorption decreasing with
timelx), due to the slow build-up of colloidal size partictes in the
solution. The increase in turbidity takes place over a portod of wan
minutes, generally the decrease in absorbance is not wore tian 205 over
a period of thirty minutes. Turbidity [irst becomes ipparcat at S
concentrations of approximately 10_1H and continues up to doproxiiately
Zx](y_skL Above ZXJ()--ﬁl the turbidity decrcases and the rat  of formation
of the larger aggregates becoues very slow.

To reduce the effect of turbidity on the absorpiion spectra, he
surfactant and dye solutions are scparately pre-therostatted. The stock
dye solution was then added to the diluted surfactant solution in
graduated flask and after shaking 3ai” were rapidly transferred to the
cuvette. The time required lor thermostatting in ti. spectrophotomcter
was thereby reduced to less than two minutes and so the effect of turbidity
on the recorded spectra is negligible.

In order to continrm that the observed slow etfcct was due to aggre-
gation of the dye below the CMC due to a mutually-induced process involving
both dye and surfactant ion, and was not simply a s) cific ion-pair
interaction with the sulphate headgroup or an ionic strength ctfect, the
possibility ol an interaction of AO"with sodium methiyl sulphate (SMeS) was
investigated. [t was found that for concentration ol SMeS up to 0.2M,
only small changes in the AO*spectrum were observed. The magnitude of
these changes can be attribut:d solely to the increase in the coxtent of
dimerisation of the dye with increasing ionic strength () of tue solution.
The dimerisation constant (i(l)) of the dye has been previously found to be

| 1 (6)

1x10™™, 1 =0 and 1.6x10°M71, 1 = 0.100).

The strength of the induced aggregation interaction, estimated from




-
4

T |
€+/10°M “cm

A/nm
FIGURE 4.2.1 ABSORPTION SPECTRA FOR il INTERACTION BETWEEN DYES AND SODIUM

DODECYL SULPHATE AT 298..K
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the concentration of surfactant corresponding to the mid-point of the "S"

shaped-binding curves (KS“) (for example figures 4.2.2,3) increases as

the alkyl-chain length of the surfactant increcases. the larger the value

of Ky of the dye concerned the stronger the interaction, sce table 4.2.1.
The solutions become cloudy in the region of surfactant-to-dye ratios

10-100. The extent of the cloudiness is di pendent upon K, the chain-

length of the surfactant, concentration of the dye.

Also the rate of growth of aggrcgates also increases with K, and the

1
surfactant chain-length (sce Chapter 5 for kinetic details). The driving
force for the interaction must be the hydrophobicity of the dye and
surfactant alkyl-chains. Since the dye and surfactant arc electrostatically
held together the mutual apggregation process is unhinderced by repulsive
coulombic interactions. lhe term mutually-induced is applied to the
aggregation process, since the process 1s dependent on the natural tendency
for both species to aggregate 1n solution. This is greatly enhanced when
the charge repulsion is reduced.

In the region of the CMC there is an increase in the extinction
coefficient at the new A .~ of 498nm, which corresponds to a slight red
shift of the absorption maximum of the monomer AOYin free solution. The
bathochromic shiflt indicates that the dye becomes incorporated (absorbed)
into some part of the micelle. The dye-surfactant solutions above the CMC
are stable and the absorption spectrum is unchanged over a period of
twenty-four hours. These spectral changes resemble thosc observed for
the binding of AO*to DNA(Q). The pre-CMC interaction is similar to the
outside stacki.g of the dye i.e. a weak electrostatic binding site, and
the spectrun of AO"above the CMC is similar to that of the inter c« lated
dye, although the red-shift is not so pronouncec .

An 1isosbestic point is observed at 525nm for concentrations of

surfactant ‘“10'“10) above the CMC which indicates that the dye is in
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IABLE 4.2.1

SIRENGIH OF DYE-SURFACTANT INTERACTION BELON
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equilibrium between the pre-micellar mutually-induced and absorbed states,
shown schematically in figure 4.2.4.

The CMC of sodiun dodecyl sulphate has also been determined using
the unprotonated form of acridine orange. The pha of acridine orange is

(10) T o C the OMC WA e e . 2
10.45 . The determination of the CMC was carried out at ptl 11 and 13.
The spectrum of the wunprotonated form of the dye is very different [rom
that of the protonated dye. The unprotonated form has an extinction
coefficient of 1.8x10°'M “cm = at the maximum of 440nm.

At the lower pil, the dye spectrum above the CMC was identical with
that of the dye in ncutral solution, which suggests that the dye is

protonated at the surface of the micelle. 1t is known that a pH gradient

exists in the region of the micelle surfuuc(ll). This pll gradient is a
result of the high surface potential of the micelle (WO)'IZOmY tor SDS.

(12) | . . — - e BE . L e
Hartley has shown that the pll at the . urlace of the micelle P“s’ 1s

related to the pll in bulk solution P 5 by the equation
pll, = pll - p°/59.16 (4.2.1)

Hence, for the SDS micelle, 1f the pll in the bulk solution is 11, the ptl
in the region of the micelle surface =9. The dye will therefore be =99%
protonated as it difluses into a region close to the micelle surtface.

To ensurc that the unprotonated form of the dye 1s ubsorbed by the
micelle, the bulk solution pll was adjusted to 13with NaOll, so that the
surface pll is then approximately 11. Unlike the system where the pllg is
=9, the spectrum of the dye when absorbed by the micelle ptl, = 11, 1S very
different from that of the protonated form. This sugyests that the dye 1is
absorbed in the unprotonated form. 'The extinction coc(ficient is

cm.1 at the A = 446nm.

2.0x10" M ‘
max

In fact, 1f the surface pll = 11, there should be approximately 20%
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FIGURE; 4.2

SCHEMATIC DEAGRAM OF A DYE ABSORBED INTO_THE PALISADE LAYER

OF A MICELLE
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protonated dyc. The spectrum of the dye in this sys cm has a secondary

peak at 498nm which corresponds to protonated dyc. ihe absorbance of this

peak is consistent with approximately 20% of the dye¢ being absorbed by the

micelle in the protonated form (figure 4.2.5). ‘Thus, this method of

direct dye absorption glves a sensitive measure of tie surface pH of micelles.
The CMC has al:o been determinced for the simila - surtactants sodium

dodecyl sulphonate (5bsSn) and sodium dodecyl benzene sulphonate (SDBSn)

(figure 4.2.0) by mcans of acridine dyes. The CMC o SDSn is very similar

to that of SDS (table 4.3.1), while the CMC of SDBSn is lower by a factor

of approximatecly four. The CMC of SbBSn is thereforc equivalent to that
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of sodium tetradecyl sulphate (STetS) (a Cli surfactant). The benzene
group appears to contribute the same hydrophobic free energy as two -ClH,-
groups. The limiting extinction coellicient of the dye absorbed in SHBSh
micelles 1s the same as that for SDS micelles which indicates that the
benzene group does not have a measurable effect on the dye spectri.
Most of the dyes used have a tendency to self-associate (olicomerise)
(6,13-17)

in free solution , 1.e. they do not obey Beer's Law as the con-

s

v

centration is increased. llowever, when absorbed by the micelles the
do obey Beer's Law to much higher concentrations than in free solution,
figure 4.2.7 and table 4.2.2. Deviations (rom Beer's lLaw occur (or the
absorbed dye only when the micelle to dye ratio (M/D) is less than once.
This observation indicates that oi ly one dye is absorbed by cach micelle,
unless the M/D ratio falls below onc, when more than one dye is absorbed
the absorption spectrum is expected to change. The observation i:
confirmed by energy-transfcr studies between Thionine and methylene blue
in SDS mico]lv~‘18).

In order to establish the environment of the dye when absorbed by
micelles, the spectrum of AO*in various solvents was measurcd. It was
found that neitier extinction coefficient nor \nax Correlate well with
solvent polarits, figure 4.2.8. This is, however, not unusual and the
spectrum may depend on such complex paramcters as the work ol cavity
formation in the micelle and the loss ol aqueous solvntiun'l”).

It is difl cult to assess which solvent apparently provides the best
model for the dve environment when absorbed by -he micelle. A considera-
tion of Ay Andextinction coefficient suggest that dodecanol is perhaps

a reasonable model. A summary of the \HFIX and catinction coefficient for

the dycs 1n various environments is given in table 4.2.3.

The main features of the spectral changes or the other dye-surfac-

tant systems, shown in figure 4.2.1b-f, are fundamentally similar to




60 I—
N
k {‘\ /0—' 7 O iy Y iy
r TRsg @ x
5 = \n O/ /
50 - /
?oshes. %sps
n n
' {
' !
o8 : '
¥
g 45 |- p \ f
in ' g
= : !
rg x ' '
5y ' '
4() . (]
(@} L} :
D x
0 ! {
; I
35 '
- ' I
. '
! J
t '
30 : '
- \ '
o '
'
\ '
] '
25 On_0— ]
* .
—
| 1 | | 1
20 ’
-6 -5 -4 -5 - =
lu;,m)ﬁurlfug tant|

FIGURE 4.2.0  PLOT OF ¢, (AO") VS 10G, [ SURFACTANT| FOR DETERMINATION OF

Tl CMG

~0- SDBS_, -x- SDS
Il Il

[AOT] Ix10 "M, Temp 298.2K




'l:“\f‘,!",.[;‘ 2 4.2.2

VARIATION OF EXTINCTION COEFFICIENT (492mn) OF ACRIDINE ORANGI

FUNCTION OF MICELLL/DYE RATIO
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those described above for AO-SDS, 1.e. below the CMC the dycs exhibit a

tendency to stack which 1s dependent on the tendency of the dye to self-

assocliate 1n tree solution. Above the CMC the dyes are absorbed by the

micelle which is associated with an increase in the extinction coefficient.
The graphs of extinction cocfficient against 1ongIsur1Actuntl are shown
in figures 4.2.9-12.

The small changes in absorption spectrum obscrved for atebrine may
reflect its difficulty in entering the micelle. ‘The double positive
charge may hold the dye very close to the micelle/water interface and

it will consequently not experience a significant change in the polarity

of 1ts environment.




VALUES Ol

DYE
AO
AO

AFT

g’

PYG'

MG

Rh6G"

Max

TABLL 4

AQUEOUS

A /(nm) €A

max

492
440

446

40

4 /lUﬁM"lcm‘l A
max

|

9.0

)

MICELLE(SDS>10™ “M)
NS
\ EA ~/10™M “cm
max. nmax,,
198 635.0
145 20.0
152 47 .1
128 11
060 90
448 46 .0
549 50.0
625 91
32 87
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4.3 llUOllHkllltrlhI( i nation of CMC's

The AO'monomer has an emission peak at 520nm (excitation wavelength
492nm) . ‘This emission is quenched as the concentration of dye 1s
increased due to the planar stacking of the dye ions. Concentrotions of
SDS below the CMC cause a quenching of fluorescence which remains uenched
on further addition of surfactant until the CMC is reached when a dramatic
increase in (luorescence intensity at 526nm occurs to a value =3 tines

) 4
greater than that for free dye (-10 °M). This indicates that the dye is
restorced to the monomer form and is resident in a partly hydrophobic
environment. ‘The luorescence intensity reaches a limiting value for
concentrations ol surfactant in cxco-: of twice the CMC. Figure 4.3.1.
These changes parallel those obscrved for the absorption spectrum, and
are general for all dyes und surfactants investigated in the course of

this work.
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The fluorescence changes, like the absorption changes, are similar
to those observed for the binding of AO*to DNA(ZO).

The fluorescence intensity of the dye was investigated in the same
reference solvents as were used for the absorption spectra. Again, no
correlation between fluorescence intensity and solvent polarity was
observed, figure 4.3.2. Dodecanol again provides perhaps the best model
for the dye environment.

The CMC for both absorption and fluorescence measurements is taken
as the mid-point of the transition between the pre-CMC value and the
limiting value.

The CMC values determined in the course of this work are shown in

table 4.3.1.
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TABLE 4.3.1

CMC DETERMINATION BY THE DYE-PROBE METHOD. SODIUM DODECYL SULPHATE
.
10°CMC/M
[Dye] |NaC1] Temp/K Method
M M 293 298 308 318
3x107) A0* | 0.10 1.35 | 1.25 A,F
1x10™ 0.00 7.2 7.0 7.0 AR
0.01 5,2 5.0 5.1 AF
0.05 2.0 1.95 ALF
0.10 1.35 1.30 1.40 | 1.50 A,F
iy 0.20 0.96 A,F
4x10"° 0.05 2.05 F
0.10 1.37 F
0.05 MgCL, 1.05 F
- 0.10 MgC15 0.83 F
8x10 0.00 7.1 F
1x107° 59 MeOll 7.05 A
104 MeOll 7.10 A
o -}
1x10™> PE* | 0.00 7.1 7.0 7.0 ALF
0.05 1.95 1.97 | 1.99 ALF
0.10 1.30 1.20 | 1.37 ALF
y 0.20 0.95 A
4x10") 0.00 7.0 F
3x1070 0.00 7.0 F
4x1070 0.05 MgCl, 1.05 F
7 0.00 - 7.0 F
8x10 0.10 7.05 F
1x10™> AF* | 0.00 7.08
1x10™° ABZ*] 0.00 7.0 A,F
1x10™° MB* | 0.00 7.0 A
1x10™° PYG*| 0.00 7.0 A,F
_5 g
1x10 " Rh6GT | 0.00 4.0 A
£ 7.5 F
1x10™> MG 0.00 ~3 A
, ——— A - , i
C H, 150, Na 10°CMC/M Temp. /K Method
Il
16 0.51 316
14 2.05 303 A,F
10 30.5 298 A,F
cont/..
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TABLE 4.3.1 (CONT.)

10°CMC/M [
[Dye Nacl] | mMe/K | Method

]
N

M /M 93 [ 298 [ 308 [ 318

oy =
1x10"> A0t 0.00 9.4 AL

SDS J
n

+

o
1x10 7 AO 0.00 1.6 ALF
SDBS } J

n




4.4 Determination of the CMC of Anionic Surfactants by Non-Acridinc Dyes

To determine whether the behaviour of the planar acridine type dyes
with anionic surfactants is general and applicable to other classcs of
dye, the interaction between SDS and the dyes Malachite green and
Rhodamine 6G was investigated.

Results obtained with both dyes show that the determination of the
CMC of anionic surfactants cannot be unambiguously obtained with all
types of cationic dye probe.

The dye Malachite green exhibits hypochromism below the CMC as the
concentration of surfactant is increased. When the surfactant concentra-
tion has reached a value approximately a factor of four below the true
CMC of the surfactant, the extinction coefficient begins to increase
slowly. The extinction coefficient reaches a limiting value at a
surfactant concentration approximately equal to the true CMC (figure
4.4.1). Clearly the dye is causing a major perturbation of the equilibria
of the micelle-formation process. This may take the form of inducing
micelle-formation around the dye which has a non-planar propellar shape.

Unlike Malachite green, Rhodamine 6G is geometrically closely related
to the planar acridine type dyes. Rhodamine 6G exhibits hypochroumism
below the CMC of the surfactant. The transition between pre-micellar and
micellar bound dye is sharp, similar to that observed with the acridine
type dyes (figure 4.4.2). However, the transition observed spectrophoto-
metrically is different and lower (by a factor of approximately two) than
that observed f{luorimetrically. The concentration of surfactant at which
the spectrophotometric transition occurs is approximately half the true
CMC of the surfactant. A possible explanation is that the dye Rhodamine
6G induces micelle formation (due to the geometric configuration of the
dye itself and the relative orientation of dye and surfactant moleccules

in the pre-micellar region), and these micelles contain more than one dye.
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The extinction coefficient would still increase because of the lowe:

polarity of the dye environment, while the fluorescence would remain
quenched until there were only one dye per micelle. 'This would result
in different apparent CMC values.

Since both Malachite green and Rhodamine 0G give rise to anonilous
The use of such dyes

CMC values further investigation was discontinued.

as probes for the determination of CMC values must be viewed with

considerable caution.

4.5 General Conclusions

The data presented from absorbance and fluorescence measurements
suggests that the dye 1s neither in a wholly hydrocarbon nor wholly

aqueous environment. If we consider the strong coulombic attraction
between the dye and the micelle surface, coupled with the tendency ol
the dye to self-associate in free solution i.e. to remove itsell from an
aqueous environment, the most plausiblc location for the dye is within
the outer palisade layer of the micelle (figure 4.2.4).
The use of dye-probes as a method for the determination ol CMC

values may be summarised as follows:

(i) planar acridine-type dye spectra (absorbance and tluorescence)

are very sensitive to the CMC of anionic surfactants.

(i1) for acridine-type dyes the CMC values measured by absorbance

and fluorescence are identical and independent of dye charge, structure

and concentration.

(i1i) below the CMC tiie strength of the interaction between dye and
surfactant increases with surfactant chain-length and the tendency of the

dye to sclf-associate in free solution.
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] non-planar dyes « ar to disrupt the micelle-forming process
1V n-planar d ippear to di pt the micelle-| 2]

which leads to anomalous CMC values.

[t must be stated that the CMC determined by the dye-probe method
has no theorctical basis, but 1s simply an indication of the concentration

at which micelles begin to form in solution in the presence of the dye.
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CHAPTER 5

KINETIC INVESTIGATION OF THE INTERACTION BETWEEN ACRIDINE DYES

AND ANIONIC SURFACTANTS BELOW THE CRITICAL MICELLE CONCENTRATION

5.1 Introduction

The previous chapter dealt with the equilibrium properties of the
interaction between acridine dyes and anionic surfactants below the CMC.
The kinetic aspects of this interaction will now be considered.

Two distinct kinetic processes have been observed by the stopped-

flow method;

(i) a fast process (I) in the msec time range which results

in a decrease in absorbance and fluorescence intensity,

(ii) a slow process (II) in the l-lO2 sec range is also

observed by light-scattering.

These experimental observations are discussed in terms of the
mutually-induced mechanism introduced in Chapter 4.

The initial aggregation process I will be complex, the addition of
dye and surfactant to a growing aggregate may take place in any order.
The addition of a dye unit to a growing aggregate may be diffusion-
controlled (with a rate similar to the dimerisation of the dye in free
solution). The absorbance and fluorescence spectra indicate that good
overlap is achieved between the orbitals of the dyes (i.e. separation
~0.4 nm)(l).

A simple sequential scheme (A) is shown below
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D+ S === |)S

DS + § === |5,

(S

DS + D === D,S

The addition of D or S to the DS unit will depend on the relative
concentrations of dye and surfactant and the values of Kl and KB'

There are other pathways which must be considered and a full multi-
pathway mechanism 1s given later.

The observed rate of the aggregation (k(obs)l), process 1 s
dependent on K, for the dye, the observed rate decreases with decreasing
KD' Also, the observed rate is found to increase substantially with
increasing surtfactant chain-length. The Kinetic observations therefore

"mirror' the equilibrium measurements. It is found that the effect of

head-group is small.
The slow aging process (1) which follows the build-up of dyc-
surfactant aggregates is considered to be similar to the dye-induced

)\
macromolecule aggregation recently described by Schwarz et al(“ . They
propose that the initial cooperative dye binding to macromolccular chains
(e.g. acridine orange - poly a-L glutamate) is followed by aggregation of

two or more chains. Although the partial neutralisation of charge on the

macromolecule by the dye favours aggregation it is not the sole driving
force. An increasc in ionic strengfh, which should favour the aggregation
of like charged species, does so only if a certain amount of dye is bound.
This observation implies that the dye plays a more important role than

simple charge neutralisation. Schwarz et al conclude that the dye mole-

cules are bound to more than one chain.
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The macromolecular chain is, of course, a time independent structure
while the dye-surfactant aggregates are not. Nevertheless, 1t 1s
proposed that the slow aging process (I1) occurs in a similar manner to
that described above.

5.2 Experimental Procedure

&

5.2.1 Stopped-flow Kinetics

The kinctic measurements were performed by mixing dye with surfactant.
o — o . - , . . -5
I'he mixing ratio was 1:1. The dye concentration range was 1-4x10 "M. The
kinetic transients were observed by absorbance, fluorescence and light-

scattering modes. The wavelengths of observation were: -

Pt 0"

444 1 492 nm absorbance,
444/510 im 492 nm/526 nm fluorescence,

- 492 nm/492 nm  light-scattering.

All the measurements were carried out in the absence of added ionic
strength, unbuffered (pll ~7) and at 298.2K.
The observed rate constants from all the Kinetic measurements are the

mean of at least five transients. Lrrors are standard deviations.

5.2.2 Manual Mix Kinetics

The kinetic measurements of process Il for acridine orange were
performed on an Aminco-Bowman Ratio-Recording Spectrofluorimeter, operated
in the non-ratio mode, 492 nm/492 nm.

The manual mixing of the dye and surfactant solutions was achieved as
follows. Dye and surfactant solutions (pre-thermostatted at 298.2K) were

, > . - :
drawn into two separate lcm” syringes. The syringes were then attached
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via polyethylene tubing to a polyethylene 'Y' adaptor. The solutions were
then forced through the adaptor into the f{luorescence cavette in the ther-
mostatted cell holder. The mixing was complete within 1 sccond. The change
in light-scattering ([S) was recorded on a continuously running X-Y

recorder (Servoscribe RES511). Rate constants were obtained from the slope

of a plot of logmlS against time.

5.2.3 Temperature-Jump Kinetics

The solutions for use in the temperature-jump experiments were
pre-thermostatted, mixed and transferred to the temperature-jump cell as
rapidly as possible. Solutions contained 0.01-0.1M NaCl. The initial
temperature of the solutions was 295K and they were subjected to a
temperature-jump of 3K. Due to the aging of the solutions, only qualitative
results could be obtained. The temperature-jumps were performed appioxi-
mately two minutes after the initial mixing of the solutions.

The wavelength of observation was 492nm.

5.3 Results: Stopped-Flow

5.3.1 Effect of Dye Concentration and Structure

The transient absorbance and fluorescence amplitudes f process 1 is
found to be consistent with the equilibrium amplitude. 1. transients are
good exponentials in all cases. The transient absorbar ¢ amplitude changes
sign at 470nm for acridine orange and 420nm for profl v ne which is consis-
tent with equilibrium spectral data (see figures 4.7.7a,b).

The decrease in the fluorescence intensity to 7:ro indicates that at
least the dimer dye aggregate is formed. Furthe: .ggregation cannot (in
this case) affect the fluorescence intensity(s). However, the initial.
decrease in absorbance associated with process i gives the same observed

rate constant as that obtained by fluorescenc: measurements. This suggests
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that the process involves only dimer formation or that dimer formation is
the rate-determining step.
Plots of observed rate constants k(uhs)l against dye concentration

(for a given surfactant concentration) arc non-lincir, figure 5.0.1.1.

5.3.2 Effect of Surfactant Concentration and Chain-Length

The observed rate of interaction between dyes and sodium n-alkyl
sulphates is found to increase with increasing surfactant concentration
and chain-length.

For a given dye the plot of k(obs)I against surfactant concentration
is linear at high surfactant concentration, but the plot exhibits curvature
at low surfactant concentrations. (ligures 5.3.2.1,2,3,4,5). The data in
the low surfactant concentration 1o ion (VIO_AM) where curvature 1s
exhibited is experimentally diffici't to obtain. The transient [luorescen
amplitudes are very small and the rates very slow. Data in this region is
therefore subject to large errors.

and obtain

It is not possible to plot k(ohs)l acainst |surfactant-dye
any meaningful results.

The effect of surfactant chain-length on k(ohs)l is shown in figures
5.3.2.1 - 5. In figure 5.3.2.6 the slope of the plot of k(obs); against
surfactant concentration for a given dyc-surfactant system is plotted
against dye concentration. It must be noted that the slope of this plot
is dependent on the dye and surfactant, but the intercept is dependent only
on the surfactant chain-length. The ratio of the intercepts SDS/SDeS = 5.5
(which is similar to the ratio of the CMI's). This may reflect the
difference in the aggregation tendency of the two surfactants.

'Fﬁe effect of changing the surfactant head-group can be seer in figures
5.3.2.1, 5. The pre-CMC interaction observed spectroscopically of AO/SDSn

is not as strong as that for AG/SDS (Chapter 4 Kg)) values). The kinetic
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. . - . - Tl ol Al >
data supports this view. Similarly, the interaction of AO/SDBSn 1s stronger

than for AO/SDS, this is due mainly to the effect of the benzene group which,

as seen from the CMC determinations, is equivalent to 2CH, groups. For a

)

i . o . - .
surfactant concentration of 10 "M the I\(ol)sjj for different surfactants are

shown 1n table 5.3.2.1.

TABLE 5.3.2.1

COMPARISON OF RATES OF PRE-CMC DYE INTERACTION

k(obs) /s 10°CMC /M 10° téf: M
SDBSn 1400* 1.6 21
SDSn 80 9.4 2.0
sDS 150 7.0 13
SDeS 40 30.5 2.2

Femp. 298.2K

Extrapolated value.

AOF

}\‘SU is & measure of the equilibrium constant for the DS interaction (see

Chapter 4).

From these results 1t can be scen that the difference between SO; and
o , i . - -<0)
S().S is small (approximately a factor of 2), but between b()s and ‘; i
« L_(‘;,:

)

it is much larger (approximately a factor of 20). This factor of 20 1is

much larger than that for SDeS to SDS (approximately 4) which implies that
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the effect of the benzene group is not a simple hydrophobic one equal to
2CH, groups. A specific interaction with acridine ring cannot be ruled
out.

The only qualitative trend which emerges is that the observed rate is
greater the lower the CMC of the surfactant.

The very slow aging process Il has only been investigated for the
A0"/SDS system. It was found that the rate of production of large aggre-
gates decrecased with increasing surfactant concentration. At all concentra-
tions the rate of large aggregate production was found to be much slower

than the initial rate of the fluorescence decrease, table 5.3.2.2.

TABLE 5.5.2.2

COMPARISON OF RATES OF FLUORESCENCE DECREASE (1)

AND LIGHT-SCATTERING INCREASE (11)

SDS] /M FLUORLSCENCE K (obs) /s ™" SCATTER k(obs) /s "
151072 6.6 5.3x10 2

1x10™% 10.6 2.2x107°

1x107° 130 4.1x107%

Temp. 298.2K [A0T] = 1x107°M
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5.4 Mechanism

5.4.1 The Fast Process 1

The observed rate of the fast process measured by fluorescence and
absorbance is the same. Fluorescence detection can only follow the
aggregation of the dye up to the dye dimer stage. It 1s assumed that
the absorbance observed rate also corresponds to the formation of a dye
dimer unit.

The full reaction scheme (B) is given below.

bt + g™ *————l\“« D.S K23 DS’
7 Ny, 1 2°1
\1
SV BT k7x Kyz | K3q (B)
O T
D.S> I
g = X 292
05 .

The addition ol dye to a DxSy species 1s expected to be more
favourable than dye dimerisation in free solution because of the more

favourable coulonbic interaction. llence,

1 @)
e iy w B @ 4, -1
hJS(— bzbl/n “159 > 10'M .
Lf the addition of dye is diffusion-controlled, the reverse rate constants

oo (A
kSZ and 'k()l.; << 107s 1, 107s - being the value obtained for the dye

acridine orange in free 5o]ution(4). For the dye surfactant dimer (D7SZ)’
the charge repulsion between dye molecules will be negligible. Therefore,

k.. will be very small.

05
The aggregation of dye surfactant monomers directly to give DZSZ is

considered unlikely. Scheme (B) then reduces to (C):-




.k Kys :
) + S 5SS [)lS1 _— “’Sl
ko kep o °
!
ksg ] kg5 Kyz | Ksg ()
D. S K50 D.S
i e 3

Scheme (C) remains complex and a rigorous solution will not be

attempted. We may, however, split scheme (C) into two pathways (D) and

(E).
]\ ]‘\ 7 k }\
- 12 17 32 n-1,n ,
p* + 8 === D5 ====D 87 === ::::; === (DS ) (D)
- 1 T, 21 X, . X7y
21 SEe 45 n,n-1
K K. ¢ -
o o= 2 .. Sy . - N5 Kn-1,n
D +§ == 1)15l Fmias l)lb2 == i === (DxSy) (L)
k21 k32 k43 kn,n—l

The first step is common to both schemes to both schemes and 1is
likely to be diffusion-controlled. Since the tendency to aggregate in

free solution is much greater for the dye than for the surfactant

LA0Y,SDS 2. . L . )
(hD /hD © 107) scheme (D) will be the most important one. Scheme (E)

will become important at high surfactant concentrations i.e. [S]/[D] = 102,
+

This means that K, >> KéS’ so that the stability of D,S; >> D 8,

172°

From the dye spectrum (i.e. hypochromism and the hypsochromic shift)
it is clear that added dye stacks in a '"sandwich-type' manner with the
dye 1n a “xsy aggregate.

The dye-surfactant structure may be represented by:

.DDbDDDD.
88858586

(1)

where the D D spacing will be ~O.4mm.
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The spectral evidence suggests that not all the dye is present in
the stacked form. The limiting spectrum below the CMC is not consistent
: - ] cvetom ) T S s mdal S R
-with a fully stacked system . The dye must therefore exist 1in monomer,

dimer and stacked environments. This situation is represented by:

.bb DDDDD bbb b DDD
. 5888 S$S8S5658 §6§655 8568

A very detailed spectral analysis may reveal the relative amounts
. . - SO 6-) B » :

of dye bound as monomer, dimer and stack ™. The slow aging of the
solutions does, however, present considerable experimental difficulties.

In general, the kinetic measurements were performed in the region

- )

where [S]/[D] < 107 and scheme (D) will be considered in more detail.

Application of the relaxation method to system (D) leads to two

(()):

decoupled relaxation times

TEI = klj(l“J + [S]) + ky, (5.4.1.1)
-1 k:3[“k]”51 + [D] + 2[S] - 2K50) - 5
I = ! + Ky, (5.4.1.2)

L“1 i [S] t Kjl

le[Dl(LDSJ‘f lﬂ’ + ZLSL'+ Z/KlZ)Kr

L+ K ,([D] + [S])

(5.4.1.3)

k32

Terms in [le, [DS| D] and |D]|S| may be neglected when compared with

[S]. Equation (5.4.1.3) then reduces to

oL 25 ° + k (5.4.1.4)

_1(7)

Now the ion-pair formation constant for uni-univalent ions Kl)21OM '
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P
) = 1077

S

then Klg‘[UJ +

Hence 1[: = K Z[DL kg,

(5.4.1.5)
Lquation (5.4.1.5) does not predict a dependence on surfactant
concentration. Therefore, either the mechanism or the relaxation method

are not applicable in this case. For the relaxation method to be
applicable to the stopped-flow method the stopped-flow must be used in
the "concentration-jump' mode. This would involve an experiment in which
the concentration of the reagents are changed by 5-10% i.e. a small
perturbation of the cquilibrium. For the mixing reaction employed here
this is clearly not the case.

A different analysis must therefore be attempted. The steady-state

method will be uscd( 8 ):
- Kk ko3 .
D +S == D,S, == 1D,8
21 32

The rate of appearance of [D,S| is given by
]

d[D,S] o ~
g S L k,5[D].[DS] - k5,[D,S]  (5.4.1.6)

Now, if [DS] is in steady-state

d ll )S—_l_
dt

DS][D] =0 (5.4.1.7)

k]:]H][SJ # kBZ[DZS} - k31LDS] - Kyq

. K [DJ[S] + kg, [D,S] ‘
) DS = (5.4.1.8)

(kyy * Ky3 [D])

A further simplification may be made if the formation of DZS is

considered to be irreversible 1.e. kSZ[DZS] = 0.
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Then }
ay S|

pate = ——p— = kys [l [D5] (5.4.1.9)

)
. k, <k, D] [s]

kyy * kZSU)

(5.4.1.10)

. , =1 S : .
Now, as before, ST IOM © and it i1s most likely that k17 will be
diffusion controlled (similar to the dye dimerisation rate constant).
)

10 . . A L S
}<12 107" which will make kle 107,

Rearrangement of equation (5.4.1.10) gives

a8 kK 0] [s]
dt B

rate = (5.4.1.11)

L+ K,z /Ky (D]
3 - < 3 - ~ 3 & 8 3 < - o 19-"7' I
k,z will be similar to the dye-dimerisation rate constant ~10 Asand

9. - - i . 1] St -
k - 10%. Therefore, kzs/kZl[Jﬂ << 1 and,

21
-d[p , : ,
rate = ktl = (kzshll[D[[b ) |D] (5.4.1.12)
k(obs) = k73K1,|nJ{s| (5.4.1.13)

Hence a plot of k(obs) vs [S| should be linear with a slope of
kZSKlz[UJ. Of course, this relationship is not strictly correct since
[D] is not constant except under conditions where complex formation is
small. llowever, the plots of k(obs) vs ]S] are good straight lines.
For very low |S| the plots curve to go through the origin. The linear
portions of the plots have been used to calculate values of kZS'

1

Assumning K, = 1M °, [b] = [D°]  Values of k,; are shown in table

beadidall.
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A preliminary initial-rates analysis of some of the data has been

. 9 :
carried out by Dr. A. Janms( ) leads to rate constants of the same

order of magnitude i.e. close to diffusion controlled.

The initial rate of the reaction is given by

[nitial rate k7g[DS[[HOJ = initial slope [D°] (5.4,1.14)

kK, [1°]% . [$°] (5.4.1.15)

23K12
where [D°] and [S°] are the total concentrations of dye and surfactant.
The signal change is AA/A (or AF/F) therefore the initial slope

is AA/A . 1/AT where AT is the time interval.

Initial rate = AA/A . 1/AT [D°] = k?SKU[DOJZ [S°] (5.4.1.16)

k)oK, = AA/A . /AT . 1/[D°] [5°] (5.4.1.17)
This analysis is more rigorous since it depends on the initial
slope which is calculated for the first few percent of the reaction
and the change in |D] will not affect the results.
The rates obtained arc close to, but significantly different from
the diffusion-controlled limit calculated by the Debye—Smolochowski(lo)
equation

/ , SIS S B |
4. NaD {C&H} 1077 M 'S

!

Kaief = 4 AB

sl = T T B
and 0 = 2,715 e / ekTa

where N = Avogadro's number, “\l = translational diffusion coefficient

AB
of the 1ons, LA’LB

dielectric constant and a = distance of closest approach of the ions in

= charge on the ions, ¢, = electronic charge, € =

the encounter complex.

190




TABLE 5.4.1.]

CALCULATED VALUES OF k

23
Kyp = tom ! Shs
Ao" N
E y - - ( 5 < / ( = s
l()‘){l)+I/M lt)lril()l)o/M lS l,l_()‘)l\ ,w,/M ]f~; ]l()lslopo/;\]“];f11()”1« ,,.;/M IS 1
1 14 1.4 11 1.1
2 20 10 14 0.7
4 32 0.8 24 0.6
SDeS
1 5 0.5 2 2.0
2 8 0.4 3 1.5
] 16 0.4 { 2.0
SDhSn
1 10 1.0
SDBE 1
] 14 1.4
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[or a dielectric constant of 80, a = 0.95nm (cquivalent to two
-5 2 o .
water molecules between the 1ons) :mdl)m3 = 1x10" 7 cm®s J, we find
]~

(@ -
that k 2.4x10° M1s

diff =

The rate constants obtained are almost the same as those for the
free dye dimerisation process and the dimerisation of N(10) alkyl
derivatives of acridine orungo(ll).

The rate constants are approximately independent of dye concentra-
tion, this is in contrast to the frece dye rcsults‘tl). This must be
due to the influence of the surfactant but whether this is primarily an
electrostatic effect or not is unclear.

Surfactant chain-length does not seem to have a significant effect
on the rate constants and this is to be expected for rates so close to

the diffusion-controlled limit.



5.4.2 The Slow Aging Process and Dissolution Kinetics

At this stage it is not possible to give a quantitative mechanism,
_the slow process Il has only been investigated in a preliminary way and
few experimental observations have been made so far.

The slow aggregation process which involves the build-up of large
dye-surfactant species may follow a similar mechanism to that described
by Schwarz et nl(Z) for the aggregation of dye-polyelectrolyte complexes
at high ionic strength and [D]/[Polyelectrolyte anion]=1.

This process is one in which polyelectrolytes already bound with dye
associates with other polyelectrolyte chains. The presence of dye aids
the process by ncutralisation of the polyelectrolyte charged groups.

It was found that the rate of build-up of scatter (i.e. build-up of
aggregate) decreased with increasing surfactant concentration, i.e. rate
of aggregate build-up is greater at low S/D.

The dissolution kinetic measurements consist of mixing a solution of
dye/micelle with water such that the final concentration is below the CMC.

It is found that:-

(i) the absorbance and fluorescence change is equal to the
calculated value,
(11) the rate is the same measured by absorbance or fluorescence,
. + . eyt
(iii) the rate for AO 1is slower than for PF ,

(iv) very complex transients are observed.

The traces consist of at least two relaxations, sample traces are
shown in figure 5.4.2.1. It is not possible to analyse the traces
quantitatively but the trend in the time to reach completion will be

outlined.

The time to reach completion increases with increasing surfactant
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FIGURE 5.4.2.1

SAMPLE TRACI FOR DISSOLUTION EXPERIMENT
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concentration. Table 5.4.1.
This is in direct contrast to the results from temperature-jumnp

. studies on pre-CMC solutions.

TABLE 5.4.1

TIME TO COMPLETION (T,) FOR DISSOLUTION KINETICS

Temp. 298.2K, [DYL] 1x10™M

3rena & feaf 5 +
107[SDS|./M AO PF
8.0 1.8 05
3.5 3.5 0.8

1.0 8.5 1.4

5.0 16 2.4

The amplitude ol the fast process (<20msec) is too small to make
only quantitative mcasurements of the rate. It should, however, represent
the initial release of dye from the micelle. The slow process may
represent the build-up of large aggregates which involve dye and sur-

factant.

5.5 Temperature-Jump Investigation of the Pre-CMC Dye-Surfactant Solutions

5.5.1 Results

The pre-CMC dye-surfactant exhibit slow aging which results in the
production of turbid solutions which contain large aggregates. The aging
process prevents a quantitative analysis of the temperature-jump kinetics

of the system. A qualitative description of the relaxation times and
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amplitudes will be given.

Systems which exhibit this type aging process may usefully be studied
by means of the stopped-flow temperature-jump tcchniquc(il). This
technique would enable temperature-jumps to be performed within 2msec of
mixing the solutions before the large aggregates to form. Temperature-
jumps may also be performed at different times after mixing has taken
place. 7This would enable a systematic study of the effect of the build-
up of large aggregates.

Both systems studied (AO+/SDS and PF+/SDS) exhibit a maximum of
three relaxations (I, Il and I[II) cach separated by at least two orders

of magnitude. The general features of these are as follows:

(1) occurs in the ps time region, with an increase in absorbance
(at x o of the dye, 1);
(11) occurs in the ms time range, the amplitude of which is
independent of wavelength and exhibits a decrease in
absorbance (turbidity) (II);
(11i) occurs in the s time range, with an increase in absorbance
at Ao of the dye (III).

The time constant for the fast relaxation (I) is approximately
constant (at constant dye concentration) and is ~15pusec for acridine and
proflavine. The absorbance amplitude of the relaxation process for both
dyes is found to decrease as the surfactant concentration increases. The
amplitude of the fast process for acridine orange is in the same direction
(but smaller) than for the dye in free solution(Ll). Proflavine in free
solution at the concentrations used in this experiment has a relaxation
time too fast to detect by the temperature-jump mcthod(lz’ls).

The intermediate (1) wavelength indcpendent relaxation is always
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in the narrow range O.5-Z2msec. The relaxation amplitude decreases with

increasing surfactant concentration. ‘The surfactant concentration at
.which this relaxation becomes detectable depends on the dye and the

added ionic strength. lor both dyes the relaxation becomes detectable at

a lower surfactant concentration as the added ionic strength is increased.

1ABLE 5.5.1.1

LOWEST SDS CONCENTRATION FOR THE DETECTION OF RELAXATION (II)

Temp. 298.2K

A0 PE*
IONIC STRENGIT(NaC1) 104 [SDS| /M
0.01 - -
0.05 5.0 2.1
0.10 1.9 1.2

The slowest relaxation time (I1I) is extremely difficult to measure
accurately. The relaxation times are so slow that convective cooling of
the solution after the temperature-jump interferes with the chemical
relaxation of the system. However, qualitative trends may be observed.

The relaxation time decreases as the surfactant concentration
approaches the CMC. The relaxation times are faster for acridine orange

than proflavine.
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TABLE 5.5.1.2

SLOW (1T1) RELAXATION TIM:ES FOR PRE-CMC TEMPERATURE-JUMP

SYSTEMS AO'/SDS AND PE'/SDS

Temp. 298.2K I = 0.01 NaCl
t/s /s
4 e T e -
107 [SDS| /M AO " /SDS PF"/SDS
1.0 JIRG =
2.0 0.8* —
5.0 05 1.4%*
7.5 0.3 0.8*
10.0 0.1 .55
=

Dye| = 1.5x10° "M

* Extrapolated values

These relaxation times are largely independent of added ionic strength
up to 0.1. The amplitude decreases rapidly with increasing surfactant

concentration, it is also wavelength dependent.

5.5.,2 Discussion

An unambiguous assigmment of the relaxation times to molecular pro-
cesses cannot be made from the experimental observations reported here.
Some possibilities will be considered.

The amplitude change and the rate of the fast process 1 is consistent
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with the production of monomer dye. llence, the relaxation may arise from
either (i) the monomer-dimer dye equilibrium similar to that in free
solution or, (ii) an equilibrium between dye on the aggregate and free
dye.

For Proflavine, at the concentrations used only, ~1% is present in
the dimer form. This is sufficient to produce a detectable relaxation
under the conditions used. (It would also be much more rapid than the
one meusurcd(lz’ls)}This may indicate that the process is most likely (ii),
although i1t is not possible to distinguish between the many types of dye-
aggregate cquilibrium which may occur.

The intermediate relaxation (II) results in a change in turbidity
and it is not very concentration dependent. The change in turbidity must
mean that the size of the aggregates is temperature dependent. This has
been observed previously by Schwarz et ”1(2 ).

The slow relaxation (III) time is most likely to be associated with
the loss of tightly bound dye from the aggregate.

Further measurements are necessary before firm conclusions can be
drawn about any of the three relaxation processes. Investigation of
the size of the aggregate by light-scattering techniques and the tempera-
ture dependence of the size together with more extensive light-scattering

temperature-junp measurements would be most useful.
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THE INTERACTION OF CATIONIC DYES WITH ANIONIC MICELLES

6.1 Introduction

The interaction of small molecules with surfactant systems (emulsions,

)

micelles, etc.) has been extensively investigated(1—4 . The major
proportion of these studies involve the interaction of water-insoluble
solutes (benzene, polycyclic hydrocarbons etc.) with micelles in aqueous

solution. A number of different interactions have been observed.

(1) Hydrotogxu‘s), this is the increase in the solubility of substances
in water due to the presence of large amounts of additives. For example,
the solubility of benzoic acid is increased from 2.9 to 8.7g per 1000g of
solvent when 2M sodium benzene sulphonate solution is used as solvent in
place of wutcr(o). The phenomena essentially involves changes in solvent

structure; Mckee(7) considers the process to be a salting-in effect.

(2) Solubilisation has been defined by McBain as ''the spontaneous passage
of solute molecules of a species insoluble in water into an aqueous solu-
tion of a surfactant in which a thermodynamically stable solution is
formed“(g). Solubilisation may involve either the diffusion of the added
solute molecules from the bulk phase (insoluble solids, oil droplets etc.)
into the micelle or the formation of micelle containing solute by a process
of surfactant monomer enclosing small amounts of solute. Beyond a
certain concentration ol added solute the micelle becomes saturated with
the solute and emulsification is observed.

It should be noted that the processes of hydrotropy and solubilisation
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should not be necessarily considered as separate phenomena. There is a
continuous gradation in the behaviour of sodium salts of fatty acids as

o 9) . A o .
solubiliscrs* 7. For a homologous scries the solubilising properties of
the lower members (“1’C1’ which do not form micelles) become evident at
high concentration 30-50% by weight; for the higher members (CS—Cll) this
concentration 1s much lower.

(10)

(3) Blending is a broad term for processes which can be distinguished

(1)

from solubilisation by the study of phase diagrams The phenomena
involves the mutual solubility of two normally immiscible liquids by the
addition of a surfactant. For example, dodecylamine hydrochloride added

(12)

to chloroform in small amounts will enable the chloroform to dissolve
large quantities of water - upto 45 moles/mole of surfactant.
Hydrotropy requires a high concentration of reagent (of the order of

1M) and probably operates through a molecular association mechanism, and

may be considered to be a solvent effect similar to that which has been

(13)

observed in solvent effects with polycyclic hydrocarbons .

Solubilisation on the other hand is found to occur at much lower
concentrations and is first observed above the CMC of surfactants.

In this chapter the kinetic investigation of the interaction between
water-soluble positively-charged polycyclic aromatic dyes and negatively-
charged micclles in aqueous solution is discussed.

The equilibrium absorption and fluorescence measurements discussed
in Chapter 4 lead to the conclusion that the dyes are incorporated into
the outer palisade layer of the micelle. The positive charge on the dye
keeps it close to the surface and the hydrophobic nature of the dye pro-
motes its entry into the outer hydrocarbon region of the micelle. Since
the dye molecule is charged and water soluble we have introduced the term

"absorption'' to distinguish the process from the solubilisation of water
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insoluble species.
The process of adsorption/absorption of molecules onto/into micelles
has been widely studied by a variety ol static techniques including

(14) (15) (16,17)

, solubility In a

light-scattering and spectrophotometry
few cases the dynamics of the absorbed molecules has been studied, pre-
dominately by ESR(18_ZO) and NMR(Zl’ZZ) techniques. Some stopped-flow
kinetic studics on the adsorption/absorption of the dye pinacyanol chloride
have reccently been nmdo(23). The kinetics of the solubilisation of an
aqueous suspension of Achaleplasma laidlawii membrane fragments have also
been reportcd(24).

In this gudy three types of experiment have been performed:

(1) The dye is mixed with pre-formed micelles in a stopped-flow instrument.
A limiting rate is reached for the absorption process independent of dye
and micelle concentration. For a given micelle the absorption process is
very sensitive to the shape and charge of the dye, subtle changes result
in large kinetic effects. Dyes witih the same geometry and charge are
absorbed at very similar rates. The rate of absorption is found to
decrease as the hydrocarbon chain-length of the surfactant is increased,
the effect of surfactant head-group is, however, small. The absorption
rate is affected by the addition of excess ions (increasing ionic strength)
co-solvents and potential impurities.

The mechanism proposed for the absorption of the dye into the micelle
is a two-step process which involves a rapid (diffusion-controlled)
adsorption of the dye onto the charged micelle surface. This is followed
by a slow intercalation or absorption of the dye into a more strongly
bound site in the hydrocarbon region of the micelle

+

D"+ M == (D/M) = (DM) (6.1.1)

adsorbed site absorbed site

204



The mechanism 1s related to proposed schemes for the binding of
similar dyes to UNA(ZS’ZO) and the fluorescent probe 8-anilino-1-nap-
thalene sulphonate (ANS) to lecithin hiluyers(27). In the case of DNA,
two binding sites for the dye have been postulated; a weak external
electrostatic site and a stronger hydrophobic site which involves the
intercalation of the dye between the base pairs. A significant difference
between DNA and micellar systems is that the structure of DNA is time-
independent, but the micelle has a dynamic structure. The lifetime of
micelles is of the order of milliseconds(zg).

For the binding of ANS to lecithin bilayers two relatively slow
processes are observed by the stopped-flow technique in the millisecond
and second time ranges. Both processes are independent of ANS concentra-
tion, which suggests a unimolecular process. The fast process is
analogous to that observed for micellar systems and is thought to
represent the reorientation and entry of the dye into the outer region

of the bilayer following rapid electrostatic binding. The slow process

is thought to represent the transport of the dye across the bilayer.

(2) [lonic-strength jump experiments have been performed on these systems.
This procedure involves the formation of micelles on mixing in the stopped-
flow instrument. The consequent interaction is almost independent of dye
and the rate increases linearly with micelle concentration. The proposed

mechanism is more complex than the straightforward absorption mechanism.

(3) lemperature-jump perturbation relaxation experiments have been
performed on a number of solutions containing acridine dye and micelle in
equilibriun. Complex transients result which indicate at least two
relaxation processes which have opposing amplitudes at low ionic strength.

It was observed that the slower of the two processes was largely
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independent of type of dye at low lonic strength but was dependent to
a small extent on dye type and concentration in O.IM sodium chloride

solutions.

6.2 Lxperimental Conditions

6.2.1 Direct Interaction of Dye and Micelle above the CMC

Using the stopped-flow apparatus described in Chapter 2, dye solution
is mixed in a 1:1 ratio with surfactant solution such that the final
concentration of surfactant is above the CMC. For SDS at zero added ionic

2y,

strength the initial concentration is greater than 1.5x10°

The same final conditions may be obtained by diluting a solution
of surfactant (concentration >2 CMC) which contains dye with water.
Provided the concentrations are controlled so that the resultant change
in absorbance or fluorescence is large (absorbance change >0.01, see figs.
4.2.2,3,0, 3.1 ) good transients may be obtained. Because the absorbance
and fluorescence intensity reach a limiting value with increasing sur-
factant concentration the range of surfactant concentration in which this
experiment may be successfully performed is severely restricted with 1:1
mixing. lor the SDS/AO+system the range of SDS concentration is 1.5)(10“2 -

-3
2x10 “M.

The addition of cosolvent or ionic strength may be made to either
solution without affecting the kinetic results.

The solutions were unbuffered, but the pH of the solutions was
generally close to 729 1 the case of experiments carried out at final
pli's of 11 and 13 the pll was obtained using sodium hydroxide and no buffer.

To investigate the interaction of dye-surfactant aggregate with
micelle the following procedure was adopted. Dye and surfactant solutions
were separately pre-thermostatted, mixed and transferred rapidly to the

stopped-[low reservoir syringes. The kinetic measurements were performed
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two minutes after the initial mixing of dye and surfactant. It was
necessary to perform the stopped-flow experiment a set time after pre-
mixing dye and surfactant. The aging of the solution which leads to the
build-up of large aggregates (Chapter 5) changes the rate of absorption.
In general, the solutions were thermostatted to *0.05K and the temperature

measured with a Comark electronic thermometer as described in Chapter 2.

0.2.2 lonic-Strength Jump Experiments

In these experiments dye solution containing sodium chloride is
mixed with surfactant solution at a concentration less than the CMC in
pure water. The conditions are controlled such that after mixing the
surfactant concentration is greater than the CMC for the final ionic
strength cmployed. For example, for a final ionic strength of O.1M,
then the range of SDS concentration which will produce micelles is 2.8 -

3

6.5x10 M. The usable range of surfactant concentration is again small

with 1:1 mixing.

6.2.3 Temperature-Jump Experiments

The solutions were made up, without buffer, in O0.1M sodium chloride.
The solutions were protected from photodecomposition by closing the
shutter between jumps. Each solution was "jumped' no more than five times.

The rate constants were determined from photographic records of the
oscilloscope trace which were analysed by the method of Crooks et al(so).
The data-capture system (Chapter 2) was also employed. The rate constants
obtained were the average of at least four individual traces. Errors are
standard deviations.

The wavelength of observation was AmﬂX7 (i.e. in the micelle) for

rbance @ i ' = see table 4.2.3).
absorbance and Amaxc(/xmnxem for fluorescence ( )
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6.3 'The Interaction of Dye with Sodium-n-alkyl Sulphate Micelles

6.3.1 The Effect of Variation in Dye Structure

The rate of absorption of dyes into sodium-n-alkyl sulphate micelles
is strongly dependent on the structure of the dye. Results are shown in
table 0.3.1.1 and figures 6.3.1.1-4. It should be noted that at high
micelle concentration (>1.5 CMC), the rate of absorption is independent of
both micclle and dye concentration (dye concentration 2.5x10—6 = leO—SM).
A characteristic rate constant (kobs) is measured for a particular dye-
micelle system. For concentrations of surfactant close to the CMC, the
observed rate constant for absorption is apparently slower. This type of
behaviour is common to all cationic dye-anionic micelle systems investi-
gated here, although it is not common to all dye-micelle systems(31’32).
The interaction of anionic dyes with some cationic micelles does not lead
to a limiting rate at high surfactant concentration.

The stopped-flow transient amplitudes observed by absorbance and
fluorescence monitoring arc between 90 to 95% of the values calculated
from equilibrium measurements (figure 6.3.1.5) for the transition between
free and absorbed dye. The small deviations may be attributed to the
monomer dye absorbed on the micelle surface having slightly different
spectra from monomer dye in free solution. (This may be due to the
different dielectric constant at the micelle surface owing to the high
local ionic strength)(ss).

A significant result is that dyes which have the same geometric shape
are absorbed at very similar rates. (Table 6.3.1.1). The rates observed
are very much slower than the rate of exchange of surfactant molecules
with nuccllos(zs). Also the exchange rates observed for uncharged mole-
cules such as benzenc(zz), p—xylene(lﬂ)& cyclohexane(zz)are much greater
than the rates observed here. These observations indicate that the

absorption mechanism is completely different from the mechanism of
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surfactant exchange.

The results for the absorption of the dye-surfactant aggregates are
difficult to obtain due to the slow build-up in the pre-mixed dye-surfactant
solution of large aggregates. However, the results should be considered in
order to obtain an overall picture of the absorption process.

The results are shown in table 6.3.1.2. As before, a limiting rate is
observed which at 298.2K is approximately 0.6 of that for the dye alone.
The rate is independent of dye and surfactant concentration (dye concentra-

tion 4x10_7 - 10_5, surfactant 5x10

- Z.SXIO_J) when the surfactant con-
centration is such that maximum aggregation is indicated from the spectra
(Chapter 4, figure 4.2.2 ). The rate of absorption of the aggregate

decreases as the age of the solution increases, and the size of the
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TABLE 6.3.1.1 : DEPENDENCE OF RATE OF ABSORPTION ON DYE STRUCTURE FOR SDS

- s . o = 4 ]

DYE /K k(obs),s/s ! AGT /kImo1l™r A /kImol”l ST /Jmo1”tk 71 Ky/dn® mo1 ™"
A0” 298.2  47.6 t 3.4 35.7 + 4.4 63,2 + 7,7 ~92.2 + 10.1 1x104 3%
AOY/1.25M MeOH 298.2 100.7 + 10.2 60.5 * 5.9 61.8 + 7.1 4.4 & 2.7
Mt 208.2  47.7 £ 3.1 35.9 + 4.7 63.2 + 7.5 <92 0 £ 1.7 2.3x10°¢%°
pyG' 298.2  47.2 £ 3.5 36.4 + 4.9 53,3 = 7.1 ~89.9 + 10.9 8. 3x10% " 3%

2 -
AB®* 208.2  1.40 + 0.2 68.1 * 8.1 71.9 * 9.0 12,1 % 7.3 ~1x10”
ABZT/0.1 NaC1l 298.2  25.9 + 4.6 55.4 + 7.6 65.9 + 7.1 233 % 6.7

+ 2(38)
PF 208.2 >500 £4102(38)

+ 2
AF 298.2  >500 Ex1Q~" 39
AE" 283.2 100 = 10
Rh6G™ 17.5 + 3.6
MG™ 25.9 + 4.1

+



TABLE 6.3.1.2

DEPENDENCE OF RATE OF ABSORPTION OF DYLE-SURFACTANT AGGREGATE

Temp. 298.2K

SYSTIM K(obs),o/s a/kamol™ af/komor™ as”/omor k!
AOT/SDS ~35 ~74.4 ~64 ~+33

)4
ABY/SDS 0.8 + 0.2 ~58 ~70 ~+40

A(]f and AS* calculated for 298K.
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aggregates is increased, see Chapter 5.

An important result is that for very low dye concentration (<x10—6)
when no large aggregates are present, but the fluorescence spectra
indicate that the dye is at least in the dimeric state, the rate of
absorption is still slower than for free AO%

The results suggest that the mechanism involves a break-up of the

aggregate before absorption of the dye may take place.

0.3.2 The Effect of pH

[t has already been pointed out (Chapter 4, 4.2.3) that the
double-layer of the micelle affects the pH at the surface. sz is the

pK of the dye measured in the presence of surfactant

Pl = Plfy = 9/00 (6.3.2.1)
PR, = pK, - /60
where subscript b refers to bulk solution.

Therefore, an incoming dye will experience a pH gradient as it
approaches the micelle surface.

The pK 's of the dyes in the absence and presence of micelles have
been measured(sz) and the results for acridine orange and atebrine are
shown in table 6.3.2.1. The data suggest a surface potential of SDS
micelles of -120 mV, which is in good agreement with the values reported

Lo and Mukerjee et a1(41)

by Hartley et al
The effect of increasing the surface pH causes deprotonation of the
dyes at the micelle surface and an increase in the rate of absorption. Table
Bs Badonid s
A plot of k(obs) against pl is shown in figure 6.3.2.1. The stopped-

flow transients observed for the process are good single exponentials.

This is because the protonated and deprotonated dyes are in rapid equi-
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TABLE 6.3.2.1

RATE OF ABSORPTION OF DEPROTONATED DYES INTO SDS MICELLES

T = 298.2K

DYE  pK /WATER PK, /MICELLE k(obs) (DYE") /571 k (obs ) * (DYE) /51
A0 10.454%) 12.4132) 47.63D 2430(32)
AB 7.9543) 10.6 3 1.2003D 210052
gt g o(44) 12 2(32) 2 6(32) e

.
Extrapolated values

'I‘Ni le Blue
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librium at the micelle surface.

The lower the charge on the dye, the more rapidly it is absorbed,
which suggests that the charge on the dye is an important factor in the
rate-determining step. 'The effect is much more pronounced for the dye
ABZ+ when it becomes AB® than for A0 + AO.

It has been pointed out by James et al(sz) that the increase in the
rate constant occurs at a pK closer to the pKS at the micelle surface
than the pK, in the bulk. This observation is strong evidence that the
rate-determining step involves two forms of the dye. The rate is,
therefore, dependent on the concentration of AO and A0" in the surface

region of the micelle and not in bulk solution.

0.3.3 The Influence of lonic Strength

The addition of ionic strength to micellar systems will lower the
surface potential. This will lead to a lower CMC(46) and larger aggrega-
tion nunber(46). This in turn will make the micelle slightly more
compact at the surface(47).

The rate of absorption is increased by the addition of ionic strength
(figure 6.3.3.1). For the depositive dye AB2+ the rate is increased far
more by the addition of NaCl than for unipositive dyes(sz). This
observation supports the conclusion that the decrease in micelle surface
potential is more important than the changes in micelle structure induced

by the salt.

- . . ‘ < + .
Similar increases in the rate of intercalation of A0 into DNA have

been reported(zs). This increase in the rate of absorption as ionic
strength is added provides evidence that the separation of charges is an

important factor. This may arise in two ways:-
(i) the separation (compression) of the head-groups to allow room
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for the dye to enter the micelle, will involve an increase in the local
charge density. The mutual repulsion of head groups will be reduced by
the presence of added salt;

(ii) the separation of the dyc and head group charges as the dye

passes into the micelle interior will be aided by added salt.

It has been shown* that the addition of tetra-methyl and tetra-ethyl
ammonium salts produce a proportionally larger increase in k(obs). These

), which implies that they

salts also cause a larger decrease in the CNE(48
bind more strongly to the micelle,

The greater kinetic effect of the tetra-alkyl ammonium salts may be
due to a combination of a larger reduction in surface potential and
disruption of the micelle surface. The tetra-ethyl ammonium cation is more
effective than the tetra-methyl ammonium cation.

The observation of a limiting rate of absorption in systems with added
salt suggests that for the surfactant concentration range studied (e.g. up
to 0.1M SDS) the degree of counterion binding is largely constant.

The amplitude of the fluorescence and absorption changes for the
reaction decreases linearly (up to O.1M NaCl) with the increase in added
ionic strength. The static measurements show that the fluorescence and
absorbance of the final solutions (i.e. absorbed dye) are unaffected by
added salt. The decrease in amplitude therefore implies anenhancement of
fluorescence intensity and absorbance of the dyc adsorbed at the micelle
surface. These observations suggest a lower dielectric constant at the

micelle surface which may be due to the enhanced counterion binding(33’49).

0.3.4 Addition of Cosolvent and Potential Impurities

The addition of methanol as cosolvent (up to 2.5M) does not

significantly affect the CMC of SDS(SO’SI) (Chapter 4, table

* (W. Knoche personal communication)
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There is no evidence in the literature that the addition of methanol
causes changes in micelle size or aggregation number. It is, however,
thought that methanol and other short-chain alcohols interact with the
micelles and remain close to the sur[ucc(51).

The results in table 6.3.4.1 show that the addition of methanol
causes a large incrcase in the rate of absorption of AO". The log of
the rate constant ol absorption of A0" increases linearly with added
methanol up to 2.5M (figure 6.3.4.1). 'The effect of methanol may be two-
fold. Methanol is known to increase the rate of osmatic swelling of
liposonws(sz). The suggested mechanism is that the methanol causes a
disordering and "opening'' of the surface structure of the liposome. A
similar effect may operate in this case, which will enable the dye to
pass more easily into the micelle.

Alkyl sulphate micellar systems are prone to a number of impurities.
These would most likely be the parent alcohol (present possibly as
unreacted starting material(ss) and as the result of hydrolysis(54)) and
alkyl sulphate homologues . For these reasons the influence of dodecanal
and sodium tetradecyl sulphate on the rate of absorption of A0" into SDS
micelles were investigated. It is seen that quite substantial amounts of
these species do not have a large effcect on the observed rate (table
6.3.4.1 and figure 6.3.4.2). Both cause a small decrease in rate.

The addition of dodecanal would be expected to decrease the surface
charge density which on its own would lead to an increase in rate, but the
reduced charge density will also lead to a '"'tightening'' of the surface
structure. Addition of up to 15 dodecanal molecules per micelle results
in a decrease in rate of 15%. It appears that the 'tightening' effect is
dominant in this case.

The addition of STS up to 10 per micelle has a less pronounced effect

than the addition of dodecanal. STS is unlikely to reduce the surface
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TABLE 6.3.4.1

EFFECT OF ADDITIVES ON THE RATL: OF ABSORPTION OF

ACRIDINE ORANGE INTO 5DS MICELLES

. .,
Temp. 298.2K, [SDS| 1.5x10 “M

ADDITIVE k(ohs)/':scc-J
- 47.6 + 3.1
1.25M CH0H 100 + 7.0
2.50M 160 + 20
0.05 €y, Ol 41.6 + 3.0
0. 125 37.6 + 3.0
0.03 ul4nzgso; Na* 42.6 + 3.1
0.082 41.6 + 3.1
*

Molce fraction ol micelle concentration

223



25

1
.
o

k(obs)/S

| P

| I I l

1.0 2.0 5.0 4.0 5.0
METHANOL/ M

FIGURE 6.3.4.1

PLOT OF LOG k(_ohs)/b‘—l VS CONCENTRATION OF COSOLVENT METHANOL




k(obs) /S

50

45

40

35

0o
(¥a

30
O

15

10

-

’_.

- e,
] | [

0 0.2 0.4 0.6 0.8 1.0

B ' ) Mole fract.

Temp. 298.2K STS/DOH

- o - STS, -0 - Dol FIGURE 6.3.4.2

PLOT OF k(obs)/S™* VS MOLE FRACTION OF ADDITIVE




charge density of the parent SDS micclle. The extra free energy of
addition of STS molecules may result in a tighter micelle structure

which would account for the small decrease in observed rate.

0.3.5 Variation in Surlactant Chain-Length and llead-Groups

The results in table 6.3.5.1 and figures 6.3.5.1-4 and 6.3.1.4 show
that the rate ol absorption of acridine dyes is strongly dependent on the
hydrocarbon chain-length of the surfactant. The rate decreases with
increasing chain-length. It has already been pointed out that as the
chain-length of the surfactant increases, the CMC is lowered,- the micelle
has a larger aggregation number, is more compact at the surface and the
charge-density increases(48). (Chapter 1, table 1.3.5.1).

The decrease in surface area per head-group and the increase in the
charge density as the surfactant chain-length increases would both be
expected to decrease the rate of absorption.

[t is found that there is an increasing discrepancy between the rate
constants found by absorbance and fluorescence methods as the chain-length
of the surfactant increases (table 6.3.5.1). It is possible that the
change in the absorbance and fluorescence spectra are differently affected
by the environment and the fluorescence change occurs further into the
micelle than the absorbance change.

The variation in the rate of absorption of A" into micelles with
sulphonate or benzene sulphonate head-groups are little different from the
sulphate. (Table 6.3.5.1). This indicates that in these micelles the
packing and surface charge density are much the same as for the sulphate
micelle. The result for the benzene sulphate (equivalent to CMC to STS)

suggests that the effect of the benzene group is small.
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TABLE 6.3.5.1

INTO SODIUM N-ALKYL SULPHATE MICELLES

EFFLECT OF SURFACTANT CHAIN LENGI1I ON THE RATE OF ABSORPTION
|

DYE 1 T/K k(ohs)A/s‘l k(obs)F/S_l
AO" 10 208.2 180+10  185t15
12 298.2 47.6+3  48.3t3.4
14 293.2 11.941.5 9.5+1.0
16 316.2 13.141.2 9.4+1.1
4
PE 12 208.2 - >500
16 316.2 . 135215
AET 10 316.2 - 125415
AO"  C,ll,807 Na 298.2 535 45+3
298.2
N - + i
Cpollye 7 -Na 88+7
50,
AR 12 298.2 3.1+003  33+0.2
1) 298.2 33.3t2.5  34.1+3.6

ro
2%
~J



k(obs) /s71

200 —

| + 298
180 |— *,,,~——”_“ f it B
L
f/
160 |-
140 |- ,

| . ;288 %—
B

- f :
100 | 4””—# + + i{s %_
60— '

!
20 v

7 1L

0 1 2 3 4 5 6 LT 13

10%sDes . /M
mic

0

FIGURE 6.3.5.1

=

PLOT OF K(obs)/S = VS MICELLE CONCENTRATION FOR ACRIDINE ORANGE/SDeS

228



k(obs)/S

Open points A
Filled points F

40}—
35— é +. + +;___1L_4é
311.2K
" -
25
— f —f—1—4
20
?/’___ b— + é %"'—H——q’ 307.2K
- */’,,——~'* * + ""_—l}—"f -
¢ 1 P gl
f;::::::::+-—__‘___*________*._—-:' _It::: 303.7K
10— ‘ & { 298.2K
bt
e
S /4,/
7/ . ’/
G: a ] | | | ‘ L 1E
0 1 2 3 4 5 6 7 15
10*sts . /M

FIGURE 6.3.5.2

PLOT OF k(obs)/S“1 VS MICELLE CONCENTRATION FOR ACRIDINE ORANGE/STS

229



k(obs) /st

100
90 |
*/+,————f 1t -
o
80 I
0r- +
60 b=
f o .
o / {// -
/ /// a3 "
/"
0] f///
A
]
20 k-
/
'/
) / /
/"
10 p~ //
d
i
5 I | | | | | |
0 2 4 6 8 10 w20 22

Temp. 298. 2K 10 SDBSn/SDSny ;-

FIGURE 6.3.5.3

PLOT OF k(obs)/S_l VS MICILLE CONCENTRATION FOR ACRIDINE ORANGE/SDBSn/SDSn

-®- SUBSn, - o - SDSn Open points A
Filled points F

230



=1

k(obs)/S

35

25

20

15

10

0

_—
i
{
R |
i
y
]
]
]
]
|
u
]
]
]
[
{
X
| | ] | | B 11 |
2 3 4 5 6 L 10
Temp. 298.2K 10%SDES . /M
micC

FIGURE 6.3.5.4

PLOT OF k(ost_/S—l VS MICELLE CONCENTRATION FOR ATEBRINE/SDeS




6.3.6 Discussion of the Activation Parameters

The activation parameters for a number of the absorption processes
are given in tables 6.3.1.1,2 and 6.3.5.1. For the sake of convenience
they are reproduced in table 6.3.6.1. ‘The Arrechenius plots from which
these values are derived are shown in figures 6.3.6.1-4.

For the dye absorption process the activation enthalpy arises from
three sources:

(1) the separation (compression) of surface head-groups to enable
the dyc to enter the micelle;
(i1) the separation of dye and surfactant hcad-group (electro-
statically bound);

(iii) the production of a cavity in the micelle to hold the dye (i.e.
the breaking of favourable hydrophobic interactions between hydrocarbon
chains).

The first two are electrostatic in origin (AHﬁl) and the last hydro-

phobic (Anﬁyd). The overall enthalpy is given by

A #
A = A+ A (6.3.6.1)
The increase in the activation cnergy with increasing surfactant
chain-length is consistent with an increase in:
(i) the surface charge density of the micelle, which increases
the electrostatic contribution to Al'{ié by increasing the

charge attraction between dye and micelle surface;

(ii) the lightness of the surface structure due to the increased
hydrophobic free energy of the longer chains will cause an
increase in Aﬂf .

1yd

The addition of salts leads to a reduction 1in AH#. The effect will
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TABLI 0.3.0. 1

ACTIVATION PARAMETERS FOR DYE ABSORPTION PROCESSES

DYI: SURFACTANT aFkimor b A /kdmo1™! ast/umor 7t
AO" She$S 60.5 1 6.1 22.7 + 4.4 -120 + 15.6

SbS 63.2 £ 7.7 35.7 + 4.4 ~92.2 + 10.1

SDS/1. 25M 61.8 + 7.1 60.5 + 5.9 4.4 + 2.7

Methanol

SIS 68.1 t 6.9 50.2 + 5.7 -60.5 + 12.3

SHDS 71.8 £ 7.0 60.8 + 7.6 ~31.6 + 10.7
Ms” SS 63.2 1 7.5 35.9 + 4.7 92.0 + 10.7
PYG' SDS 63.3 + 7.1 36.4 + 4.9 89.9 + 10.9
PE* SIS 64.6 + 9.3 61.2 + 10.3  -11.1 + 5.1
AR%* ss 71.9 + 9.0 68.1 + 8.1  -12.1 * 2.3

SDS/0.1 NaCl 5.8 = 7,1 55.4 1 7.6 -33.0 * 6.7 |
AOT/SDS  SDS ~64 ~74.¢ ~55
ABEY/SDS  sDS ~70 ~58 ~+40

AG# and Asf calculated for 298K.
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TABLE 6.3.0.1

ACTTVATION PARAMETERS FOR DYL: ABSORPTTON PROCESSES
DYL: SURFACTANT At kmol Y af/kdmor™Y a8 zumo1 k1
AT SheS 60.5 © 6.1 22.7 + 4.4 «120 + 15.6
sDS 63.2 + 7.7 35.7 + 4.4 -82.2 4 10.1
SS/1.25M 61.8 + 7.1 60.5 + 5.9 4.4 + 2.7
Methanol
SIS 68.1 * 6.9 50.2 * 5.7 -60.5 + 12.3
SHDS 71.8 + 7.0 60.8 + 7.6 -31.6 * 10.7
Me* SDS 63.2 + 7.5 35.9 + 4.7 92.0 + 10.7
PYG' SDS 63.3 + 7.1 36.4 + 4.9 89.9 + 10.9
prt SHDS 64.6 + 9.3 61.2 + 10.3  -11.1 t 5.1
2+ .
AB SDS 71.9 + 9.0 68.1 + 8.1 -12,1 £ 2.3
SDS/0.1 NaCl 65.0 + 7.1 55.4 + 7.6 -33.0 + 6.7
A0 /SDS SDS ~64 ~74.¢ ~+33
r T S .
AB“Y/SDS  sDs ~ 70} ~58 ~+40

/.\G’é and AS% calculated for 298K.
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operate primarily by a reduction in the charge attraction between dye
and micelle surface. The increased salt concentration will also aid the
separation (compression) of micelle head-groups necessary to form the
cavity for the dye to enter.

For the dye acridine orange and a series of sodium-n-alkyl sulphates

#

(without added salt) a plot of A" against surfactant chain-length is

linear. The slope is 6.2kJnml—1 per Chl, group (fipure 0.5.6.5).
The difference in AH’é between the dyes A0 and PE" for the absorp-

tion into SHDS micelles is small (= <10%). This indicates that the charge

effects are approximately equivalent for wnipositive dyes. The difference

RUTE. 3 =
in the rates (PF factor of ~13 faster than AO+) arises from a more

favourable change in the entropy of activation for proflavine:

1

11,

= a8 . - p§F . & <31 STnol”

F
hog pgt ~ App

AOY /P

If the entropy of activation is governed primarily by desolvation
and restriction of the dye motion, this figure should be constant for all
the surfactants.

Provided the value of /\AS?é +/pp is constant for various surfactant

AO
chain-lengths we may use equations (6.3.0.2,3) to calculate k(obs);gﬁ

a6 = A - Tas” (6.3.6.2)

[\(lié

It

RT Zn(k(obs)ﬁgi h/kT) (6.3.6.3)

where h = Planck's constant

]

k Boltzmann's constant

. 7 : 0 s the value # ,
Using A”AO*/SUS reduced by 10% as the value for AHPF*/SDS we have
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‘# = i A~ ) Y B
AGhpt gpg = 32-144-(298(-70.7+8))

1l
N
o
—_
=

4
Lo
o

[
QN

53,146

li

At 298K

53.116= 2.3 RT log(k(obs)prs.1+6x10717)

k(obs)bﬁi = 3.3XIOSSOC—1

which is too fast to measure by the stopped-flow method.

This value of luol)s)‘?[")‘:‘ is much greater than that calculated from
the ratio ol k(_obs)'ﬁl]‘“,??/\o+ which yields a value of =700 scc_l.Thus the
large differcnce between A0 and PF' is not a simple function of solva-
tion. In order to reduce the k(obs)?l}ii’ value calculated from AS/7\£0+/PF+

to that for the ratio of k(obs)%l}gfj - AAS% + o+ would have to be
PF*/AO AO*/PE

decreased to ~gJmo1 1K1,

For acridine orange a plot of ASf versus surfactant chain-length

is linear. lhe slope is —ISJI\'—lmol-]' per CHZ (figure 6.3.6.0).
The origin of the large AS# values is difficult to ascertain.
Undoubtedly in such a complex system a large number of factors may be
operativc.

The diiference in AS# for AO" and PF* may be the result of the lower
degree of sclvation of the PF' molecule compared with AO". This would
result in a smaller number of water molecules being released into bulk
solution as the dye enters the micelle. There may also be some specific
steric requirements (due to the difference in size of the dyes) which

will affect the loss of rotational and translational entropy of the dye

and adjacent surfactant molecules in the micelle.




The increase 1in AS# + with chain-length is more difficult to explain.

AO
There could be a systematic variation in the amount of water released by
the micelle as the dye binds. The shorter-chain micelles are certainly
more open structures at the surface and may contain much more water than
the longer-chain micelles. On entering the micelle some water must be
released [rom the longer-chain micelles which cannot accommodate both dye
and water. ‘The shorter-chain micelles, however, may be capable of
absorbing the dye and retaining the water because of their loose structure.
A further possible explanation of the difference in AS74 with chain-
length 1s that when the dye binds it may bring about considerable ordering
of the local micelle structure and a conscquent large decrease in the
entropy. The degree of order induced by the dye is likely to decrease
with chain-length since the longer chain micelles are already compact and
will be much more difficult to order. The loose shorter-chain micelles

are potentially more ecasily ordered by the presence of the dye.

It can be seen from table 6.3.1.1 that the activation enthalpy for
the divalent dye AB2+ is approximately twice that for A0". This must
2+

reflect the greater charge attraction of the AB The entropy for ABZY

1p-1 from the value for

is -12Jmol K1 this is a difference of +50 Jmol”
AOT. A possible origin of this large difference may be the loss of more
solvation water from the chain of the AB2+ molecule.

The differences in enthalpy and entropy for A0" and AO" surfactant
aggregate 1s shown in tables 6.3.1.1 and 2. The enthalpy is doubled in
the case of the surfactant aggregate. This may reflect that breakdown
of the aggregate is necessary before absoiption can take place. The
large difference in AS#(+120 Jmol-IK—l) can be attributed to the loss of

structured water from a dye surfactant monomer (which would form rapidly

after its clearage from the parent aggrepgate). The changes are similar



) .
for the \WB*" surfactant aggregate.

where

Asfn |
2

(1)

(3)
(4)
(5)
©)

(7)
(8)

)

llence, ASf\U+ is made up of the following contributions

# o 5 F £ F (6.3.6.4)
s =) N + . + M v = .}) AT
AST = ASLH ASE BS- AS) A’\AM“,)U
& Ly
\87é is the observed cntropy (-ve);
%, \Sf . are the charges (-ve) in rotational and
translational entropy of the dyc¢ respectively;
ASy is the charge (-ve) in the ordering of the
head-groups on binding of a dye nolecule;
0 ASNM 0 are the release (+ve) of water from the dye
o

and micelle on dye binding in the transition

state.

0.3.7 Proposed Mechanism of Dye Absorption

The experimental evidence may be summarised as tollows:

the rate

ol absorption of positively-charged planar acridine type

dyes into negatively-charged micelles is a relatively slow process;

the rate
the rate
the rate
the rate

the rate

is dependent on the geometry of the dye;

is strongly dependent on the charge of the dye;

is dependent on the charge density on the micelle surface;
decreases as the surfactant chain-length increases,

is only affected to a small extent by potential surfactant

impurities;

addition

the rate

of methanol increases the rate of absorption of the dye;

ol absorption reaches a limiting value and is independent

of surfactant and dye concentration;

the mechanism nust be consistent with the observed activation



paraneters as discussed in section 6.3.6.

Any mechanism for the process of dye absorption by micelles must
explain and be consistent with all the cxperimental results.

The interaction mechanism between dye and micelle cannot be
represented by a simple electrostatic attraction between absorbed dye
and the micelle surface. Such an interaction would show no pronounced
dependence on surfactant chain-length or dye geometry. Also, the
uncharged dye should react more slowly than the charged dye or not at all,
which is in direct contradiction to the observed results. A simple
electrostatic binding process would be expected to be very rapid (usec)
and beyond the limits ol the stopped-flow instrument.

An alternative nechnniém is that the presence of the dye (following
mixing with micellar solution) induces micelle formation around itself by
progressive addition of surfactant. It has been suggested that the rate
determining step could be the breakdown of the micelle to provide monomers
for the build-up process.

This mechanism seems unlikely for several reasons:

(i) the surfactant would be expected to bind head-group first
which would produce a high charge density and the structure would be

energetically unfavourable;

(ii) allowing the alkyl chains to interact with the dye, the rate
of micelle formation would be expected to parallel the stacking tendency

of the dyes as measured by KD’ and this is not observed experinmentally;

(iii) the rate of absorption is not expected to be dependent on

the geometry of the dye;

(iv) an acridine orange molecule tagged with a C12 alkyl chain in

the N(10) position is absorbed much more slowly than acridine orange
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N1
u]onutlo). On the build-up mechanism it is expected that the tagged dye

would react more rapidly than the dye alone;

(v) in general, when the process can occur (1.e. when the hydro-
phobic region of the dye is substantial enough to overcome the electro-
static repulsion) absorption of dyes with the same charge as the micelle

(45).

is much more rapid than that of dyes with the opposite charge -

(vi) the addition of ionic strength would be expected to decrease
the rate of absorption il a build-up mechanism is operating. This again

is in contradiction with the observed results.

It would appear that the absorbed dye is in a very stable environment
when the dyc is of opposite charge to the micelle. This 1s suggested by
experiments in which absorbed dye is diluted with water in the stopped-
flow apparatus. The dye is released very slowly in a complex process in
the time ranze 1-10s.

Both the spectroscopic and kinetic evidence supports the hypothesis
that the acridine type dyes are absorbed into a low polarity environment
in the micelle, rather than simply electrostatically adsorbed at the
micelle surface.

The following reaction scheme (A) is proposed as the dominant mechanism
for the absorption at concentrations of surfactant much greater than the

e i.e. 1.5 CMC,

k., ke Ke

bt M == D//M, = DM, === (D) (A)
Ky kg % kg
solvent adsorbed absorbed
separated dye dye
outer sphere
complex

+ .
where D 1s the dye

M is the micelle.

s




Since there is no restriction of a single-dye binding site on each
micelle, we can define the concentration of binding sites on the micelle

« surface, Mg, as

P . R, i
MS = (x((‘A CMC) (6 «3u7.1)

.0 . : .
where LA total concentration of surtactant

Il

a = fraction of micelle surlface charge not

neutralised by counterion.

)

0.25(1x10™ - 0.7x107%)

Typically, M,

=
0.25(0.3x10° %)
4

= 7.5x10°

which is 75 times the concentration of the dye.

This pseudo first-order condition greatly simplifies the kinetic
analysis and eliminates the possible complication of dye stacking on the
micelle surface.

In scheme (A), the spectrally distinct species are D,(DM) and
possibly DM_. It is expected that the spectrum of DMS will closely
resenble D, except possibly, at high ionic strength.

The mechanism for low MS/D values <10 i.e. very close to the CMC, is
likely to be much more complex and other interaction modes must be con-

sidered. These are proposed in scheme (B):



D+8§ =—==]D5 == DS

Ve

DS/ /M (B)

l)//Ng DN% = (DM)

Route {1} 1is scheme (A), route {2} goes via a dye-surfactant species
similar to that proposed by Yasunaga ct al(zsj. The formation of the
species HJSX (x=1 ... n) is rapid (<lmsec at concentrations approaching
the CMC) and the absorbance and fluorescence of any species containing
D, is very different (much smaller) than dye alone. This route may be
eliminated because the observed amplitude is not consistent with inter-
actions which involve D, species. The dye-induced micelle mechanism is
{3} and route {u} shows the absorption of a large dye-surfactant aggre-
gate.

We will consider scheme (A). The formation of the adsorbed species,
DM, 5 is likely to be very rapid (close to diffusion-controlled). Hence,

mechanism A may be simplified to give scheme (C):

Ky k.
D M s Iy =25 (DM) (©)
S %k S k
21 32
FAST SLOW

The rate-determining step in the absorption will be the intra-molecular
conversion of DM, to (DM). In general, for a small concentration-jump

a>3),

perturbation, two decoupled relaxation processes should be observe
For the fast adsorption step:-
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1}1 = K(obs)| = klz(ﬁ + M:) + k (6.3.7.2)

where D and Ms are the equilibrium concentrations of dye and micelle sites
respectively.
1f k

12 is close to diffusion-controlled, II] is expected to be ~lusec.,

since Ky, = klZ/kZI = IOSM_](Sl). l'he process will, therefore, be outside
the time-range of the stopped-flow method, and will not be observed. Also,
if D and DM, are not spectrally distinct species then the fast adsorption
process will have zero amplitude and will be unobservable by any spectro-
photometric method.

The slow relaxation process 1s however detectable by the spectrophoto-

metric stopped-flow method and is given by

. Klzkzslﬁ + M|+ ko

st S
(g = k(obs)II =

2

- (6.3.7.3)
1+ Ky, | D]

For the general experimental conditions where [ng >> [ﬁ] equation
(6.3.7.3) becomes
M) &

K, .k
T_l = k(obs) - 12 25 :
11 II 1+ K !M I
12%s

52

(6.3.7.4)

also, if lﬂ;J > l/K12 2A10—3M i.e. at high micelle concentration

=1

Ty < k

(6.3.7.5)

However, when K]7[MS] <1 i.e. close to the CMC cquation (6.3.7.4) becomes

-1 9 , L
g = K12k23[M;] + kg (6.3.7.6)
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The experimentally observed variation in k(obs)ll initially fulfill the
requirements of equations (0.3.7.3) and (6.3.7.0), but at high concentration
the concentration-independent equation (6.3.7.5) is obeyed. (Since only one
rate constant 1s observed k(obs)l[ will be known as k(obs)).

The very abrupt change in the absorbance and fluorescence spectra

observed on going through the CMC suggests that k,, >> Kz5. Hence, the limiting

23
values of k(obs) in table 6.3.1.1 and 6.3.5.1 may be taken to be kZS' Additional

evidence in support of this 1s that:-
(1) k(obs) does not correlate with the dimerisation constant of the
dye, and ks, which measures the '"residence time' of the dye in the micelle

might be expected to correlate with K-

(11) Dye-micelle dissolution kinetics (Chapter 5) suggest that k3q will

be slow due to favourable coulombic interaction between dye and micelle.

(111) kSZ may be calculated from equa ion (6.3.7.6) when Kllﬂg[ = 0.1,

ks, is estimated to be 1-5 sec L,

The overall mechanism for the deprotonated/protonated dye is shown in

scheme (D)(JZ)

- Ky N ks

pHt o+ M. ===+ M === (DH"M)
; ksp

[ Jr I )
K k)<
+ - Ll - L -
Dol M == DM Yo (DM)

Assuming the adsorption step is favourable in both cases i.e.
oK vl T : ' ;
Kp» hll >> 1M © and the back reactions RBZ’ RSZ <L k23’ k23 , We can write

the rate equation
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;
d(pir M|+ [bu]

+ = ’|
- = = k5 |DHT M|+ koo [DM] (6.
) i e TR S
Now K' = ﬂ)MS]lll A]/[pu M, ] (6.
afon’ M_| o+ k' [oi* w1 /[ R
= e = kyz * Kyq ﬁiTJ_ [Die M| (6.

T 5 - ' v et
DT M ko5 + ks K /')
dt

therefore,

1+ K [i]

(kpy +kys K'/[;i‘f])

and k(obs) = —
1+ K/

[t is clear that three pH regions can occur

pl << phg,  K(obs) =kys  dee. K'/[H] << 6.

pll >> pk,  k(obs) = ks K'/l_'ufj_» 1 (6.
(k, -k

pil = p,,  k(obs) = —2 - gi[u’] =1 (6.

Assuming the pKa of the absorbed dye and adsorbed dye is the

-l

may be calculated from equation (6.3.7.14). If 430 sec = for AO,

for AB® and 51 sec ! for Nile Blue(32) .

6.3.8 Interaction of Non-Acridine Dyes with Micelles

[oi™ M (6.

(6.

5. 7.10)

3.7.%1)

3.7.12)

3.7.13)

I
~

.14)

1
same k73

210 sec L

The interaction of non-acridine dyes Rhodemine 6G and Malachite Green

with SDS micelles was also investigated. From the spectroscopic evidence
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RATE OF ABSORPTION OF NON-ACRIDINE DYE BY SDS MICELLES

DYE k(obs)/sec—l
Rh()(]# 17.5 £ 3.6
MG# 25.9 & 4.1
PCC 20

Cv* >500

"pee is pinecyanol chloride
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presented in Chapter 4 it appears that these dyes do not interact in precisely
the same way as the planar dyes. The equilibrium measurements show that the
(W@Iis substantially lowered in both cases.

It may be that the bulkiness of these dyes and an wifavourable geometry
may inhibit interaction or absorption into the micelle. The dye may occupy a
position at the exterior surface of the micelle. Since the apparent CMC is
lowered so drastically, it may be that the dye in these cases is inducing
micelle formation. 'The kinetic results are given in table 6.3.8.1.

It has also been found that the dye crystal violet, a propellor shaped
triphenyl methane dye is absorbed very rapidly - too fast to be detected by
the stopped-flow nmthod‘56). The spectrum of the free crystal violet is very
similar to that for the dye above the CMC, the extinction coefficient and
Apax 4re unchanged. The non-planarity of this dye may preclude complete
entry into the micelle and only one arm may enter. ‘his could be a very
rapid process. It must also be pointed out that the interaction of the dye
below and through the CMC is very conplcx(57).

Yasunaga et 31(23) have investigated the rate of absorption of the dye
pinecyonal chloride a rod-shaped dye into SDS micelles. This system behaves
in a qualitatively similar manner to the acridine type dye SDS systems.

(23)

Yasunaga argues in favour of a mechanism which goes via a dye-surfactant

salt similar to route 2 in scheme (B).

0.4 lonic Strength-Jump

6.4.1 Results

The ionic strength-jump experiment is radically different from the direct
absorption experiments just described. An ionic strength-jump results in the
formation of micelles from monomer surfactant molecules.

The stopped-flow transients obtained were all good exponentials. The

observed rate constant for the absorption of the dye by the forming micelles
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was found to increasc linearly with increasing surfactant concentration,

over the whole range which could be studied. (For 1:1 mixing the usable
surfactant concentration range is limited by the CMC in aqueous and salt
solutions). The observed rate is only slightly dependent on the type of
dye. The ratio ol slope of the plot k(obs) vs surfactant concentration

for A0+/PF+ is =2 (figure 6.4.1.1).

[ncreasing the salt concentration causes a small change in the
observed rates. An increase in the concentration of added NaCl from 0.1
to 0.2M results in a decrease in the slope of k(obs) vs surfactant con-
centration of =2 (figure 6.4.1.2, table 6.4.1.1).

The limiting observed rate constant for the direct absorption
process 1s slower than that which can be measured for the ionic strength-
jump for the same added ionic strength. This observation together with
the lack of a dramatic dye type dependence suggest that the mechanism is
different from the direct absorption pathway. The mechanism is however
expected to be complex since the surfactant concentration range is close
to the CMC. From the data on the rate of dye-surfactant complex formation
below the CMC, 1t is expected that a significant amount of sty complex
may be formed during the dead-time of the stopped-flow apparatus.

The observed transient amplitude is approximately 50% of the cal-
culated value for free dye to dye absorbed, and approximately 10% of the
calculated value for dye-surfactant aggregate to dye absorbed. Whichever

form of the dye is absorbed, this observation indicates either:

(1) a fast process not observed by the stopped-flow method which is

responsible for a change in dye spectrum, or,

(11) a change in dye spectrum caused by this observation indicates

a fast process is occurring outside the time range of the

stopped-flow method i.e. k(obs) > 107 S_l.



TABLE 6.4.1.1

k(obs) FOR IONIC STRENGIH EXPERIMENTS

Temp. 298.2K k(obs)/S-l
0.1M NaCl 0.2M NaCl
10°[sbs] /M 10* [Ch-CMC] /M A0" PE" 10t [Ch-CvC] /M A0"
1.2 - 3.0 9.5+ 1
1.4 1.0 5.0 12.5 + 1.3
1.6 3.0 21 + 2.1 18.2 *+ 1.1 7.0 14.5 + 1,
1.8 5.0 35 & 2.1 22,2 4 9.0 20.0 + 1.6
1.9 6.0 - - 10.0 -
2.0 7.0 41.7 £ 3.1 29.4 + 1.9 11.0 -
2.1 8.0 - - 12.0 22.6 + 1.3
2.25 9.5  55.6 + 4.3 33.0 £ 2.6 - -
2.5 12.0  76.9 + 5.1 40.0 + 3.1 -~ -
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6.4.2 Mechanism

The proposed mechanism must be consistent with the following

experimental observations:

(1) linear dependence on surfactant concentr:ation;
(i1) small dependence on the type of dye (provided they
are the same charge);
(i11) small dependence on the added salt concentration;

(iv) an amplitude much smaller than the calculated value.

The possible routes are shown in scheme (E), section 6.3.7.

I+ 5 me=m p g st [ §
\ Xy
\ 1
DS
&
M, DSM (E)
i$§§§§5
DM, = (DM)
Hence, as before:
D + 8§ s==== 5 xSy
\\ i }/ ’7 {2} /
{1} \ )
‘ule DS/ /M, {3} /{u} (B)
| \
1 DSM,
\ S
D//M *—*—-——*‘DN% === (PM)

Route {1} 1s the direct absorption pathway,

{2} is the absorption in a dye-surfactant monomer unit,



{5} is the dye-induced micelle mechanism,

{u} corresponds to the absorption of a dye from a large
dye-surfactant aggregate,

{t} is pure micelle formation.

The experimental observations do not conform to pathway {1}. Direct
dye absorption cannot therefore be the major mechanism in the ionic
strength-jump experiment.

Pathway {4} in which a large dye-surfactant aggregate is broken
down to release dye which is then available for absorption is unlikely
to be rapid. Also, the rate of build-up of the large dye-surfactant
aggregates 1is very slow hence it is unlikely that they would be suf-
ficient concentration to provide a viable pathway.

The two most likely pathways are {2} and {3} and these will be

considered in more detail.

6.4.2.1 The Dye-induced Micelle Mechanism

This scheme may be written

K

k. k34
12 s .
pl Ksz”, 76
S S “

To simplify the mechanism we can make all the forward rate con-
stants equal and the backward rate constants much smaller. We may

then write the mechanism as

IS¥
D+z § === (M)
ko1

It is, of course, unclear at which point in such a mechanism when

the dye may be considered to be in the hydrophobic environment of the
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micelle. The surfactant monomers may orient themselves in such a way
that the absorption and fluorescence changes occur at much lower
aggregation numbers than in a true micelle. Because the surfactant
monomers build up around the dye the absorption and fluorescence spectra
may be changing all the time. (This is in contrast to the direct
absorption mechanism where the spectral changes are associated with a
definite movement of the dye).

(58)

By the method of Castellen we may derive the relaxation time

|

g, = /D] + z/[S] + 1/[DM|

11 = K IDISE =k, oMl

hence (7' =k, ([S]% + [n][s]*h) + K, (6.4.2.1.1)

I{ the rate determining process is the formation of a small
nucleus I surfactant monomers (as in pure micelle formation) and
2 = 2-6, then for |D| < [3] .57 >> |Tﬂ[§}z—l and equation (6.4.2.1.1)
reduces to equation (6.4.2.1.2)

=
T

_ = L :
1 = k,[S17 + kyy (6.4.2.1.2)

The experimental observations do not conform to this equation and

the mechanism can be discarded.

0.4.2.2 Absorption of a Dye-Surfactant Monomer

Consider route {3} where DS is formed in a diffusion-controlled

process



k. kp3 k

% 34
b+ § ==Z= D5 DS/Ms ==== (DM)
Koq ky3
2 kg M,

& S

| [l 11T

3 3 s = ¢
The respective relaxation times are(s‘”

T =k, UD]+[B]) + &y (6.4.2.2.1)
Ky D
Typ = st + Koy (6stha2:2.2)
L+ K, ([DS]+[M,]) o
-1 : !
T =k, {1 +K 1 ']
- S 34 ( )) + ks

Y ek, ([0]+(5)™H 7 (R + 0]
(6.4.2.2.3)

2

where Ky, = [DS/M_]/[DS] [M.] = 10 M1 (from the surfactant exchange

rate 8K, = [Ds]/[v][s] = 10m7",

We only observe one relaxation process and the spectral evidence
is that it is associated with the transfer of the dye from an aqueous
to hydrophobic environment i.e. process III.

Hence,

-1
+ k

s
(1K, ([T + (5~ WS%[ﬁsJ» b

k(obs) = kg, (1+1<34<
(6.4.2.2.4)

we may make the following simplifications
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3

[5] - [D]=1.4x107"M = M

| - [Ds)

Kyy = 10970 K = 1-10M7
34 ' > 12
- ; -1
taking I\” =~ 1M
equation (0.4.2.2.4) then becomes
)
k(obs) = kg ((1+10° 1 7k
(1+(1.4x10) 171 M. e
s I -1
k(obs) = k,, ( 1+10 S + Koo
1 <(1+7.1x10“) ! [Mg]>> 19

: 1
- 1.4x10°

= kg ( 1+1o3< : W) Ky

M)/

2 2
10% . 7.1x10 >-1 . K

[,

TR 43

k(obs) = k34(fﬂs]/7.lx104) *+ kg

Hence, a plot of k(obs) against [ﬂsj will give a slope of k34/7.lx10

and an intercept of k34.

(6.4.2.2.5)

(6.4.2.2.6)

(6.4.2:2.7)

(6.4.2.2.8)

(6.4.2.2.9)

4

The values obtained by this procedure will only be approximate
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since hlZ and K34 are only estimated.
The plots of k(obs) against IMSJ are linear, figure 0.4.2.1,2. Kk,
is zero in all cases, the values of k;4 are to an order of magnitude

9 1

Q - -
ax10°M 1™ a0t /sns/0.1 Nacl

9 -1

ax10°M 1s7™1 PEY/sDS/0.1 Nacl

=]

9—1» + rone s
2x10°M °S © AO /SDS/0.2 NaCl

These values are very close to the diffusion-controlled limit but
they cannot be considered to be more than an indication of the order of
magnitude of the rate constant for the absorption of a DS monomer unit.
Having said this, the values are what would be predicted taking into
account the rate of exchange of a charged surfactant monomer. The
neutral DS unit may be absorbed more rapidly (the entering surfactant
portion preparing a '"hole'" in the micelle surface to facilitate entry
of the dye).

The mechanism for dye absorption therefore appears to be composed
of at least two routes: (i) the absorption of a dyc-surfactant monomer
which dominates at low surfactant concentration very close to the CMC
and (ii) the direct absorption route which dominates at high surfactant

concentrations.

0.4.3 Dye Concentration Dependence

The dependence of k(obs) for a given surfactant concentration
(l.leO_SM) on the concentration of the dye is dramatic. For concen-

5 4

trations up to 1.9x10 °M A" k(obs) is constant at 19+l s ~, Over a

very narrow dye concentration range the rate decreases and then levels
off at ~0.5 s—l. This effect has not been studied in detail and only
the one surfactant concentration close to the CMC has been investigated.

To date, no explanation has been attempted. Considecrably more work
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needs to be done on this type of dye dependence i.e. other surfactant
concentrations, different surfactant chain-lengths and different dyes
before any mechanism may be postulated for what is obviously a very

complex phenomena. The results are shown in figure 6.4.3.1.

6.5 Temperature-Jumnp Experiments

6.5.1 Results

Preliminary temperature-jump measurements have been carried out
on dye-micelle systems. Two relaxation times are observed for low dye
concentration ~1O-5M, high ionic strength ~O.1 and surfactant concen-
trations close to the CMC; (i) a fast process in the pusec time range
and (1i) a slow process in the msec time range. The amplitude of both
processes (monitored at 498nm AO+, 44 8nm PF+) is more toward free dye
in solution, i.e. decreasing absorbance.

The fast relaxation time (~1Opsec) is approximately constant for
both dyes and is unaffected by the concentration of micelles in the
system. For the concentration of dye used free A0" exhibits a fast
relaxation process (increasing absorbance at 498nm) whereas PF" does
not exhibit a detectable relaxation. Proflavine does undergo a dimeri-
sation reaction but at the concentration used here, it is very fast
(<200nsec) and the concentration of PF; is <1% of total dye.

There may be free dye in solution but since the dimerisation
reaction is in the same time range and of opposite amplitude, it cannot
be detected.

The slow relaxation time is independent of the dye (AO+ and PF"
give the same relaxation time). The slow relaxation time is, however,
dependent on the dye concentration. The relaxation time decreases with

increasing dye concentration (table 6.5.1.1). The slow relaxation
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TABLE 6,5.1.1

. DEPENDENCE OF RELAXATION TIMES ON [V,_/\Of] FOR A()VF/SI)S SYSTEM

[Sbs] = 1.5x107°M, 0.1M NaCl, Temp. 308.2K, VO = 4.3 Volts, Agps = 498nm

CMC=1.3 x 10°°M

1()5 [ _\()*l] /M T/msec K(obs) /5 & 1OZAA/mV
§e 55 &£ 5 18 = 2 1.0
.75 52 + 4.1 19:5 £ 1.6 1.05
2.0 49.1 + 3 20.4 + 0.8 1.15
2y il 38.0 3.5 2.5 £ 2 1.30
2.50 29.5 £ 2.6 33.9 + 2.6 1.50
3.0 23:5 # 1.9 42.5 £ 3 1.75
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[A0"] 1.5x10°

10° [SDS| /M

DEPENDENCE OF k(obs) ON SDS CONCENTRATION

M, 0.1M NaCl, Temp. 308.2K, V° = 4.3 Volts, A, = 498mn

oL = 1.3 x 10°°M

/
T/msec ” l\(obs)/S_l IOZAA/mV
55 + 5 18.2 = 2 1.0
69 + 5 14.5 + 1 1.0
116 + 10 8.6 + 0.7 0.8
170 + 9.8 5.8 £ 0.5 0.65
307 + 40 3.25 + 0.4 0.6
330 + 50 5.4 & Q.0 0.5
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time is also dependent on the micelle concentration and increases with
increasing surfactant concentration for a given dye concentration (table

- 6.5.1.2 and figure 6.5.1.1).

0.5.2 Discussion

The fast relaxation time and the decrease in absorbance may be due
to the movement of dye from the strong hydrophobic binding site to the
outer weak binding site. The absorbance change is in the wrong direc-
tion for the dye dimerisation in the bulk solution.

The slow relaxation time may be due to the final release of dye
and breakdown of the micelle. This may be slow since the evidence from
the stopped-flow dissolution kinetics shows that the dye may stabilise
the micelle somewhat.

Tondre et ul(OO) have studied the effects of dyes on the dissolution
of micelles at low ionic strength and high surfactant concentrations.
The results have been confirmed during the course of this work. Tondre

et al find two relaxations which have opposing amplitudes(OI).

0.6 General Conclusions and Suggestions for Further Work

We may draw a nunber of general conclusions from the work presented
in this thesis:
(1) the planar acridine (and related) dyes are useful for the
CMC determination of anionic surfactants,

(ii) acridine dyes aggregate with anionic surfactants at much
lower concentrations than in free solution, i.e. "mutually induced"
aggregation,

(i11) this aggregation takes two forms,

(a) aggregation of dye and surfactant to form single units,
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(b) aggregation of these units to form much larger
insoluble species,

(iv) the rate of the dimerisation of dye in the initial aggregate
is almost diffusion-controlled and is kinetically unaffected by the
surfactant,

(v) the build-up of the large insoluble aggregates is slow,

(vi) above the CMC the dyes are absorbed by the micelles in a
two step process,

(a) a weak electrostatic binding site (adsorption) followed
by,

(b) movement into a stronger, hydrophobically stabilised
binding site,

(vii) the influence of dye size, charge, surfactant chain-length,
surface pll and surface charge of the micelle play important roles in
the determination of the rate of absorption of the dye, briefly the
rate incrcases with (a) decreasing dye size,

(b) increasing surface pH (deprotonation of the
dye at the surface),
(c) decreasing surface charge,
(d) decreasing surfactant chain-length ,
(viii) close to the CMC the mechanism appears to be different, the
dye enters the micelle ''tagged" to a surfactant monomer at the exchange

rate of the surfactant monomer.

Areas of research which may be usefully expanded or initiated
include:
(i) an investigation of the absorption process in the complex
transition region around the CMC,
(ii) further temperature-jump measurements on pre and post-CMC

solutions,
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(1ii) investigation of other dye surfactant systems e.g.

cationic micelles/anionic dyes and non-ionic micelles,

(iv) study of biologically important micelles and small nole-

cules e.g. bile salt micelles,

(v) an extension to lipid bilayer resciles and the transport

of small molecules through them.

268



(1)
(2)
(3)
(4)

(5)
(6)
(7)
(8)

)

(10)
(11)
(12)
(13)
(14)

(15)

(10)

(17)

(18)

(19)

(<0)

)

—_—

)

o

3

St

R.

H.

[

wn

D

P,

H.

G.

e

[

1.

8

s

REFERENCES

. Lkwall, H. Likrem and L. Mandell, Acta, Chem. Scand., 1963, 17, 111.

B. Klevens, Chem. Rev., 1950, 47, 1.

Schott, J. Phys. Chem., 1966, 70, 29660.

.H. Elworthy, A.T. Florence and C.B. MacFarlane, Solubilisation by

Surface-Active Substances and Its Application in Chemical and

Biological Sciences (Chapman and Hall, London, 1968).

. Neuberg, Biochem. Z., 1930, 229, 467.

Freundléeh and G.V. Slottman, Biochem. Z., 1927, 188, 101.

. Mckee, Ind. Eng. Chem., 1946, 38, 382.

.W. McBain, Adv. in Colloid Science, Vol.Il, (Interscience, New York,

1942) .

B. Klevens, J. Phys. Colloid Chem., 1950, 54, 283.

oK

.R. Palit and J.W. McBain, Ind. Lng. Chem., 1946, 38, 741.
. Weichherz, Kolloid-Z., 1929, 49, 158.
.R. Palit, 0il and Soap, 1946, 23, 72.

. Weil-Mahlrebe, Biochem. J., 1946, 40, 303.

Attwood, L.R.J. Currie and P.H. Elworthy, J. Colloid Interface Sci.,
1974, 46, 249.

Ekwell, L. Mandell and K. Fontell, Mol. Cryst. Liq. Cryst., 1969, 8,
157.

Schott, J. Phys. Chem., 1966, 70, 2966.

Némethy and A. Ray, J. Phys. Chem., 1973, 77, 64.

.S. Waggoner, O.H. Griffith and C.R. Christensen, Proc. Nat. Acad.

Soc., 1967, 57, 1198.
Fox, 1.D. Robb and R. Smith, J. Chem. Soc. Faraday I, 1972, 68,

445.

'. Nakagawa and H. Tizomoto, Kolloid-Z. Polym., 1972, 250, 594.

269



(21)
(22)
(23)

(24)

(25)

(20)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(54)

(55)
(30)
(37)

(38)
39)

(40)

J. Oakes, J. Chem. Soc. Faraday Il, 1972, 068, 1464.
J.C. Ericksson and G. Gillberg, Acta. Chem. Scand., 1966, 20, 2019.

K. Takeda, N. Tatsamoto and 1. Yasunaga, J. Colloid Interface Sci.,

1974, 47.

G.L. Choules, R.C. Sandberg, M. Steggall and L.M. Eyring, Biochem.,
1973, 12, 4544.

K. Akasaku, M. Sakoda and K. iliromi, Biochem. Biophys. Res. Comm.,

1970, 40, 1239.
Hl.J. Li and D.M. Crothers, J. Mol. Biol., 1969, 39, 461.

T.Y. Tsong, Biochemistry, 1975, 14, 5409.

—

i.A.G. Aniansson, S.N. Wall, Il. loffmann, J. Kielmann, W. Ulbricht,

R. Zana, J. Long and C. Tondre, J. Phys. Chem., 1976, 80, 905.

—

). Lagland and F. Franks, Chem. Phys. Appl. Surface Active Subst.,
Proc. Int. Congr. 1964 (Pub. 1967), 2, 535.

J.E. Crooks, P.A. Tregloan and M.S. Zetter, J. Phys. E., 1970, 3, 73.

B.Il. Robinson, N.C. White and C.M. Mateo, Adv. Molecular Relax.
Processes, 1976, 7, 321.

A.D. Jumes, B.H. Robinson and N.C. White, J. Colloid Interface Sci.,

To be published.

A. Ray and P. Mukerjee, J. Phys. Chem., 1966, 70, 2144.

pam

3.iI. Robinson, A. Loffler and G. Schwarz, J. Chem. Soc. Faraday I.

1973, 69, 56.

o

. Mukerjee and A.K. Ghosh, J. Amer. Chem. Soc., 1970, 92, 6403.

L.P. Gianneschi and T. Kurucsev, J. Chem. Soc. Faraday II, 1974, 6, 1334.

S. Massari, P. Dell'Antone, R. Colonna and G.F. Azzone, Biochem., 1974,
13, 1038.

G.R. Haugen and W.H. Melhuish, Trans. Faraday Soc., 1964, 60, 386.

Estimated in the course of this work.

G.S. llartley and J.W. Roe, Trans. Faraday Soc., 1940, 36, 101.

270



(41)
(42)
(43)
(a4)

(45)

(46)
(47)
(48)

(49)
(30)

(51)
(52)

(53)
(54)
(55)
(56)
(57)
(58)
(59)
(60)

(61)

)

—

. Mukerjee and K. Banerjee, J. Phys. Chem., 1964, 68, 3567.

Ve

J

Zanker, Z. Phys. Chem., 1952, 199, 225.

M. Irvin and E.N. Irvin, J. Amer. Chem. Soc., 1950, 72, 2745.

M.M. Davis and H.B. Hetzer, Anal. Chem., 1966, 38, 451.

A.

M.

D.

D.

(o]

E,

D. James and B.H. Robinson, Adv. Molecular Relax. Processes, 1970,

Emerson and A. Holtzer, J. Phys. Chem., 1965, 69, 3718.

. Tanford, The Hydrophobic Effect (Wiley-Interscience, New York, 1973).

. Mukerjee and K.J. Mysels, '"Critical Micelle Concentrations of

Aqueous Surfactant Solutions'', National Bureau of Standards,

Washington, 1971.

. Stigter and K.J. Mysels, J. Phys. Chem., 1955, 59, 45.

. Shirahoma and T. Kashiwabara, J. Colloid Interface Sci., 1971, 36,

o)

65.

Flockhart, J. Colloid Sci., 1957, 12, 557.

. Seeman, R.I. Sha'afi, W.R. Galey and A.K. Solomon, Biochem.

Biophys. Acta, 1970, 211, 365.

.E. Dreger, Ind. Eng. Chem., 1944, 306, 610.

.L. Kurz, J. Phys. Chem., 1962, 66, 2239.

N. Hague, Fast Reactions (Wiley 1971).

. Barnes, Personal Communication.
. Timmins, N.C. White and B.H. Robinson, unpublished results.

G.W. Castellan, Ber. Bunsenges., 1963, 67, 898.

. Czerlinski, Chemical Relaxation, (Mored Dekker Inc., New York, 1966).

. Tondre, J. Long and R. Zana, J. Colloid Interface Sci., 1975, 52,

i

327,

Tondre, personal communication.



APPENDIX 1.

Computer Programme for the evaluation of Surfactant Aggregate

Concentrations based on the Cooperative Model for Micelle Formation.

Input identifiers

Ouput

CM INF
CMIC
CMM

M

nucleation equilibrium constant
growth equilibrium constant

phase transition equilibrium constant
cooperative binding parameter

micelle aggregation number

weighed-in concentration of surfactant

concentration of monomer and dimer

concentration of species from aggregation
number 3,4 to N

concentration of species from N to infinity
concentration of micelles

concentration of micelles expressed in monomer

mean aggregation number

AT 1
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APPENDIX I
Computer Programme for the Evaluation of Rate Constants from Punched

Tape. (Based on the Guggonheim method).

Input identifiers
D  the number of points recorded
Cl  the starting point
INC  the interval between computations
C2 the finishing point

Z  the sampling time

Output
K  the rate constant
ERRK  error in rate constant
PERRK % error in rate constant

HALIFE  number of half lives covered
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