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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 0.2yS, which enables reactions with half lives greater 
than 0.5pS to be followed. To ensure maximum flexibility three easily 
interchangeable capacitors are fitted (0.01, 0.02 and O.OSyF) . The 
maximum temperature rise (0.05yF capacitor, 40kV discharge) is 6.5K. 
Concentration changes may be monitored by observing changes in 
fluorescence, absorbance and ]ight-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 lias been developed to facilitate the rapid and accurate 
determination of kinetic parameters.

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 
cliaracteristics below and abo\ e the CMC. They may, therefore, be used 
to determine the CMC of anionic 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.
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The kinetics of dye absorption have been studied by the stopped-flow 

method utilising fluorescence and absorbance detection. Hie 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

2than ~10 . 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, pi I, and 

co-solvent e.g. methanol, but is little affected by small additions (t? 

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-controlled) 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 lOOnm, i.e. systems 
containing large molecules e.g. synthetic and biopolyiners, 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^ 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. 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 cliain. 

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 ( tt) and surface tension (a). 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, CM2. 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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FIGURE 1.2.1

SOME TYPICAL SURFACTANTS AND THEIR CMC's IN AQUEOUS SOLUTION



TYPICAL VARIATIONS IN THE PHYSICAL PROPERTIES OF SURFACTANTS SHOWING
THE CMC
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CMC values cover an extremely wide range of concentrations depending

on the nature of the surfactant. The physical, properties mentioned
above and many others may be used to determine the (Mis of suriae- 

%
tants and to provide information regarding the size and structure of 

the micelles.'
The interpretation of the abrupt changes in physical properties 

has led to a fairly detailed structural picture of the micelle, for 
many systems the micelle appears to be approximately spherical of l-3nm 

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 of the hydrocarbon micelle 
interior has been found experimentally to be greater than for pure 
liquid^ hydrocarbon of the same chain-length. This has been attributed 

to the high internal pressure of the micelle core, which leads to a 
severe restriction on the mobility of the hydrocarbon chains. Ionic 
micelles have large surface potentials, for SDS it is -132mV^ ̂ , and 
generally 50-701 of the counter ions are bound within the Stern layer.
A diagramatic representation of a micelle is shown in figure 1.2.3.

The CMCs for a given class of surfactants e.g. sodium n-alkyl 
sulphites Cnll2u+i0S03 Na+, are found to decrease as the hydrocarbon 

chain-length is increased, while the head-group type and counter 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^ ’ 1 .
The mean aggregation number, z, also increases with added ionic strength^’*. 
The variation in the C M  for a given homologous series of surfactants 
with those factors mentioned above (and many others) has been extensively 
documented ^ . Some of the thermodynamic factors which determine the

5



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
r 7ithe process is in terms of a dynamic equilibrium between monomers,

(A) and micelles, (M) based on the Law of Mass Action. The other 

approach considers micelle formation, or, micellisation, in terms of a 

phase-separation model11 . It will be shown that both approaches over­
simplify the real situation, since assumptions have to be made regarding

(9)the size distribution of the micelles. Hall and Pethicav J have 

attempted to overcome this drawback by the application of Hills
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small system thermodynamics to micellar systems. In this approach each 
micelle is regarded as an independent small system in equilibrium with 

monomer surfactant. 1’his last model is discussed in considerable detail 
elsewhere ̂  .

1.3.2 The Multiple-Equilibrium Approach^ ^ ^

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:

z A ^ M  (1.3.2.1)

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

neglecting activity coefficients, is expressed by:

[MJK' = — —  (1.3.2.2)
[A] 2

It is useful to express concentrations in mole fraction units so 

that the free energies obtained are in unitary units . Let x^
represent the mole fraction of monomer in bulk solution and xm the mole 
fraction of surfactant monomer contained in each micelle. Hence,

x
K = ---(1.3.2.3)

z(xAr

Thermodynamic calculations based on equation (1.3.2.3) are now 
straightforward. AG°, the free energy of transfer of one monomer to 

the micellar state is given by

7



(1.3.2.4)

The equation for representing micelle formation then becomes

zAG°
In ^  = ---- + z In  + In  z ( 1 .3 .2 .5 )

Throughout thennodynamic ideality is assumed, but this is not a 

serious limitation. Any non-ideality of the monomer is corrected for 

by replacing the mole fraction x^, 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, AG° 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.

C Oh
1.3.3 The Abase-Separation Approach1 )

Micelles, in this treatment, are considered to be a separate phase, 

the phase-separation occurring at the CMC.
The process may oe represented in the following way:

(Surfactant)^ q Micelle

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

The equilibrium constant for the formation of the separate micelle phase 
is given by:

zAG° = -RT In K

8



Km = [Surfactant] (1.3.3.1)

(1.3.3.2)

Neglecting all effects due to counterion binding the thermodynamic

The phase-separation approach 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^'* and dialysis measurements on extremely pure surfactants 

have shown that an increase in monomer activity does in fact occur 
above the CM2.

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.

parameters AG° and AII° are given by

AG° =-RT In CMC m (1.3.3.3)

(1.3.3.4)
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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

repulsive Coulombic potential associated with the charged head-groups

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) 

of 0.2nm^ is determined*'1^’15'*, Obviously, this is an unrealistic 
model, but it represents the lowest limit for the value of S.

Further theoretical calculations based on either spherical or 
ellipsoidal micelles provide a better estimate of s*'1'1’15'*. The volume 

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

chain length, l , of the monomer. The volume of the alkyl chain is 
easily calculated from an empirical relationship derived from the X-ray 
data of Reiss-IIusson et al*-1 -̂*. From the volume of a single alkyl 

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

contribution arising from the

(1.3.4.1)

1.3.5 The Hydrophobic Contribution
A factor of fundamental importance in the estimation of AG? , is

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'=1 0, 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 (aQ) to semi-minor (bQ) 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 ~0.45nm 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^^ and NMR measurements^ ^  . These results 
have been re-evaluated and criticised by Stigter^ . 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 is 0.04-0.12nm (0.4-1.2X) 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 12 ----- rs

z s 2 z S 2 z S 2nm ran ran

Sphere, r - Z ^ 40 0.82 56 0.78 84 0.76

Ellipsoids b0-Zra;K

Prolate, aQ/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 11 1 0.60 167 0.52
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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
-3558 Jmole 1 per CI^ g r o u p . The free energy of transfer of a
hydrocarbon can be related to the surface area in contact with water;-1 2the free energy of transfer is -10.5kJmole per nm of hydrocarbon

(22)removed from contact with water .
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

1231effect on the free energy of transfer^ J . A positive contribution of 

approximately 400-1000 Jmole 1 per Cl^ unit is taken to be a reasonable 
estimate.

These empirical arguments suggest a separation of AG^ ^ 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.

An appropriate expression i s ^ ^

AGhyd = ~8372 " 2930(nc-l) + 10500(S-0.21)Jmole"1 (1.3.5.1)

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

13



2 2of water(for sodium dodecyl sulphate ~0.7nm )and 0 .21nm is the area 

representing no water penetration.
For n=12,

= -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 3kJmole ^. 
However, for sodium hexyl sulphate, n=6, the contribution is much 
larger, approximately 6kJmole  ̂in a total hydrophobic contribution of 

23kJmole ^. But even for this extreme case,(sodium hexyl sulphate has 

a CMC 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 (AG°p in equation 1.3.1.1 

can be empirically represented by

A G ^  = a/r (1.3.6.1)

r is 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^ 
has shown that expressions similar to those derived by Debye and 
Hiickel for the work of charging a sphere radius rQ , with m charges may 

be used to calculate AC°^.

2tt e2 N r (1+Ka.)
AGel = DR (l+KrQ + Ka^ (1.3.6.2)

where a^ is the average radius of mobile ions in the surrounding 

electrolyte, e 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 AG°p 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

_l(24)sodium dodecyl sulphate is 11.7kJmole at zero ionic strength.
The total free energy of micelle formation for sodium dodecyl 

sulphate is therefore

AG° = -33.07 +11.7 kJmole-1  m
= -21.37 kJmole-1

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, AG^ ^ 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 same
CMC- .

chain-length, i.e. AG° . - AG° . . = AAG° = AG°, = -RT In ^ —  -1-0 -■b , ionic non-ionic el CM.non-ionic
To enable a better understanding of the process of micelle formation 

and the driving forces responsible, it is necessary to establish the 
relative importance 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 linthalpy and Entropy of Micelle Formation 

Only a small number of measurements of the enthalpy of micellisation 
(All°) have been reported. Until recently*'^ 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

9
exothermic, in fact, experimental determinations of A1I°, from the
temperature dependence of the CMC^“(l and direct calorimetric 

f29-34) omethods^ show that AH is usually numerically small (less than
4kJmole J see table 1.3.7.1. The enthalpy change is temperature
dependent in all cases, the heat capacity of micellisation, (AC°m) being
between 200-41X1 Jmole  ̂ for all surfactants investigated.

Since All° is small, micelle formation is primarily an entropy driven
process. There are two main sources of the positive entropy contribution
(AS°). The most important arises from the destruction of the org;iniscd

water around the hydrocarbon chains. These structured regions (the
rather inappropriate term "Ice-bergs" has been introduced to describe 

(35)them) are not permanent, static regions of water, but dynamic 
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 CMC, results in a loss
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TABLE 1.3.7.1

VALUES OF Al1° OF SODIUM 1X)UECYL SULPHATE, IN AQUEOUS SOLUTION

METHOD TEMP/K AH°/Jmole  ̂m REFERENCE

CALORIMETRIC 297 -1046 ± 1046 29

TEMP.DEPENDENCE 278 +3348 26OF CMC 298 +2511
318 -7953

CALORIMETRIC 298 +4186 30

TEMP.DEPENDENCE 273 +1674
OF CMC 298 -416 28

303 -2093

TEMP.DEPENDENCE 
OF CMC

293-313 -1674 27

CALORIMETRIC 299.8 -1884 31
313.2 -9210

CALORIMETRIC 276 +1461 ± 58 )
278 +364 ± 63 j 33
303 -2553 ± 79 )
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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^^ 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.
f 37)A recent kinetic investigation^ J 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

SURFACTANT AG°/kJmole- 1 AG^/kJmole - 1 AG^/kJmole- 1 AH°/kJmole_1 TAS°/kJmole_1 10JCMC/M

SDS -21.5 -33.07 +11.7 +0.4 +21 8.0

DTAB1' 37'1 -17.2 ~28 ~11 -1.33 +15.9 16.0

DTAB is Dodecyl trimethyl ammonium bromide



I.4 Dynamics of Micelle Processes

1.4.1 Introduction
i'he dynamic aspects of micellar systems have only been investigated 

during the'past decade^ ¿¡,1 though many papers concerned with the 

equilibrium properties of micelles have been published since the 1930's. 
The key dynamic processes’associated with micelles occur over very short 
times (<ls), outside tire 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- 

flowU  ’3S), temperature-jump^’̂  , pressure-jump^^ , and ultrasonic 
absorption1 ' ̂  . Also, N M R ^ ^  and FSR1 ^  methods have been applied to 

the study of the dynamic behaviour of micelles from a dil Cerent viewpoint.
The single ■perturbation relaxation methods involve t ic sudden, 

external perturbation of the system into a non-equilibrium state; the 
process of attaining equilibrium (relaxation) under the n w conditions 
is then observed. In order to achieve a relaxation the following condi­
tions must be met:- (i) the system must be at equilibrium before the 
perturbation is applied, (ii) 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-flow 
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 temperature, 
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 absorption 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 Ihe Fast Relaxation Process (I)

The ultrasonic absorption method has shown that a very fast relaxa­

tion process I exists in ionic micellar systems . Yasunaga et a l ^ ^  
initially attributed this relaxation to the association-dissociation 
process of counterions at the micelle surface. Extensive measurements 
by Graber et a l ^ J  ̂ and Wyn-Jones et jiave 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 I is too large for counterion binding; it is, for instance,
much larger than for the equivalent process of counterion binding to

1451linear palyelectrolytes 7.
However, another possible origin of the relaxation process is the

exchange of water to and from the nacelle surface. The relaxation time
is, therefore, expected to be dependent on the water structure close to
the micelle surface. Hie 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 discounted as the relaxation process 

1441observed .
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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.

M ^  M , + A, (1.4.2.1)z z- 1 1 v

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 time of a monomer in the micelle is less than
-10  ̂sec.^k). The ESR experiments, in which some surfactant monomers

are labelled with a radical e.g. nitroxide, also indicate the mean
-4 (49)residence time of a monomer in the micelle is ~10 sec. .

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^''*’̂ ’'^, pressure-junji^and 

stopped-flowtechniques 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(50>51) 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 Mullerv 

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 alv * J 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^^ has recently reviewed the kinetic results obtained 

for micellar solutions by various relaxation, NMR and HSR methods. The 
model he proposed is similar to that of Muller in that two relaxation 
processes were postulated.

(i) an exchange process (rapid)
(ii) a readjustment of micelle size and aggregation number (slow)

Process (ii) involves the change in micelle concentration

aggregation number and size distribution. Figure 1.4.2.1.
We may consider the relaxation processes with the aid of the 

micelle distribution curve figure 1.4.2.1. Muller assumes that one or 

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

(52)
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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
f 52)represented by 2 + 3. Muller^ 1 suggests that both processes are 

detectable by relaxation methods but only process I will be detected 

by the NMR method.
Nakagawa 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 
light scattering temperature-junip^^ and pressure-jump with conduc­
tivity detection yield the same relaxation times.

The analysis developed by Nakagawa for the exchange process is, 
however, of interest. He 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
('47')of the micelle surface area is also considered by Wyn-Jones et al^ J .

The expression for the reciprocal relaxation time derived by 
Nakagawa is

C° - CMC
1/TI - k21  ̂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 on the parameter and the dependence of the 

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

concentration, which lias been observed e x p e r i me n t a ll y . Hoffmann et 
a^(37,53, jmve s]10wn slight upward curvature of the plots of 1/Xj against 

cj. The explanation for this behaviour is that the concentration is 

high and the polydispersity of the micelles at high concentrations affect

the exchange kinetics.
(47ÌWyn-Jones et al have developed a model based on the Langmuir 

absorption theory. The derived relaxation expression is

1/Tj = k i2 aQ((l-a)/a)C^ - k21 a0 (1.4.2.3)

where a° is the surface area covered by one mole of monomer in the 

micelle; a is the fraction of the total micelle surface covered by 

monomers.
The 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 Wall^ ’ J . The approach 

is based on the similarity between the rate expressions for a series 
of bimolecular equilibria and heat conduction. Aniansson and Wall^^ 
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 
relaxation 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 ij and could be 

obtained.
The overall process may be represented by

where is 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 

conditions. According to equation (1.4.3.1), this will occur in 
steps which are small 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.

(37 53) •The relaxation expression derived by this method ’ is given 

by

r r = 2,3, (1.4.3.1)

(1.4.3.2)

where a is the width of the distribution curve -10

a is (C° - A-^/y^

Aj is the equilibrium concentration of monomers = CMC
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Co is the average relative deviation from equilibrium of 

the micelles generally <1 % 

z is the average micelle aggregation number.

1/tj is therefore a linear function of (experimentally observed) 

with a slope of k9^/z. Since z is known from light scattering measure­
ments k^j can be calculated and hence a from the intercept. This plot 
therefore leads to an experimental estimate of a for the first time.

Process I 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 alkyl-chain ionic surfactants. The
ultrasonic method shows that the relaxation time increases rapidly with

increasing surfactant c h a i n - l e n g t h # The exchange process is assumed
9 -1 -1to be diffusion controlled and rates of the order of 10 Zmole sec.

(37)are observedv J . It is, however, not clear why such a process should
approach the diffusion-controlled limit. Ionic micelles are highly

(3)charged species and have high internal microviscosity J . 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.

Since the micelle is fairly open at the s u r f a c e ^ , an
incoming monomer may not experience significant steric-hindrance in the

early stages. On the assumption that little or no water is present in
(17-21)the outer regions of the micelle (see section 1.3.5V 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 lias 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 increasing relaxation time with increasing chain-length is 

consistent with the decreasing surface area per head group with 
increasing chain-length and indicates that the entrance of monomer is 

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).

The relaxation expression derived by Aniansson and Wall1 

is given by

(37,54,53,56)

1/t 2 iz 1 \I I  t  E ' ■ ,  A 2 ,A] ' 1 + a /zay
(1.4.3.3)

where R
iyl

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 tube is short
lR = k01 A 21 ,s s

where s is the aggregation number at the minimum value of As (of the 

order of 6-10); l is the effective length of the tube.
The rate of distribution is characterised by the value of R

- Z
1

r-,+1 k 21 ,r Ar k2 1,r nrA A

1'he enthalpy of the exchange process (obtained from a plot of I/tj 

against 1/T^) is exothermic. Since the overall enthalpy of micelle
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formation AHm is small (section 1.3.7) there must be a process which 

has a large endothermic enthalpy. The temperature dependence of 1/tjj 
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 

3).
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 picture 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 

transport 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^ and Tween 20 has been used in the extraction 

of Belladonna .
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^that phospholipid bi-layers may momentarily micellise when 
in contact with increased Ca^+ 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 off  5 9 )ionic surfactants both above and below the CMC J . 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^0'*. 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 
p o l a r i t y A n i o n i c  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 role* 
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

C H N
Elemental analysis % Calculated 76.05 7.16 15.85
(as neutral dye) % Found 75.9 7.01 15.73



TABLE 2.2.1

ABBREVIATIONS AND STRUCTURAL FORMULAE OF COMPOUNDS USED

Compound Abbreviation Structure

Acridine Orange

Acriflavine

Atebrine

Malachite Green

Methylene Blue

A0+

AF+

AB 2 +

MG+

MB+

a

H
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TABLE 2 .2 .1  (con t.) Structure

n-alkyl sodium sulphates C H, J n 2n+l
n
1 methyl SMeS
8 octyl SOS

10 decyl SDeS
12 dodecyl SÜS
14 tetrodecyl STS
16 hexadecyl SI DS

sodium dodecyl sulphonate SDSn

C12H25S03 Na

sodium dodecyl benzene sulphonate SDB'Sn

C12n2S^3^ Na+

* 1
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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 S.L.R.
Dodecan-l-OZ- Fisons Specially pure
Ethan-l-OZ- 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 

Sulphonate
Phaltz & Bauer

Sodium Dodecyl Sulphonate Cambrian >99%
Sodium Hexadecyl Sulphate Cambrian >99%

Sodium Hydroxide Fisons A.R.
Sodium Methyl Sulphate Fisons S.L.R.
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TABLE 2.3.1 (cont.)

Reagent Supplier Grade

Sodium Perchlorate Fisons S.L.R.
Sodium Tetradecyl Sulphate Cambrian >99

41
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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 diyness. The product was recrystallised twice from
methanol, twice from triply distilled water and dried at 393K(2).

C 11 N
Elemental analysis % Calculated 64.86 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 g e l ^ .

C 11 N
Elemental analysis % Calculated 63.3 7.12 9.64
(as the hydrochloride) % Found 63.0 7.10 9.60

2.4.4 Malachite Green (MG)

Malachite green was recrystallised from triply distilled 
! times ̂  .

water

C 14 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 393 K ^  .
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C 11 N
Elemental analysis % Calculated 60.0 5.61 13.1
(as the chloride) % Found 59.85 5.63 13.0

2.4.6 Proflavine (PF)

Proflavine was recrystallised three times from triply distilled water 
and dried at 39 3 K ^  .

C H N
Elemental analysis l 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 3 7 3 K ^  .

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 6G was recrystallised from triply distilled water three
times and dried at 3 8 3 K ^  .

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.

Dye+ A /nm max ICr’e/dm^lole ^cm ^
W m

AO 492 55 526
AF 452 47 510
AB* 425 10 502
MG 620 83
M3 656 81 710
PF 444 41 510
PYG 550 46 570

Rh6G 530 80 580

A is the wavelength of maximum fluorescence intensitydll
e is the extinction coefficient at A (for 10-5M dye)max v 1 J

*  2 +AB*

2.4.9 Surfactants

The alkyl sulphates and sodium dodecyl sulphonate were greater than 
99°a pure and were extracted with ether for 36 hours, dried and kept over 
silica g e l ^  .

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 e t h a n o l .
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Elemental Analysis:
I Calculated % Found

Cnn2n+lS04Na C 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 1 2 .1 1

12 50.00 8.68 1 1 . 1 1 49.53 8.73 10.96
14 53.16 9.18 10.13 52.31 9.11 10.00

16 55.81 9.59 9.30 55.20 9.41 9.21

,12H25S03Na 52.94 9.19 11.76 52.41 9.01 11.81

12H25 C6H5S(¥ a 62.07 8.33 9.19 61.31 8.21 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 stoi-ed 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 h y d r o l y s i s .

2.6 Spectrophotometers
The UV/visible spectra of solutions were recorded on either a Pye- 

Unicain 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 Measurement of pH

The pH meter (Radiometer model PHM26) was equipped with G202B glass 
and K401 and K90.1 reference electrodes. The pH standards employed were 

0.05M potassium hydrogen phthalate (pH 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-
(12)step" perturbation relaxation methods . 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:

d r7 _ A ir
ÏÏT (¿nK) “ ^ 2 ( 2 . 8 . 1 . 1)

where R is the gas constant and AH0 is the standard enthalpy change
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If All° f 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° is 
positive the shift will be towards the production of more products; if 
AH° is negative the shift will be towards the production of more 

reactants. The relaxation time, x, will be independent of the direction 
of the displacement of the initial equilibrium.

Systems with AI1° f 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, figure 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 = AQe , where 

A is the absorbance difference between the new equilibrium and that at 
time t, and x is the aforementioned relaxation time.

The most important feature of the relaxation method is that the 

experimental parameters used to monitor the transient concentration



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). Bach relaxation time, t is a function of all the rate 
constants of the chemical system and is a function of the reactant 
concentrations. A particular x 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. NaCI).

The instrument has been designed to produce a 1-5K temperature rise in 
0.5-5yS. 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 TQipjq/10> 
where x ^ ^  is the chemical relaxation time. The heating time (xjj) for 
a capacitor discharge (C) through a conducting solution (resistance R) is 

given by the relationship x^ ~ ¿RC. 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 

ionic 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 O.OlyF. For a cell resistance of 

100ft (1-0.1) the heating times are 2.5, 1.0 and 0.5psec. respectively.
The capacitors, capacitor charging and trigger unit were supplied 

by Hartley Measurements Ltd., Hartley Whitney, Berks. The maximum 

voltage which may be discharged through the cell is 40kV.
A schematic diagram of the lùgli-voltage supply, spark-gap and 

trigger unit is shown in figure 2.8.2.1. In this design both the cell 
electrodes are at earth 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 transformer, 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
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SPARK-GAP Q

CHARGING
RESISTOR

CAPACITOR

CELL

H.V.
SUPPLY

FIGURE 2.8.2.4

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

charged to a pre-set voltage.
Mien 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 ✓TT, where N is the number of 
measurements). Application of signal-averaging will be useful when the 
observation of small, noisy transient changes is 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.lpsec.) 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 <IK) occurs.
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In order 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 nd,
100 jumps could be achieved in just over 20 seconds, and the signal-to- 
noise ratio would be improved by a factor of ~1 0.

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 LOO watt Mercury arc lamp 

(HBO 100w/2) of Hanovia Inc., New Jersey, N.Y. Pure xenon (Hanovia) 
and tungsten 50 watt pre-focus projector l;imp A1 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 ^, giving a bandpass of lOnm for an exit slit width of 3mm.
The lamp power supply was constructed by the Electronics Workshop of 
this Laboratory (ripple less than 0.0590) . The design is similar to that
used in the Gottingen Messanlagen, Studiengesellschaft temperature-jump
• _ . (15)instrument .

The lamp and monochromator are rigidly mounted on a track which 
allows horizontal movement to facilitate focusing. Vertical movement 
of the lamp and monochromator is achieved by screw-in supports which may 

be locked at any desired height. The exit end of the monochromator is 
attached to the cell housing by a 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 k the lenses are made of glass (Ealing Beck Ltd.) but

OPTICAL ARRANGEMENT OF THE TEMPERATURE -JUMP DETECTION SYSTEM

53



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), {91% transmittance, 3% 

reflectance) and focused by a lens (H) onto a reference photomultiplier 

(RCAIP28).
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 of 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 are 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-jump 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,
(ii) absence of self-fluorescence and optical strain 

effects in the cell window materials,

(iii) small sample volume, 
and (iv) uniform solution heating.

The temperature-jcoup cell is similar to that used in the Gottingen 

Messanlagen Studiengesellschaft temperature-jump instrument^^.

The cell body is machined completely from black Dynal (polyacetal
3resin). The volume of heated sample liquid is approximately 1.5cm and

3the total cell liquid volume is approximately 3cm . The absorption 
path length (Z) 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 fluorescence light output could, however, be 

obtained by fitting emission windows with a larger included angle (up to 
60°) 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 by*thermistor 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 1604 electronic thermometer. The Cr/Al thermocouple can be placed 
directly into the test solution through a small (2mm diameter) 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 Meads
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 0.1m.sec. In 
general, the signal-to-noise ratio (S/N) for a photometric detection 
circuit may be given by equation (2.8.5.1) >

S/N «(61/1).1 (2.8.5.1)

where Iq is the incident light intensity and ó 1/1 is the relative change 
in light intensity. It can be seen that increasing the incident light 
intensity, I 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 1x10 1 to 1x10 7A, whilst that for the RCA11*21
-4photomultipliers used for fluorescence detection ranges from 1x10 to 

-81x10 'A. For maximum efficiency and ease of operation, the photomultipliers 

are used with dynode-switching circuits (designed by Ur. C.J. Wilson of 
this Laboratory), the absorption photomultipliers with 4 to 7 dynodcs 
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'2.
This, together with the capacitance of the coaxial cable and dynode- 
switching circuit ~50pF,ques«calculated response time oj approximately 
500 nsec. The response time was accurately measured using a square 
light pulse obtained from a light emitting diode by switching it with 
the square-wave voltage 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 600 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/inagnetic pick-up is to electrically 
isolate the photomultipliers from the light-tight compartment. This is 
achieved by fixing the photomultiplier heads to the compartment by nylon 

bolts and earthing the photomultiplier at the oscilloscope or transient 

recorder.
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approximately 1mA and the anode load resistance is lOkft, the measured
signal corresponding to saturation (the onset of non-linear response to 

%
optical changes) is 10V. In practice, the measured signal Is kept 
below 5V (maximum anode current 500pA) which prevents damage to the 

photomultipliers. Since noise is introduced as each dynode is added to 

the chain, the optimum working conditi ms 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 measurement and temperature-jumps to ensure (ij 
that solutions are not photo-decomposed and (ii) that exposure of the 
photomultipliers to high anode currents is kept to a minimum.

2.8.0 Photometric Control Unit
The photometric control unit is arranged in the form of an analog 

computer^'7-' (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 off, 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+Bj/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 S/D

Since the anode saturation current of the photomultiplier is

The output stage consists of a rise time filter which enables
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smoothing time constants from lpsec. to 5 msec, to be used. This time
constant must he set at least five times shorter than the relaxation

time to be measured. A delay mode, to cancel the effects of the 
%instantaneous fluorescence change which accompanies the temperature rise 

or fast relaxation processes in multistep relaxation mechanisms is 

provided by the transient’recorder (see details in section 2.10).
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 instrument is shown in photographs 

2.8.1 and 2.8.2.

2.8.7 Absorpt ion Measurements
The absorbance A of a sample at a given wavelength X is given by

■9» n
A = l y  ' Ciei (2.8.7.1)

i=l

where l is the absorption path length of the sample cell C - and t { ¡re 
the concentration and molar extinction coefficient of species i.

If I is the incident light intensity, the Beer-Lambert Law gives 
the intensity of the transmitted light 1 (see figure 2.8.7.1),

1 = I 10 ~A (2.8.7.2Jo v

Now, if V A is the measured photomultiplier signal with water in 
A Athe cell, Vy ;md V£ are the signals before and after a temperature- 

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

AI/I = AA = log10 V A /VjA - log1Q V A /V£A (2.8.7.3)
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M  = l°g10 VfA /ViA (2.8.7.4)

Since V A = v A  ± AVA equation (2.8.7.4) may be written

AA = log1()(l+AVA /ViA ) = 1/2.303 7n(l+AVA /V*) (2.8.7.5)

A AIf the percentage signal change is small i.e. AV /V^ < 5%, then we
can consider the first term of the expansion of 7n(l+AV A /v|)

.'. AA = 1/2.303 AVA/VA (2.8.7.6)

or Al^ = 2.303 AA.VA (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.

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

signal-to-noise ratio (S/N)A for absorbance is given by^F2’^ :

(S/N)A = (AI/^(2td I B(A)/P) ̂ (2.8.7.8)

where is the detector rise time, B(A) is the photo sensitivity at 
wavelength A find 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)

(S/N)A = (— )A 10~A/2(2t d Iq B(A)/P)* (2.8.7.9)

2.8.8 Fluorescence Measurements
pThe total fluorescence over all angles I of a sample at excitation

f 171and emission wavelengths A , A respectively is given byv 1caA. dll
n

IF = 2.303 C-e.cb.y l iYi 1=1
(2.8.8.1)

where (j). is the quantum yield of species i.1 i
The measured fluorescence intensity F of a sample is dependent on

pthe path length l , the spherical angle of fluorescence a, the 

incident light Fq and the absorbance of the solution over the path 
length ZF, A* .

F ■ Fo e"A/2 • ( S— J r  ) Ji - l h * (2.8.8.2)

The relative fluorescence change AF/F following a temperature-jump 
perturbation is given by
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3TAF/F = AVF/ViH = A IJ7 l F -  (¿/2-(7F) .A / 1 2 ) 3 A -( -^ _ I  /
cr cn

(2.8.8.3)

where V* 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 A .

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

pfluorescence (S/N) is given by

(S/N)F = ( A FM2 t]} F B(A)/P)2 ’(2.8.8.4)

2.8.9 Determination of the Absorption Path Length and
Temperature 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

-5 -1acridine orange approximately 2x10 M containing 2.0x10 M sodium 

chloride. The spectrum of this solution is shown in figure 2.8.9.1.
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SPECTRUM OF ACRIDINE ORANGE USED IN THE PATH LENGTH DETERMINATION

The transmitted light falling on the absorption photomultiplier 

gives a signal VQ volts when water is in the cell. VQ 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 log^g Vo/V (Â j) then 
compared with the absorbance determined in the spectrophotometer (A^p). 

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

66



in the determination of V will greatly effect the absorbance measured.

TABLE 2.8.9.1

ABSORPTION PATH LENGTH DETERMINATION OF THE TEMPERATURE JUMP CELL

Temp . 298. 2K; Test solution 2x10 5M.AO/2.0x10'_1M.NaCl
SIGNAL

Xnm ASP Water V /volts o AoTv/volts Z,pj/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

As shown in the patli length determination, the bandpass of the 
excitation beam can seriously affect the calculated value of 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 (V g). Since the amplitude is dependent on the bandpass of 
the optical system, the amplitude must be determined at zero-slit width 

if an accurate measure of the temperature rise is to be achieved.
The absorbance change (AA) at 580nm for a solution of cresol red,

_ C -iapproximately 3x10 M (pH = 7.8, 0.15M sodium nitrate, 1x10 M tns 

buffer) is found to be 0.00980 optical density units K 1 (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 (5.3o/3.0, 2.68/1.56 and 1.34/0.75mm). lhe amplitudes

Aobserved (AV1 ) 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

(AVQA ) (figure 2.8.9.3). All the amplitudes are normalised to an input 
Asignal v of 4.3 volts.The relation between observed amplitude AVo , input signal V, path 

length l,yj and absorbance change AA is given by equation 2.8.9.1 (see 

section 2.8.7 for derivation of equation 2.8.9.1)

AVA = 2.303 VA .Z,p,.AA (2.8.9.1)o 1J

Tor VA = 4.3 volts
l = 0.75 cm. AVA = 7.17 AA

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

The absorbance change in the temperature jump cell AAj,j is simply rela­

ted to AA; AAj.j = j AA.
Therefore, for the cresol red system:

AAj.j = l.y j x 0.0098 for AT = IK
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FIGURE 2.8.9.2 Temp/K

DETERMINATION OF THE TEMPERATURE COEFFICIENT OF THE ABSORBANCE OF CRESOL RED
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DETERMINATION OP SIGNAL AMPLITUDE AT ZERO-SLIT WIDTH
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••• AV = 7.17 x 0.73 x 0.0098 x 10 o
3

AV = 70mV K o
-1

The temperature ri^e 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

2.8.10 Hvaluation of the Performance of the Temperature-Jump 

Instrument
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
absorbance and fluorescence 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 
(19)aqueous solution^ J . The characteristic relaxation time is of the 

order of 10-20psec. 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
3range 350-700nm it is greater than 10 , and at the maximum efficiency

C = capacitor 
M = mass of sample 
C = specific heat of water

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

j x 0.02x10 b x (30)2 x 10b = M x 4.18 x 1.5

9 = 6.27M
M = 1.43g
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DETERMINATION OF THE TEMPERATURE RISE IN THE T-JUMP CELL
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of the lamp (50 watt tungsten), monochromator and photomultiplier (~500nm) 

it is close to 104 (for a bandwidth of LMHz) .
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 444nm, A 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-to-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 3x10 M, Calf-Thymus DNA (molecular
7weight 2x10 ) sufficient to give a phosphate-to-dye ratio

(P/D) of 20, <0.5mM EDTA, 0.03M K-phosphate buffer, pH = 7.3,

0.1K Cl, 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 0.02pF 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 30yS, for absorbance and fluorescence measurements.
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(c) AO A
FIGURE 2.8.10.1

[PF+J = 3x10-6M 

P/D = 20 

p = O.l(KCl) , 
ill = 7.3,
V° = 4.2V.

A = 444nm, 500ys/5mV 
Temp. 298.2K

A v =444nm, A > 475nm ex ’ em

V° = 1.5V

500ys/10mV 
Temp. 298.2K

[A O * ] = 1x10“5M
M = O.l(NaCl),

__ pH - 7,
A A = 0 .2 K  yO _ ^ 2 y  I

A = 492run, 20ps/10m V

Tem p. 2 9 8 .2 K

AA0.059o

AF=0.259»

(b) PF+/DNA F

TYPICAL TEMPERATURE-JUMP TRANSIENTS



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‘à, and corresponds to a change in absorbance of the solution of 0.0008. 

The change in fluorescence intensity is approximately 1.0%. The measured
n  7 18)relaxation-time is in good agreement with the published values^ ’ .

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 currentJy available. Small increases in the overall sensitivity 
may be adiieved if a more powerful light source is used, but further 

improvements are unlikely to be achieved.
Very few instruments with fluorescence detection have been

Q 7  20 211reported^ 5 ’ J and even fewer experimental traces have been published,
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 sane 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 dimérisation of acridine orange was used to test the operation 

of the instrument in the lpsec. time region. The experimental conditions 

were as follows:
Acridine orange concentration 1x10 ^M, 0.1 NaCl, final temperature

298.2K.

The light source was the 50 watt tungsten lamp, the observation
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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 3mm.

A simple trace is shown in figure 2.8.10.1 d. The bandwidth of the 

detection system is IpS. The absorbance signal-change-to-noise ratio is 

approximately 30.
The absorbance change is 35mV in 4.5 volts a transmittance change 

of 0.11% and corresponds to a change in absorbance of the solution of 

0.049. The measured relaxation time is in good agreement with the
C ip)published values. Robinson et al quote a relaxation time of 14pS, 

the result obtained in this test is 14.1pS±1.5.
Under the present operating conditions with the acridine orange 

system, the temperature-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 measured on a Long time base G>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 ~0.4s.

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 (AV^/N)* by ~2);

(3) improvement of the optical system, mainly by using fish- 

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
p pimprovement in(AV /N) . 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 in 
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(2 2 )lias been largely described^ J . A block diagram of the instrument is 

shown in 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 Mod i fi ca tions
The major change necessary to adopt the existing instrument to 

enable the detection of fluorescence and light-scattering changes has 
been to fit flexible quartz fibre-optic light-guides (Schott, JJena,

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 (G) and a Bauschand Tomb (excitation) High Intensity UV/Vis 
33-86-79 monochromator (D) to the observation cell of the stopped-flow 

instrument (11) . liach end is rigidly fixed to monochromator (D) and 
and detection block (F) respectively. This arrangement considerably 
reduces the effects of vibration on stopping the flow. The absorption 

photomultiplier (G) (RCAIP28) is fitted with a dynode switching circuit 
(1-4 active dynodcs) , and the load resistance is look'd.

The other quartz light-guide (B) is rigidly fixed into the vertical 

iris of the detection block, so that emission is at 90°, to the excita­
tion beam; the other end is connected to the entrance slit, of a second 

Bausch and bomb (emission) High Intensity IJV/Vis 33-86-79 monochromator
(II). Since fluorescent light intensities are usually very low, the 
emission photomultiplier (I), (RGAIP28), is fitted with a dynode switching 
circuit (7-9 active dynodcs), the load resistance is again lOOkil. For 
both absorbance and fluorescence photomultipliers, the dynode switching 
circuit, together with an RG smoothing circuit (0.1,1,2,5 & 10m.Sec. time 
constants), are housed in a box fitted directly to the photomultiplier 

(d,K) .
The original drive syringes (Summit Icin'3) were found to be prone to 

leakage, due to poorly machined pistons and non-circular syringe barrels. 

There was also an alignment problem since tip and barrel were out of line. 
They have been replaced by 1 cm3 gas-tight precision syringes (Precision
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FIGURE 2.9.1.1

BLOCK DIAGRAM OF HIE STOPPED FLOW INSTRUMENT
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Sampling Corporation, Baton Rouge, Louisiana, IJ.S.A.j. These also 

ensure that equal volumes of reagent solutions are delivered from each 

syringe.
It is known that the volume of solution delivered per run does not 

affect the transients unless it falls below a critical value when pro- 

back diffusion may effect’the value of the observed rate^“' . For this 

apparatus this volume is approximately 75p£ per syringe. In practice, 
the usual volume delivered is greater than lOOpl. Tins 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 leak. 

The manufacture of new tap Kei-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 (>1M) of potassium permanganate in water which has a very high
to

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 Vo 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* i°gio (V0-V*)/(V-V) (2.9.3.1)

If, V  « 0 A* = Log1Q(Vo/V) (2.9.3.2)

By definition, if the path length is Z(cm), the concentration C(M) and
* . -1 -1 the extinction coefficient e(M cm )

A = Z£( (2.9.3.3)
i

Hence, the absorbance (A) measured in the spectrophotometer cell of 
lengtli Z(lcm) is related to the absorbance A* measured in the stopped- 
flow observation chamber of length Z* by the equation

A*/A = l*/l (2.9.3.4)

From equation (2.9.3.2)and(2.9.3.4)

A = (Z/Z*)A* = (Z/Z*) log(VQ/V) (2.9.3.5)

A Z* = iogiotV/V) (2.9.3.6)

Hence, by plotting log10(V /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; X = 540nm for measurements of A and V

Solution A Signal V/volts Log10(V°/V)
Water - 4.1(V°)

kMnO^ - 0.001

1 1.20 2.30 0.250

2 1.00 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

6 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±0.1mm.

2.9.4 The Relationship between Absorption Photomultiplier Voltage 

and Concentration Changes
The relationship between transmitted light intensity (input signal 

to the oscilloscope) , measured signal change Ai/1 and the absorbance 

of the solution is shown below.
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For a reaction with an absorbance change AA*

AA* = log10(VoA /V^) - log10(v0A/ViA) (2.9.4.1)

where and are the initial and final voltages respectively.
Therefore

AA* = l o g ^ / V ^ )  (2.9.4.2)

Depending on whether the reaction is accompanied by a decrease or 

increase in absorbance during the reaction

V A = vf1 ± AV̂ " l f

Therefore

AA* = log10(l ± AiA/v/) = 27303 ln^  1 AvA/VfA ) (2.9.4.3)

For a small change in A*(<0.05) only the first term of the 
expansion of log^Qfl+AV/V^) need be considered,

.’. A'/ = ±2.303.AA*.VA (2.9.4.4)

Therefore, for changes in voltage to be equated with changes in absorbance 
A v V ^  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

AVA = 2.303 AA.Z*.VA (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 tvel (N) for the detection system over the wavelength 

range 350-700nm is always below lmV for signals upto 20V (with a 

smoothing time constant of 1msec.)» If accurate kinetic data are to be

the smallest change which may be measured is ~5mV. If V£ is 2.15V the 
5mV change represents an absorbance change of 0.005, then an amplitude 
of lOOmV corresponds to an absorbance change of 0.1 in a 1cm optical 

cell.

2.9.5 The Relationship between Emission Photomultiplier Voltage and

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 fluoriineter which

enables the measurement of true emission spectra. Most spectro fluori-
meters are of single beam type and have no compensation for the♦
wavelength dependent efficiency 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 

a c h i e v e . 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 
themiopile(which, of course, must have a wavelength independent response

obtained, the signal change to noise ratio (AV/N) must be ~5. Hence,

Concentration Changes
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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.
f 24)The correction of the emission spectrum is more complex^ J. A 

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 "inner-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 equal 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 5mm cell has an absorbance of only 0.1 in the stopped-flow 
cell. It is clearly seen that the fluorescence changes in the 5mm and 
2mm cells are not simply 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 Si. 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 
tlas 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 FT is deter­
mined by mixing dye at concentration , with water in the stopped-flow
instrument. The final signal at t=°°,F̂ -, 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 is C^/2. Tne expected amplitude is given by

AF « F f  -  F-
The influence of background scattered light on the observed fluorescence 
signals is small providing the excitation and emission wavelengths are 
separated by at least lOnm. 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 1x10 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 (AV^), of a trace obtained from a study of a reaction 
with a relaxation time of -20 msec. The reaction chosen was between aquo 
Cobalt^ and PADA, since the rate constant is accurately known ̂  , was

chosen. The expected amplitude (A1̂ ) can be calculated from a knowledge

89



of the absorption change for the reaction and equation (2.9.4.5). Then 

AV^ and AV^ are related by equation (2.9.6 .1), where k is the rate 

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

(AV1/AV2) = exp(-kAt) (2.9.6.1)

At 298K, k is 36 sec. ^. From static measurements the expected 

amplitude AV0 is 90mV. The mean of five determinations of the observed 

amplitude aV^ 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 ~7x10^Pa.
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.  ̂and 
4 5.5cm°sec.  ̂respectively.

Cavitation is not found to be a problem and this is usually the case
(26)

when the linear flow velocity is less than 20 msec . 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-

v
geneous across the observation point. Turbulent flow also assists the 
process of mixing.

2.9.7 Deternnnation of Mixing Efficiency
(27)The mixing efficiency was evaluated in the following way^ 1 . A-2solution of 1x10 M sodium hydroxide was mixed with a solution of

-2 -52x10 M acetic acid to which had been added ~lxlO M bromo Cresol green

(pKa = 4.90) as indicator. On mixing neutralisation occurs and the pH 
of the system is changed. This causes the bromo Cresol green to change
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colour and the reaction is followed at 410nm. Since the neutralisation
f 281

is diffusion-controlled1 1 and the indicator reaction coupled to it isf  2 9 )also diffusion-controlled^ , 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 .9.7.1  a-c.

2.10 Derivation of Relaxation Expressions^  ^

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.

A + B C

K =

( 2 . 10 . 1 . 1)

( 2 . 10 . 1 . 2)

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

reactants, at time t, may be expressed as:

[A] " (X| ♦ A [A]
[B] = [b] ♦ A[B]
[C] = [C] t A[C]

where [XJ , fBj and )cj are the equilibrium concentrations of A, B and C

at the final temperature T+AT, and A[A 

time dependent concentration changes.
, A|Bj and A|C are the small

91



[AO+J  = 1x10" 5M 

[SDS] = 1.5xlO"2M

X = 498nm, V° = 2.2V 
20ms/20mV 
Temp. 298.2K

(a) A0+/SDS A

[A0+j  = 1x 10“ 5M 
[SDSj = 1.5xlO_2M 

Xex = 492nm,

Xem = 526nm,

V° = 2.0V. 

20ms/100mV 

Temp. 298.2K

(b) AO+/SDS F

[AO4] = 1x 10"5M
[SDS] = 5x10_4M 
Ascat = 492/492nm

AIS0.5I V° = 4.0V.

5sec/20mV 
Temp. 298.2K

(c) AO+/SDS Is
FIGURE 2.9.7.1

TYPICAL STOPPED-FLOW TRANSIENTS
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The rate equation is given by:

c1[a] = _ d [b] = d [C]
dt dt ~dt (2.10.13)

From the stoichiometry of the system

A[Â] = A[Bj = -A[C] E x (2.10.1.4)

Substituting equations (2.10.1.2) and (2.10.1.4) into equation (2.10.1.3)
2and neglecting terms in x we obtain:

jjf = -ik1 2 H + @  4 k21)x (2.10.1.5)

-t/xAs shown before A = Aq e , the absorbance A is a measure of the 
displacement from equilibrium i.e x therefore x = xQ e_^t when the 
constant tenu k = x 1. Therefore, from equation (2.10.1.5)

x" 1 = k1 2([Â] + [b]) + k21 (2.1 0.1 .6)

If the concentration of either A or B is much larger than the 

concentration of the other then the concentration o'f say A is essentially 
time independent ano we obtain the expression:

T_1 = k12 M  + k21 (2.10.1.7)

The values of k^? and k2  ̂can be obtained from the slope and 
interupt of the linear plot of x 1 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)

k12 ^23
A+B C D 

k21 k32
(2.1 0 .2.1)

K - kl2  
12 k21

(2.1 0 .2.2)

K - k23 (2.10.2.3)

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

# = - h 2 K W  + k 2 i P I (2.10.2.4)

d[C] " k1 2 LAj[B] - k2 1[C] - k2 3[C] * k32[I 
dt

5]  (2.10.2.5)

k2 3 ®  k32 M (2.1 0.2.6)

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

M  = AB (2.10.2.7)
-AC = AA + AD (2.1 0.2.8)

Substituting equations (2.10.2.7) and (2.10.2.8) into (2.10.2.4) and 
(2.1 0 .2.6) and neglecting square terms we obtain

- -(k1 2 |A+B]  ♦ k21A[A] - k21A[Dj) (2.10.2.9)

k23A[C] - k^AQl] (2.10.2.10)

dt k23A ®  (k23+k32^A tD] (2.10.2.11)

94



These equations have the general form
n> [ X ] i )  - 2  a . j W D O j )  i , j  - n ( 2 . 10 . 2 . 12)

where a —  are functions of the various rate constants and equilibrium
concentrât ions J

The relaxation times are then obtained by solving the determinant, 

det(aij - x (Sjj 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 
will be given by equation (2.1 0.1 .6)

T1 ^12 ̂ Ia I + [p]) + k2l

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

k1?[A][B] = k ?1@  (2.10.2.13)

whicli leads to

k12([A] A |~B I + [B] A [A] ) = k?1 AfC|21 (2.10.2.14)

substituting from equation (2.1 0 .2.8) and rearranging

r ,  -k 12([A > [B ])A[C] = — -------------------  .A [_D|
kl2(LAj + [B>k 21 (2.10.2.15)

substituting into equation (2.1 0 .2.10)
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(2.10.2.16)dA [D| 
dt

- 1 ^ 2 3 ^ 9  [»1 A[P] 
B jvl I 3 I h [bJ )+ ̂ 21

I lence
k12k23(H +[B])
k12c[A].[B])*k2;

(2.10.2.17)

We may also derive these expressions using the two linearised
(30)

differential equations from equations (2.10.2.9) and (2.10.2.11)

THf A LAl - an A (A! + ai2A Oil 

+

where a ^  = + [_Bp +

a12 = k21 
a21 = k23 

a22 = k23 + k32

The expression for the two relaxation times r^, t ? is then

( 2 . 10. 2 . 20) 

( 2 . 10. 2 . 21)

terms

(l-b)s = l-b/2

-1 _ 11 221 - — 2 (1 + d-b)2)

- 1 _ all+a22
2 ~ ~  (1+O b ) 2)

where b 4 âlla22~a12a21')
Caii+a22)

1
for l»b and expanding (1-b) 2 and omitting square and higher

(2.10.2.18)

(2.10.2.19)
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then
+ a22 ( 2 . 10. 2 . 22)

t 2 alla 22 " al2a 21
(2.10.2.23)

If two relaxation processes are observed then

(2.10.2.24)

or
(2.10.2.25)

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.
(19)Consider a simple one step dimerisation reaction

For spectrophotometric detection where the initial light intensity I is 

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

where A is the absorbance of the solution

A = e C° l

where e is the extinction coefficient of the solution at the wavelength 

of the experiment and is the total concentration of the reactants.

The amplitude of the relaxation process <5A for a small temperature 

perturbation ÔT is given by

AA = In L/3T) l 3T (2.10.3.1)

where <f>-̂2 is the amplitude factor.

If we define L = Kj?C^ and s = where is the concentration
of monomer and is the equilibrium constant, 

The amplitude factor (j)̂  is given by

(J»12 = L(3e/3s) (3s/3L) (2.10.3.2)

*
Now 3 In K12 = (AH°2/RT2)6T (2.10.3.3)

The amplitude is therefore

AA = <(, C° l (AI1°/RT2)6T (2.10.3.4)

Now e = eA + êA- “ eA )/(1+2s) (2.10.3.5)

and L = s(l+2s) (2.10.3.6)

The amplitude factor is now
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*12 = i - 2 s / [ T l +2 s ) ( l +4s)J } eA-eA2 (2.10.3.7)

If the response of the photomultiplier is linear then AV/V = AI/I where 

AV is the signal change.

We may now plot AA/C° versus  ̂we ^now ^12 ant̂  êA ~eA-^ we
may obtainAH^ from the slope.

(12 31-33)There are alternative methods ’ J of obtaining expressions 

relating observed signal changes to the thermodynamic parameters of the 
system. (33)Thusius et al have demonstrated a straightforward method of 
obtaining expressions for the amplitudes. For the reaction

A + B =§= AB

AÂ = (AH°/RT2) . Q /Â  + 1/B + l / A f ] " 1 . ^ - ^ - ^ )
(2.10.3.8)

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

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-flow method is a logical extension of classical kinetic 

procedures. The solutions are mixed rapidly and the resultant solution 

is then brought to a 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 DL905 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-anal.ogue 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?0) for the recorder can 

be varied from 200pS 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 4yS.

The transient recorder lias pre-trigger and delay 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 DL905 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
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a. "CLIPPED" TRACE - RELAXATION AMPLITUDE LARGER THAN TRANSIENT RECORDER

SETTING

b . "STEPPED" TRACE - RELAXATION AMPLITUDE MUCH SMALLER TUAN TRANSIENT 

RECORDER SETTING

FIGURE 2.12.2.1
EXAMPLES OF INCORRECT TRANSIENT RECORDER SETTINGS
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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 is 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 different molecular structures and geometry.
In this chapter some general self-associ: ion models are xamined, and 

their applicability to the self-associati <n of surfactants to form 
micelles of narrow and wide size distributions is indicated. It will 

be shown that most self-association models do not predict a "Critical 
Micelle Concentration". A necessary condition for the formation of 
nacelles of reasonable aggregation number (z = 10-100) o\ r a small but 

finite range of surfactant concentration is that the sel 1-association 
model should introduce cooperativity in the early stages.

In the development of any theory of micelle formation, it is 
important to consider possible structures for micelles, and aggregated 
species leading to micelles, 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 aggregation of planar dye units, 

e.g. acridine orange, leads to formation of oligomeric stacks in a non- 
cooperative manner^. Non-cooperative self-association means that 

Kr_1, r < k[2 for

Ar-1 + A. A
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In this case, the concentration of: the (r+1 )mer C j, will always 

be less than (or equal to, as the total concentration C° > w)C . Hence, 
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-micelle 
aggregates at surfactant concentrations close to the CMC is predicted.
Pre-micelle aggregation has been postulated for a number of C^q —t]|

(2-41surfactants , but in general observations close to the CMC are 

difficult to interpret relying mainly on deviations from the Ons ger 
slope of conductivity plots

The approach discussed in this chapter is based on modifications of 

the multi-equilibrium scheme reported previously for the stackin of 
small charged molecules such as acridine dyes.

For many years micelles were considered to be perfectly mon<¡disperse,

i.e. the weight-average molecular weight, N , is equal to the number-w
average molecular weight, N . More recently, it has been recogn sed that 
micelles will in general be pol yd is perse1 ' 1. h.-perimental evidence 

regarding the degree of pol/dispersity is difficult to obtain, theo­
retical calculations show tiiat narrow size distributions may be common^ 

(width at hall-height - 10), and this implies tiiat the mean aggregation 
number above the CMC does not vary significantly with the total 
concentration of surfactant for C? < 5 CMC.A

In any realistic approach to micelle formation in aqueous media 
the experimental generalisations described above will have to be 
incorporates into the model, and explainer on the basis of (free) 
energetic considerations.

Finally, it must lie 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 it is no re easily applicable to the analysis oi kinetic 
measurements obtained by perturbation relaxation measurements, further­

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-assot iat.i in models winch 

have been applied to micelle formation. Consideration will be given to 
whether or not the model leads to a CMC, the type of size-distribution 
and the structure of possible aggregates.

The complete description of a self-associating system requires a 

knowledge of all the equilibrium constants, . Even when the number
of oligomers is small, this is very difficult because the experimental 

uncertainties in one K p  value will affect those 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. extinction coefficient for every oligomer in the system. 
This makes the determination of K values very difficult. The
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 is, 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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3.2.1 Non-Cooperative Step-Wise Self-Association 
This scheme lias been extensively employed for l ic analysis of the 

stacking of charged planar dye molecules^ and the self-association oi 
purine and pyrimidine bases of nucleosides^.

'Flie model employs only one parameter, a step-wise association 

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

A

A

1

?

+ A,

+ A, .•>

r-1 + A, r-1, z M

where = K23 r-1, z K.

It is useful to define a dimensionless parameter s

s = K C,

The total concentration (C?j is given byAJ

r °  = C + PC + 3f  A 1 A '2 3 --- + zC (3.2.1.1)

where C° is the total concentration of A, Cj, etc. and the cconcentration
of Ap A,, etc.

From the haw of Mass Action:-

('l C 1

*■'2  ̂l'i *-j]

= C1 s

(3.2.1.2)

(3.2.1.3)

(3.2.1.4)
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C3 = K C1 C2 = C1 s (3.2.1.5)

cz . Kj Cj Cr_j - Cj z- 1 (3.2.1 .6)

from which the total equivalent concentration (C ) is obtained by the

application of the haw of Mass Conservation:

r
r° \ ' rA z— 1 r 

1
(3.2.1.7)

= C, + 2C0 + ,3Cv .. . I Z Ó ... zCz 13.2.1.8)

= C.(l+2s + 3s2 ___ z-l. .. z: ) (3.2.1.9)

2The sum of an infinite series of the type l+2x+3x .......

is (1-x) 
therefore,

C°  ̂C L//(l-sj2 (3.2.1.10)

So that (0^/0°) 2 = 1 - KC1 (3.2.1.11)

Equation (3.2.1.11) wil1 enable the determination of K if C j is known as 

a function of the total concentration C°.
The characteristic fe; tures of this association model are that tire 

number and weight average molecular-weights are slowly varying functions 
of the total concentration, the aggregates are very polydisperse and 
the average degree of association is usually quite low 2-5.

,3.2.2 Step-Wise Association Model with Slowly Varying Equilibrium 
Constants

In t ris model the variation of the equilibrium constant is pre-
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determined by an explicit function. The variation of K , with r mayI  1 , 1
indicate either small positive (K . increases with r) or negativer  1 , 1

(Kr_j r decreases with r) cooperativity.
for example, using a function which allows for a repulsive coulombic 

potential between nearest neighbours the model is developed below.
The overall free energy change is AG° . = AG° + AG0. (3.2.2.1)i , r+i s t  0 i , i
where AG° represents the contribution from short range "hydrophobic 
interactions" independent of i and AG°^ ^the repulsive potential. AG°^ r 

is given by equation (3.2.2.2)

r
AC0, = (Na el,r  ̂A e yaa)

1
(1/ r) (3.2.2.2)

where is Avagadro's constant, ef) the electronic charge, a is the 

average separation of surfactant head groups, and o is a screening 
factor which is equal to the effective dielectric constant experienced 

by the aggregate. As a is increased the repulsive effect between 
molecules is decreased, a can vary between 1 and *>.

The summation term represents the repulsive potential of the added 
surfactant molecules with the first, second ... r11' nearest neighbour in 

the aggregate.
In general K'r r+1 = exp(-AG° r+]/RT). (3.2.2.3)

Separating Ac0 into its hydrophobic and coulombic terms we obtaini, l i

Kr r+1 = exP O AGst/RT) exPC_q S(1/r)) (3.2.2.4)
2where q = N. e /aa RT n A o

For simplicity we define

exp(-AG°t/RT) = Kq (3.2.2.5)

Then
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K12 = K0/eXP ^ (3.2 .2 .6 )
K23 = K12,/exp('q('2^S o  = k i2/<3Xp (ci(i  + è J)

( 3.2.2.7 )
(3.2.2.8)

r
r,r+] = Ki2/exP (q J ’ tVr)}

r
Now 1 im( 1/r - In rj = c = 0.57721 (Euler's constant)r

r
For r -> exp ) 1/r = r/b2
where r/b = oxp(-(l-c)) = 1.53

For smaller values of r, b is no longer constant but varies from 1.33 

at r = 2 to 1.53 at r = °°. A satis ract ry approximation is made by 
assuming b to be a constant equal to 1.4. Then the theory gives

Hi is case applies to charged dye self-association when only is 

cons i de red s i gni fi cant.
For weak electrostatic repulsion i.e. a °° or q «  1,

Kr,r+1 ~ K12 -  Ki? (n = 2 “) (3.2.2.10)

For strong electrostatic repulsion i.e. a *■ 1 or q »  1,

K. _ »  K . (r = 2 -> °°). 12 r,r+l v (3.2.2.11)

(3.2.2.12)

i.e. all the equilibrium constants are equal.
2For the case of medium electrostatic repulsion i.e. o = eQ /a RT
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or q = 1

In this case the equilibrium constants r+j slowly decrease as 

r is increased. This case will now be considered in detail.

As before we define

K12 C] = S (3.2.2.14)

then by the Law of Mass Action

Kr , r +1 = Kl 2 (b/r) (r = 2 "  “ 3 (3 .2 .2 .13)

C1 = C1 (3.2.2.15)

C2 = K12 C1 C1 C1 s (3.2.2.1b)

C^ = b/r K12 Cr C2 = ( (bs) 2 .Cj /b) /2 (3.2.2.17)

Cr = b/r K12 Cr Cr-J = C(bs)r"1.C1/b)/(r-l) ' (3.2.2.18)

The total equivalent concentration is then given by

C° = C j /b £ (r+1 (bs) r/r.' ) (3.2.2.19)

For the example shown above i.e. K , , decreasing as r increases,i j , l
the system wil1 exhibit negative cooperat i vity. The formation of 

larger aggregates in preference to smaller ones is therefore less 
favourable. The case of slight positive cooperativity i.e. r
increasing with r, leads to a very polydisperse system in which the 

distribution of oligomeric species is dependent on the total concentra­

tion. Therefore neither of the models can predict a CMC and the general 
properties of the proposed model are inconsistent with micelle
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formation.
f 8)3.2.3 The Infinite Cooperativity Model of Kresheck et al 

‘¡'he most common thennodynamic 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.

The model assumes the co-existence of micelles in dynamic 
equilibrium with surfactant monomers above the CMC. All other species 

are assumed to be present at negligible concentrations. Until recently, 

most of the kinetic measurements obtained on micellar systems have been

interpreted on the basis of the Kresheck model. However, very recently
(91a number of new approaches have been developed notably by Muller J , 

Nakagawa* ̂  , Hof fmann ct al' ̂  and Aniansson and Wall*'12 .̂

Now we have on the Kresheck scheme

A1 + ; A., NUCLEATION

A2 + A1 ^  A3

A i Ar -  2 i
KC Ar-1

GROWHI

► FAST

Sr-l,zA . + A. Mr-1 J z MICELLE FORMATION SLOW

The equilibria A ( + A^ A^+ j (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 cons tant ly r _| •
The other assumptions of the Kresheck model are:

(1) For C° > CMC
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cr> CJ C2 
and C-j - CMC

r-1

(2) For C° < CMC

C, cA
It is therefore necessary that:

K,, << K ir = 3 -> r-1) «  K D r-2,r-r r-1,: (3.2.2.1)

It can be seen that the overall model is comprised of steps 
representing, nucléation, 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, i.e.

Kg = K2J etc »  Kp . If q is defined as K^/
q (cooperativity parameter) -* 

Now if we define K,, C , = sVJ 1

then = s/q

tlien

(3.2.2.2)

(3.2.2.3)

From the Law of Mass Action
C1(’ = C 1_ Kc c 1.c2 q
(' _ c i 2s
r-1

q
= q sr~2

q

Let K - l , z = P KC

then Cz = p/q C-, sr-1

(3.2.2.4)

(3.2.2.5)

(3.2.2.6)

(3.2.2.7)

(3.2.2.8)
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C s c,s2
C° -C + - L  + -i—/\ 1 q q + 2 C sr-l q 1 j rsr-1 (3.2.3.9)

C ooj k— ) y— 1The term—  ) , rs accounts for all species above aggregation numberq — in r
z and therefore effectively limits the micelle to aggregation number z.

CA = C 1 * T ((1-S)2-1) + C1 S
r-1 C

1 r
(3.2.3.10)

C° = Cjjl/qCl-s)2 + (q-l)/q p/q c . r-1 n , [ ̂  'r(l-s) +s) i-s OjAp; ,. — -
( l-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 dimérisa­

tion of monomer units, characterised by an equilibrium constant,

kd
A j + A-j = = =  A ?
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'[here is evidence, from NMR measurements, that surfactant monomers
(131can 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 dimérisation may then be 
represented diagramatically (where the head group (*) can be charged or 

uncharged) as:

* * *

•k

It is to be expected that there may be some preference for head to 

tail dimérisation. This dimérisation, however, is associated with the 

nucléation 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 (r)

i . e .  tr  = 3 * “ )
Kd and Kr } f are expected to increase with increasing hydrocarbon chain- 

length.
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The formation of such linear r-niers 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 between surfactant chains as the aggregation proceeds beyond the 
dimer stage. Ihere are two possible ways of introducing a cooperative 
interaction into the growth process.

(i) the growth of a two-dimensional lamellar sheet 
(ii) the growth of a "loose micelle".

(2) The growth of lamellar aggregates: 

The first step in this process is

KC+

A2 A]L A

The hydrocarbon-water interface eliminated i 1 this growth step is 
likely to be up to a factor of two greater than i 1 a linear growth step. 

If we define

AG^t |( = -RT Z-n (For nucleatio ij (3.2.4.1)

AG.ost,r-l,r

then we expect for lamellar growth

AG°. n ̂  AG°. r = -RT In Kr  < st,I) st,G G — 2A G‘s t, IJ (3.2.4.2)

We may therefore define a cooperativity paraneter (q) such that 
Kq = q k|}, and from equation (3.2.4.2) we expect q to vaiy roughly between 

1 and in a real situation. Furthermore, we expect to be independent
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of r to a first approximation for the build-up of Lamellar aggregates.

(3) The growth of "loose micelles"
The build-up of this type of structure is muon more difficult to 

visualise, and it is difficult to see how small aggregates of this type 
could be stabilised to the extent required such that > K^. However, 

the process maybe represented diagramatically as:

o o o
%

The lamellar aggregates may become more like a "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 interaction potential changes due to 

counter-ion adsorption.
So we may have a range of structures thus:
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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). Transitions between lamellar and spherical structures

(141have been postulated previously in connection with bio-membrane action^ .
The model therefore describes a cooperative build-up of lamellar 

aggregates, with the possibility of a cooperative phase transition to 

asplierical 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 distinguish from true micelles 
by the usual physical methods.

3.2.5 Mathematical Treatment of the Cooperative Model

'Die nucleation step is:
A1 + A1 ^  a2

Further growth could be obtained by the build-up of linear aggregates 

/V , but for systems exhibiting modest positive cooperativity (q>l), the 
formation two-dimensional aggregates Af, is preferred, since K > K for 
q > 1. (In the simple treatment proposed here, linear aggregates beyond 

the dimer stage are ignored). Therefore, we have

%
Ar_i + A] Ar (r = 3 -> z)

To a first approximation f f(r).

The final step is the cooperative "phase-transition" between.lamellar
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aggregates and spherical micelles

A =5=2= MY
z

lor simplicity, we assume only a particular value of r can produce 

the "phase-transition". More detailed calculations could easily allow 

for tliis 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 shape of size distribution to be obtained.

As previously described the dimensionless parameter s(= KrC.) isVJ 1
introduced to enable the concentration of the various aggregates to be 
expressed in a simple mathematical form.

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

( 3 . 2 . 5 . 1 )

( 3 . 2 . 5 . 2 )

C3 = (s7q)C1 ( 3 . 2 . 5 . 3 )

cr = (sr_1AiJC:1

Cz = (Y sz/q)C1

( 3 . 2 . 5 . 4 )

( 3 . 2 . 5 . 5 )

From tlie Law of Miss Conservation:-
z

( 3 . 2 . 5 . 6 )

= (C ) { 2s + 3s2 ... r-1 s1'"2 

+ (C1 Y zs“)/q

+ r s r  1 1 + Cj  ( 3 . 2 . 5 . 7 )

( 3 . 2 . 5 . 8 )
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oo-1 T'— 1Since E rs =  
2

(l-s)~2 - 1 13.2.5.9)

OO
and £ (r+l)sr 

z
=  Sz(l-s)_2{z(l-s)+l} (3.2.5.10)

then \ rsr_1 =  
2

(l-s)"2-l-sz"1-[z(l-s)~1+s(l-s)-2 J (3.2.5.11)

Since C-ĵ =  s/K^

c° - (s/Kg) (q-1(l-s)“2+(q-l)/q| - (s/Kg)| s z" V ] j'  z(l-s)_1+s(l-s)"2U

+ (s/Kg)| z 1/sZ Tq lj (3.2.5.12)

The concentration of monomer -C.- for any value of s = s/K... Ihe(j
concentration of spherical micelle expressed in terms of monomers -zC,- 
for any value of s = (s/K^) j z l/sz-1q-1].

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

Cj = zCz i.e. when s = (q/zY)z_1 . (3.2.5.13)

It 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 < K^C^) the aggregation number will increase 

beyond z. However, 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 complex model 

is adopted. For exajnple, if only one type of aggregate is formed, as in
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the case of lomellar aggregates, Y 0 and:

CA =l s/KG q H 0 - f 2 + q-1 } (3.2.5.14)

If q = 1, i.e. the growth is non-coc perati ve

CA - { s a g}{o -S)'2} (3.2.5.15)

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

,,oCA ~ s(l+2s)/K|) (where s = K^C^) (3.2.5.16)

For the situation where cooperativity is especially strong

and Y ->

then

i:A s/kgH1 + zYs“ q *) (3.2.5.17)

= s/Kc (for C° < CMC) (3.2.5.18)

i.e. C^ = Cyy , 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 
1(A is equal to ). Above A, the monomer concentration is buffered,

(dCj/dCŷ  = 0) and the only species being formed are micelles . The

concentration at B = 2/K^ and C^ = zC. , which gives a more quantitative
measure of the CMC. However, this situation represents a limiting case
for which we must assume q > 1C3. Many surfactants exhibit CMC's around
10 \l (see figure 1.2.1, Chapter 1). This implies K,, ~ 10'V1 and tiien K,1» 1
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FIGURE 3.2.5.1

DEPENDENCE 01; C;[ VN13 z( ,, ON C^ FOR Tl U - CASE UP INF IN I I I:

c xiplirativity g = <», y = «,

must be <1M *. Since we h.ive argued that it is unli vcly for c| to be >21^, 

tlie limiting situation is not to be expected for surfactants with CMC's 
greater than 10 'Yl.

More realistic iiK)dels must assume very di fferent values for q and K .̂ 
In figure 3.2.5.2 the effect of finite cooperativity q on the concentration 
of monomer rlose to the CMC is shown. It can be seen that deviations from 

limiting bel.aviour occur at progressively lower values of s as Khl? isb  A
increased. The plot was computed by means of equation (3.2.5.12).

(15)Mukerjre has suggested that likely values of k^ are in the region
10-10^M 1 lor C|q “Cj4 surfactants. Since q is related to k^, values of
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FIGURL 5 . 2 . 5 . 2
DEPENDENCE OF s Q.\ FOR MICELLAR SYSTEMS EXHIBITING FINITE COOPERATIVITY. --- q = 104, -x-x- q = 10- -  q = io , q = i



7 4 - J - ? - 410 -10 M , and CMC's in the 10 "*-10 M region, as found experimentally.

For surfactants in whicli the spherical micelle predominates, large 

values of V are indicated. The effect of changing the adjustable para­
meters - K, q, z, Y - is shown in figures 3.2.5.3 - 10 for the complete 
model. The figures show:-

(iJ For the likely situation of 10<q<100 and z = 10^, there 
is a progressive build-up of pre-nacelle aggregates in 

a concentration range within a factor of 2 or so below 
the CMC. The CMC is clearly difficult to define in tins 
situation; it is probably most usefully described as when 

= zC’7, and so this definition is adopted for the 
general cooperative scheme.

(ii) The CMC is then not very sensitive to Ijtrge changes in Y. 
(Figures 3.2.5.3 and 4).

(iii) The presence of pre-micelle aggregates is sensitive to the 
value of q, but no such aggregates are formed below the 
CMC forqcIO3. (Figures 3.2.5.5-8).

(iv) The CMC increases proportionately as z increases and the likeli­
hood of pre-micelle aggregates increases as z increases.

(v) 11 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 readies a certain absolute concentration e.g. 10 JM. 

With the CMC defined in this way, the plots shown in figures
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N
DEPENDENCE OF C,, E C AND zC ON Y ------------_  ]’ 2 n ---- z -----

N
—  C., ---- EC ,  -x-x- zC1 2 n 60 A Y = 103, K,

,5Z " " ' ' " r  ' D
B Y = 10 , Kd 

(This notation is retained, for all subsequent figs.)

= q = 30 
= q = 30

k?3
oI—I

PLOT OF LOG CMC L0G10Y

z = 60 (1) Kd = q = 30 (2) KJ} = q = 50

128



= 500
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n r,0 zC, on

- nO
- q - 50

z = 60
K() = q = 500
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-2

2 = 60, Y = LO3
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3.2.5.9 & 10 are obtained for the dependence of the CMC 

on q and Kn (when botli are varied synchronously).

(vi) Values of = 25, c| = 25, z = 60 and Y = 10^ give a 

good representation of the behaviour of sodium dodecyl 

sulphate in aqueous solution. (Figure 3.2.5.11).

The model allows several further predictions which are capable of 

e xpe rimenta1 verification:

(i) it is to be expected that as the hydrocarbon chain-length 
of the surfactant increases, and q would increase. 
Therefore, as the hydrocarbon chain-length decreases, the 

growth of pre-miceliar aggregates would seem to be more 
likely, although this is compensated to some extent by the 

lower value of z.

(ii) The value of Y would be sensitive to the hydrocarbon chain- 
length and to M, the sharpness of the transition would 
increase as z increased. Such a process would also be sensi­
tive to the presence of small amounts of "impurities": in 
contrast to the nucléation and growth processes.

(iii) The effect: of ionic strength on the micelle formation process 
is expected to operate primarily through an increase in 
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 

of 0.1M should lead to a doubling of and K^, and a
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For micellar systems in water, the ultrasonic technique detects a 
relaxation process in the microsecond time range^ b An analogous
relaxation (generally time unresolvable) has also been observed using 
the temperature-jump1  ̂- and pressure-jump methods^ . On the model 

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 
temperature-jump1 and pressure-jump J may be due to the

cooperative phase-transition (which ls known to be slow in the case of 
the liquid crystalline-crystalline phase transition of dimyristoyl L-a- 

Lecithin b i l a g e r s ) a n d / o r  the complete dissolution of the micelle.

The most recent and comprehensive Kinetic and thermodynamic model of
(251micelle formation has been given by Aniansson et al . The model put 

forward by Aniansson et al is essentially similar to the one developed 

here. The micelle is considered polydisperse and is formed via a small 
nucleus (6-10 monomers). The build-up from the nucleus stage is rapid 
and must be considered to be a cooperative process.

corresponding decrease of the CMC.
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CHAPTER 4

DETERMINATION 01 •’ CRITICAL Ml Cl TIT CONCENTRA'ITONS BY 

THE DYE-PROBE TECIINIQIJE

4.1 Introduction
There are a great many methods which may be used to determine the 

CMC of surfactant solutions, some of which have already been merit r med 
in Chapter I. Since the object of the present work has been to study 

the interaction of "hydrophobic" dyes with surfactants both above md 
below the CMC, the CMC's were determined by the "dye-probe" method11*.

The dye-probe method relies on the dye exhibiting (i) a change in 
extinction coefficient (e) and/or (ii) a shift in the main absorption 
peak for spectrophotometric detection, and/or (iii) a change in quantum 

yield for fluorescence detection, as the concentration of surfactant is 

increased beyond the CMC.
Although this is the most convenient and widely applied method for

f 2)the determination of CMC's for all classes of surfactants , it lias been 
criticised in the part because it tends to produce values of the CMC for

a given surfactant which are up to 15% lower than the values 
obtained by surface-tension or conductivity methods1'*. This decreased 
CMC has been attributed to the formation of dye-induced micelles, in which 
the dye-surfactant ratio may be as low as 1:10^. The dye which has 
been generally used lor CMC determinations is the rod-shaped pinacyanol 

chloride. Mukerjee et al have discussed the effects of this dye on the
(44CMC of sodium dodecyl sulphate in some detailv . Ineir conclusions are 

(i) the CMC is dependent on the concentration of the dye (ii) curiously 
the CM! approaches the surface-tension value as the dye concentration is 
increased (iii) the "dye-rich" micelles become "normal" micelles as the 

micellar concentration is increased and (iv) on increasing the ionic
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strength the CM,' values obtained bytUXye approach those from surface- 

tension and conductivity. There is some independent evidence from 
fluorescence energy-transfer experiments^^, for the formation of dye- 
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 in 
the range 4x10 M - 3x10 M, (ii) the CMC's are independent of dye 
structure and (iii) the CMC's are approximately 10b lower than surface- 

tension and conductance literature values ^ •

4• 2 Spectrophotometric Determination of C M 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 dodecyl sulphate (Slx.>J will be discussed in detail 

since it exemplifies the approach.
From the acridine orange-sodium dodecyl sulphate visible absorption 

spectrum in figure 4.2.1a, two distinct types of interaction are apparent. 
For a fixed total concentration of dye (~10 5M), 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 coefficient at 492 nm decreasing from 55,CXX) to 20,000M ^cm 
as the concentration of SDS is increased below the CMC. Both these effects 
have been observed previously from the process of planar sandwich-type 

stacking of the dye a l o n e ( " e n d - o n "  aggregation will lead to a blue- 

shift of the absorption peak)v .
No isosbestic point is observed showing that there 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 ami the surfactant anion.
The spectra of the dye-surfactant solutions below the (.Ml are t ime

dependent to some extent, the intensity of absorption deer, using with
time^, due to the slow build-up of colloidal size particles in ine

solution. The increase in turbidity takes place ove i a pciiod of , iany

minutes, generally the decrease in absorbance is not ore t mn 20* over
a period of thirty minutes. Turbidity first becomes tppai, at at .MS

-4concentrations of approximately 10 M and continues up to approximately 
2x10 '\l. Above 2x10 the turbidity decreases and the rat. of I urination 

of tlie larger aggregates becomes veiy slow.
To reduce the effect of turbidity on the absorption spectra, he 

surfactant and dye solutions are separately pre-then.ostatted. The stock 

dye solution was then added to tire diluted surfactant solution in a 
graduated flask and after shaking 3cnr were rapidl) transferred to the 

cuvette. Tire time required for themiostatting in flu spectrophotometer 
was thereby reduced to less than two minutes and sc the effect of turbidity 

on the recorded spectra is negligible.
In order to confirm that tire observed slow efleet was due to aggre­

gation of tire dye below the CMC due to a mutually-i educed 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 effect, the 
possibility of an interaction of A0+with sodium met y 1 sulphate (SMeS) was 
investigated. It was found that for concentration ol SMeS up to 0.2M, 
only small changes in the ACfspectrum were observed, fire magnitude of 

tlrese changes can be attributed solely to the increase in the extent of 

dimerisation of the dye with increasing ionic strength (1) of tie solution. 
Tire dimerisation constant (K̂ ) of the dye has been previously found to be 
1x 104M~ 1, I = 0 and 1.6x104M_], I = 0.1((l).

The strengtlr of tire induced aggregation interaction, estimated from

140



iJODECYL SUI, PI LATH AT 298.2K141



the concentration of surfactant corresponding to the niid-point of tlie "S" 

shaped-binding curves (K^) (for example figures 4.2.2,3) increases as 
the alkyl-chain length of the surfactant increases. I’he larger the value 

of Kjj of the dye concerned the stronger the interaction, see table 4.2.1.

The solutions become cloudy in the region of surfactant-to-dye ratios 

10-100. The extent of the cloudiness i s de pendent upon k(j, the chain- 
length of the surfactant, concentration of the dye.

Also the rate of growth of aggregates also increases with mid the 

surfactant chain-length (see Chapter 5 for kinetic details). Hie 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 aggregation process is unhindered by repulsive 
coulombic interactions. The term mutually-induced is applied to the 

aggregation process, since the process is dependent on the natural tendency 
for both species to aggregate in solution. This is greatly enhanced when 
the charge repul ;ion is reduced.

In the regi in of the CM) 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 ACf in free solution. The
bathochromic shift 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 those observed for

(9)the binding of AO* to DNA* ■ . The pre-CMC interaction is similar to the 
outside stacking of the dye i.e. a weak electrostatic binding site, and 

the spectrum of A0+above the CM] is similar to that of the intercalated 
dye, although the red-shift is not so pronounced.

An isosbestic point is observed at 525nm for concentrations of 

surfactant C10 C1(P above the CM] which indicates that the dye is in
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TABLE 4.2.1

STRENGTH OF DYE-SURFACTANT INTERACTION BELOW 'll IIi CM

SURFACENT
DYE 102K /M* n HEAD CROUP l0\ , /

> o + 100 10 s° ; 2

12 s o ; 1 3
12 Scr3 ' . ()

12 <£>-so~ 21

14
S°~4

70
16 so4- 10()

+PF f) 10 s o ; 0.7

12 so4- 4

MB+ 70 12 so4- 1 .6

PYG+ 30 12 so4 0.0

AF+ 1 ~1 L2 so4- 60

a b 2+ ' ~5 12 s o : 1

see Chapter 2 for references.

Estimated during the course of this work.4*
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|Dye| lx 1C 5M, Temp 298.2K
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equilibrium between the pre-mi cellar mutually-induced and absorbed states,

shown schematically in figure 4.2.4.
The CMC of sodium dodecyl sulphate lias also been determined using

the unprotonated form of acridine orange. The pka of acridine orange is
10.45^^. The determination of the CMC was carried out at pi I 11 and 13.

The spectrum of the unprotonated form of the dye is very different from
that of the protonated dye. The unprotonated form has an extinction

4 -1 -1coefficient of 1.8x10 M cm at the maximum of 44Qnm.
At the lower pH, the dye spectrum above the CMC was identical with

that of the dye in neutral solution, which suggests that the dye is
protonated at the surface of the micelle, it is known that a pH gradient

exists in the region of the micelle surface^11'*. This pll gradient is a
result of the high surface potential of the micelle (ip )• 120mV for SDS. 

f 121Hartleyv J has shown that the pll at the . urTace of the micelle pll , is 
related to the pH in bulk solution pll , by the equation

pll - pllh - tp°/51) .lb (4.2.1)

Hence, for tire SDS micelle, if the pll in tire bulk solution is 11, the pH

in the region of the micelle surface -9. The dye will therefore be -99 &

protonated as it diffuses into a region close to the micelle surface.
To ensure that the unprotonated form of the dye is absorbed by the

micelle, the bulk solution pH was adjusted to 13with NaOll, so that tire

surface pH is then approximately 11. Unlike the system where the pH is
-9, the spectrum of the dye when absorbed by the micelle pit. - 11, is very

different from that of the protonated form. This sugg.ests that the dye is
absorbed in the unprotonated form, lire extinction coefficient is
2.Oxl04 M ‘cm  ̂at the A = 446nm.max

In fact, if the surface pH = 11, there should be approximately 20 &



FIGURI] 4.2.4

SCilHMATIC Dl YORAM OP A I M i ABSORBI:!) INTO THF PALI SAUF iaypr

OF A Micino i:
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A/run
I: IGIJR1: - 4 .2 .5

ABSORPTION SIMCTHA TOR UNfROTONATtl) AO ( pi I =_ 13) W I I I I SI)S -(x)- 
SPS = 1Q~4M , -foj- SI IS = 1Q~2M (AO) lxlO~:>M, TIM' 298.2K

protonated dye. The spectrum of the dye in this sys cm has a secondary 

peak at 498nm which corresponds to protonated dye. The 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 gives a sensitive measure of the surface pH of micelles.
The CMC has at o been determined for the simila surfactants sodium 

dodecyl sulphonate iSDSn) and sodium dodecyl benzene sulphonate (SDBSn)

(figure 4.2.0) by means 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 approximately four. The CMC of SDBSn is therefore equivalent to that
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of sodium tetradecyl sulphate (STetS) (a C.. surfactant). The benzene 
group appears to contribute the same hydrophobic free energy as two -Cl 1,- 
groups . 'Jhe limiting extinction coefficient of the dye absorbed in SDBSn 
micelles is the same as that for SDS micelles which indicates that the 

benzene group does not have a measurable effect on the dye spectra. / 

Most of the dyes used have a tendency to self-associate (oligomerise) 
in free solution^’1n ^ , i.e. they do not obey Beer's Law as t h e  con­
centration is increased. However, when absorbed by the micelles Lite dyes 

do obey Beer's Law to much higher concentrations than in free solution, 

figure 4.2.7 and table 4.2.2. Deviations from Beer's Law occur l o r  the 

absorbed dye only when the micelle to dye ratio (M/D) is less than one. 

litis observation indicates that oi ly one dye is absorbed by each micelle, 

unless the M/D ratio falls below one, when more than one dye is absorbed 
the absorption spectrum is expected to change. Hie observation is 

confirmed by energy-transfer studies between Thionine and methylene blue 
in SDS micelles * ̂ .

In order- to establish the environment of the dye when absorbed by 
micelles, the spectrum of AO+in various solvents was measured. It was 

found that neit ler extinction coefficient nor A correlate well with 
solvent: polar it , figure 4.2.8. litis is, however, not unusual and the 
spectrum may depend on such complex parameters as the work of cavity

/ I Q)formation m  tlu micelle and the loss of aqueous solvation ’ .

It is dill cult to assess which solvent apparently provides the best 
model for the d;'o environment when absorbed by he micelle. A considera­

tion of X and extinction coefficient suggest that dodecanol is perhaps
a reasonable model. A summary of the A , , and (extinction coefficient formax
the dyes in various environments is given in table 4.2.3.

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

tant systems, shown in figure 4.2.1b-f, are fundamentally similar to
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t a b u ; 4.2.2

VARIATION OT EXTINCTION COTTEICIENT ( 492i un) OT ACRI DI NI ORANGO AS AFI INCTION 01: MICELLE/DYT RATIO

i o 2s d s / m 105M / m  
z

105A0/M M/l) A e 492iiiii Aiìl / IO '\ l 'cu i  492nnv
1 . 5 0 1 3 . 3 0 . 8 5 16. 1 0 . 5 5 (>() . o1. 497 1 3 . 2 1 . 65 8 . 0 1. 14 66.  (>1. 492 1 3 . 2 4 . 1 2 5 3 . 2 2 . 6 5 6 6 . 71. 485 13. 1 12. 375 1 .Od 8 . 0 6 6 . 81 .0 0 5 .0 1 3 . 2 Q Cv

l
co 7. 6 5 7 . 8

M = C °  z -  c m ; / z
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10 -

F IGUUli 4.2.7
PLOT OP ABSORBANCh 49 ¿am VS [A0+ ]

-(xj- A0* only -o- A0+ absorbed by SDS micelles 1 3x10 Vl

Temp 298.2k

those described above lor AO-SDS, i .e. below the CMC the dyi s exliibit a 

tendency to stack which is dependent on the tendency of the dye to self­
associate in free 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 coefficient against log^Q[surfactant| are shown 
in figures 4.2.9-12.

The small changes in absorption spectrum observed for atebrine may 

reflect its difficulty in entering the nacelle. 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 its environment.
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TABU- 4.2.3

VALUES OF A .. AND EXTINCTION COEFFICIENT FOR DYE.S IN VARIOUS ENVIRONMENT:

DYE

J I I O . A

AQUEOUS

U W  eAmax/l o V 1

m lceeli;(s d s>i o _2m)
cm”1 A eA /loV1 max7 max̂

MAXIMUM
-1 ian Amax..

STACKING
eA /!( max '

A0+ 492 55.9 498 63.0 465 30

AO 440 18.0 445 20.0 -

AF+ 446 41.0 452 47.1 4 10 33

a b2+ 420 9.0 428 11 - -

MB+ 665 825 060 90 590 30

+PF 4 44 42.1 448 46.0 4 38 27

PYG+ 546 4 5.9 549 50.0 S Ì.2 20

MG+ 6 LO 87 625 91 575 50

Rh6G+ 525 85 532 87 510 47
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SOLVENT DFPhNDFNCh OF EXTINCTION COFFFICIliMT OF AO 

1X311 = Dodecanol , II’A = Isopropyl alcohol 
[AO] = 1x10_5M, Temp 298.2K

4.3 Fluorimotric lietc miinat ion of CMC1 s

The ACT'monomer lias an emission peak at 526nm (excitation wave Length 
492run). This emission is quenched as the concentration of dye is 

increased due to the planar stacking of the dye ions. Concentrations of 
SDS below the CMC cause a quenching of fluorescence which remains quenched 
on further addition of surfactant until the CMC is reached when a dramatic 
increase in fluorescence intensity at 52bnm occurs to a value -3 times 
greater than that for free dye (10 ^M). This indicates that the dye is 
restored to the monomer form and is resident in a partly hydrophobic

environment. Hie 1 lucrescence intensity reaches a limiting value for 
concentrations of surfactant in exi s of twice the CMC. Figure 4.3.1. 
These changes parallel those observed for the absorption spectrum, and 

are general for all dyes and surfactants investigated in the course of 

this work. 154
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452nm

FIGURE 4.2.10 PLOT OF e<]̂ njri(AF+) -x-,492nm -o- , VS LOG^ISDS] FOR

DETERMINATION OF THE CMC

[AF+] 1x10 5M, Temp 298.2K
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FIGURE 4.2.12 PLOT OF e511njn(PYG+) VS LOG-̂ fSPSl FOR DETERMINATION OF THE CMC 

[PYG^j 1x10“5M, Temp 298.2K
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FIGURE 4.3.1 PLOT OF FLUORESCENCE INTENSITY VS LOG1Q|SDS]FOR DETERMINATION
OF THE CMC

- X -  AO+, -o- PF+
[Dye] 5xlO“6M, Tenip 298.2K
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FIGURI! 4.3.2

SOLVENT DEPENDENCE OF FLUORESCENCE INTENSITY OF A0+ 

[AO*] = 1x 1 0 _5M, Teinp 298.2K

The fluorescence changes, like the absorption changes, are similar 

to those observed for the binding oi AOfto UNA' .
'Ihe 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

103CMC/M

[pye] [NaCl] Temp/K Method
/M /M 293 298 308 318

3x10“3 A0 + 
1x10 b

0.10 1.35 1.25 A,F
0.00 7.2 7.0 7.0 A,F
0.01 5.2 5.0 5.1 A,F
0.05 2.0 1.95 A,F
0.10 1.35 1.30 1.40 1.50 A,F

4xl0“6
0.20
0.05

0.96
2.05

A,F
F

0.10 1.37 F
0.05 MgCl? 1.05 F

8x10“7
0.10 MgCl^ 0.83 F
0.00 z 7.1 F

lxlO“5 5°s MeOH 7.05 A
10% MeOH 7.10 A

1x10“S PF + 0.00 7.1 7.0 7.0 A,F
0.05 1.95 1.97 1.99 A,F
0.10 1.30 1.29 1.37 A,F
0.20 0.95 A

4x10“^ 0.00 7.0 F
3xlO"6 0.00 7.0 F
4xlO~6 0.05 MgCl? 1.05 F

8x10“7
0.00 7.0 F
0.10 7.05 F

lxlO“5 AF + 0.00 7.08

lxlO“S AB2+ 0.00 7.0 A,F

1x10“5 MB+ 0.00 7.0 A

lxlO“5 PYG + 0.00 7.0 A,F

lxlO_5Rh6G+ 0.00 4.0 A
7.5 F

1x10 MG+ 0.00 ~3 A

C 1L .SO. N;i+ n 2n+l 4 103CMC/M* Temp./K Method

n
16 0.51 316 A
14 2.05 303 A,F
10 30.5 298 A,F
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TABLE 4.3.1 (CONI.)

|DyeJ
/M

[NaCl]
/M

i o\:m c/m
MethodT1MVK

293 298 308 318

1x10"5 A0+ 
SDSn

0.00 9.4 A, F

1x10"5 A0+ 
SDBSn

0.00 1.6 A, F
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4.4 Determination of the CMC of Anionic Surfactants by Non-Acikfino Dyes

To determine whether the behaviour of the planar acridine type dyes 

with iinionic surfactants is general and applicable to other classes 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 readied 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 ()G exhibits hypodiromism 
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- 
metricaily is different and lower (by a factor of approximately two) than 

that observed f1uorimetrically. 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 molecules 

in the pre-mi cellar region), and these micelles contain more than one dye.
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FIGURI: 4.4.2 FLOT OIìe53Q im-x- and FLUORESCENCE INTENSITY -o- ( SOnJTt vs
LOG o|SDS] FOR DFTHRMIMOTION OF THF CMC

(RhôG+J lxIO 5M, Temp 298.2K
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The extinction coefficient would stili increase because of the lower 

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 6G give rise to anomalous 

CMC values further investigation was discontinued. The use of such dyes 
as probes for the deternnnation 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 is 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 of 

the dye to self-associate in free solution i.e. to remove itself from an 

aqueous environment, the most plausible 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 of CMC 
values may be summarised as follows

(i) planar acridine-type dye spectra (absorbance and fluorescence) 
are very sensitive to the CMC of anionic surfactants.

(ii) for acridine-type dyes the CMC values measured by absorbance 
and fluorescence are identical and independent of dye charge, structure 

and concentration.

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

dye to self-associate in free solution.



(iv) non-planar dyes appear to disrupt the nacelle-forming process 
which leads to anomalous CMC values.

It must be stated that the CMC determined by the dye-probe method 

lias no theoretical basis, but is 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 INVESflGATION 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,

2(ii) a slow process (II) in the 1-10 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) ̂ ^ .
A simple sequential scheme (A) is shown below
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I) + s K
US

K2
US + S ===ss 1)S9

L
(A)

US + D

The addition of D or S to the US unit will depend on the relative 
concentrations of dye and surfactant and the values of K, and K..

There are other pathways which must he considered and a full multi- 

pathway mechanism is given later.
The observed rate of the aggregation (k(obs)j), process I is 

dependent on for the dye, the observed rate decreases witli decreasing 

Kjj. Also, the observed rate is found to increase substantially with 
increasing surfactant 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 (II) which follows the build-up of dye-

surfactant aggregates is considered to be similar to the dye-induced
i 2macromolecule aggregation recently described by Schwarz et al . They 

propose that the initial cooperative dye binding to macromolei alar 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 increase in ionic strength, 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 imjwrtant 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, it is 
proposed that the slow aging process (II) occurs in a similar manner to 

that described above.

5.2 Experimental Procedure
5.2.1 Stopped-flow Kinetics

The kinetic measurements were performed by mixing dye with surfactant. 

The mixing ratio was 1:1. The dye concentration range was 1-4x10 JM. The 
kinetic transients were observed by absorbance, fluorescence and light­
scattering modes. The wavelengths of observation were:-

l,i:+ A0+

444 nm 492 nm absorbance,
444/510 nm 492 nm/52b nm fluorescence,

492 nm/492 nm light-scattering.

All the measurements were carried out in the absence of added ionic 
strength, unbuffered (|11 ~7) and at 29H.2K.

The observed rate constants from all the kinetic measurements are the 
mean of at least five transients, lirrors are standard deviations.

5.2.2 Manna 1 Mix Kinetics

The kinetic measurements of process II 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

7.drawn into two separate lan 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 fluorescence cavette in the tlier- 
mostatted cell holder. The mixing was complete within 1 second. The change 
in light-scattering (lb) was recorded on a continuously running X-Y 

recorder (Servoscribe R11511). Rate constants were obtained from the slope 
of a plot of log]()rS 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 approxi­

mately two minutes after the initial mixing of the solutions.

The wavelength of observation was 492nm.

5.3 Results; Stoppod-Flow

5.3.1 Effect of Dye Concentration and Structure
The transient absorbance and fluorescence amplitudes f process I is 

found to be consistent with the equilibrium amplitude, la transients are 
good exponentials in all cases, The transient absorbana amplitude changes 
sign at 470nm for acridine orange and 420nm for profl v ne which is consis­
tent with equilibrium spectral data (see figures 4.2Ja,b).

The decrease in the fluorescence intensity to ?aro indicates that at 
least the dimer dye aggregate is formed. Furthei iggregation cannot (in 
this case) affect the fluorescence intensity^. However, the initial 

decrease in absorbance associated with process i gives the same observed 

rate constant as that obtained by fluorescence measurements. This suggests

174



that the process involves only dimer formation or that dimer formation is 

the rate-determining step.
Plots of observed rate constants k(obs)j against dye concentration 

(for a given surfactant concentration) are non-lint ir, figure 5. 5.1.1.

5.3.2 liffect of Surfactant Concent rat ion 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)j against surfactant concentration 

is linear at high surfactant concentration, but the plot exhibits curvature 

at low surfactant concentrations. (Figures 5.3.2.1, 2 , 3,4,5). I he data in 
the low surfactant concentration n ion (* 10 M) where curvature is 
exhibited is experimentally difficn t to obtain. The transient fluorescence 
amplitudes are very small and the rates very slow. Data in this region is 

therefore subject to large errors.
It is not possible to plot k(obs)j against |surfactant-dye] and obtain 

any meaningful results.
The effect of surfactant chain-length on k(obs), is shown in figures

5 .3.2.1 - 5. In figure 5.3.2.6 the slope of the plot of k(obs)j against 
surfactant concentration for a given dye-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 (IMF's). This may reflect the 

difference in the aggregation tendency of the two surfactants.
The effect of changing the surfactant head-group can be seen in figures

5.3.2.1 , 5. The pre-CMC interaction observed spectroscopically of AO/SDSn 

is not as strong as that for AO/SDS (Chapter 4 values). The kinetic
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0 2 4 6

Temp. 298.2K [SDS] 3xlO~4M - x - A0+, - o - PF+

8 10 

IO5 [DYE]o /M

FIGURE 5.3.1.1

PLOr OF k(obs) 1 VS P)Yujd
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data supports this view. Similarly, the interaction of AO/SDBSn is 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 
surfactant concentration of 10 ^M the k(obs)j for different surfactants are 

shown in table 5.3.2.1.

TABLE 5.3.2.1

COMPARISON OF RATES OF PRE-CMC DYE INTERACTION

k(obs)j/s ^ io3cm c/m 103 4 “  .
SDBSn 1400* 1.6 21

SDSn 80 9.4 2.6

SDS 150 7.0 13

SDeS 40 30.5 2.2

Temp. 298.2K

k
Extrapolated value.

is a measure of the equilibrium constant for the DS interaction (see 

Chapter 4).

From these results it can lie seen that the difference between SO. and
<p>SO., is small (approximately a factor of 2), but between 30 „ anda SO ~

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

much larger than that for SDeS to S1)S (approximately 4) which implies that



- X -  4 x 1 0 ~ 5 M .
FIGURE 5.3.2.1

PLOT OF k(obs) ̂ 0+ VS fcps] FOR THE PRE-CMG INTERACTION
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FIGURE 5.3.2.2

PLOT OF k(obs)FF + VS [SDS] FOR THE PRL-CM: INTERACTION
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PLOT OF k(obs)}'F+ VS [sDeS] FOR TI1L P1TÜ-OK: INFRACTION
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FIGURE 5.3.2.4

PLOT OF k(obs)^° VS [sDeS] FOR THE PRL-CNL INTERACTION
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FIGURE 5.5.2.5

(a) PLOT OF k(obs)^Q VS (SDSnl & (b) k(obs)^° VS [SDBSn] 
FOR THE PRE-CMS INTERACTION
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FIGURE 5.3.2.6

PLOT OF SLOPES VS [dye]
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the effect of the benzene group is not a simple hydrophobic one equal to 

2C112 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 11 lias only been investigated for the 

AO /SDS system, it was found that the rate of production of large aggre­

gates decreased 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 5.3.2.2

COMPAR I SON OP RA'I'l-S OP FLUORESCENCE DECREASE (I) 

AND LIGHT-SCATTERING INCREASE (llj

[ SDS] /M FLUORESCENCE k(obsj,/s 1 SCATTER k(obs)

-S -21x10 6.6 5.3x10 z

lxlO~4 10.6 2.2xlO~3

1x10“^ 130 4.Ixl0~4

Temp. 298.2K |AO+J = 1x10 5M
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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 is assumed that 

the absorbance observed rate also corresponds to the formation of a dye 

dimer unit.
The full reaction scheme (B) is given below.

U+ + S' 42
KZ\ D1S1

2̂3 1}2S Î
'54 43 v34

Ü 2S 2

(B)

The addition of dye to a D^S species is expected to be more 
favourable than dye dimerisation in free solution because of the more 

favourable couLombic interaction. Hence,

+ ,, +,K?3(= D^Sj/D'DLSp > 104M 1
(4)

If the addition of dye is diffusion-controlled, the reverse rate constants 

an<J << 10'\s *, lO^s  ̂ being the value obtained for the dye 
acridine orange in free solution^. For the dye surfactant dimer (1)?S ,), 

the charge repulsion between dye molecules will be negligible. Therefore, 

kp5 wa-Bl be very small.
The aggregation of dye surfactant monomers directly to give D9S9 is 

considered unlikely. Scheme (B) then reduces to (C):-
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+ s "12
"21

D 1S1

'54

Ä  d s;
K32 /|

k45 k43

D1S2
"56

'34 (C)

d 2s

Scheme (C) remains complex and a rigorous solution will not be 

attempted. We may, however, split scheme (C) into two pathways (D) and 

(E).

+ , 0- '12. n f, k23. M c,+ k32£) + S ^-----  11-, S , ------  11 .-.S-,kI?
k21 1 1  T  2 1 Lk32 -43

^n-l,n
k , n,n-l

(D S ) ' x yJ (D)

D+ + S'
ki

21

k12 *23 - 32
r =  u is j uis2

'32 43

kn-1 ,n:sr“  CD s )k ,n-l x y
(E)

The first step is common to both schemes to both schemes and is 
likely to be diffusion-controlled. Since the tendency to aggregate in 

free solution is much greater for the dye than for the surfactant 
(K^° /Kj^ ~ 10") scheme (11) will be the most important one. Scheme (E) 
will become important at high surfactant concentrations i.e. [Sj /[if] - 10". 

This means that K̂ -. »  K^, so that the stability of I^S^ »
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 in a D^S aggregate.

The dye-surfactant structure may be represented by:

. . , D D 11 D II 11 . . .
S S S S S S

where the 1) 11 spacing will be ~0.4nm.(i:
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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 

•with a fully stacked system*-^ . The dye must therefore exist in monomer, 
dimer and stacked environments. This situation is represented by:

. . . D U  I) D D ü I) li I) I) D D D . . .

. . . S S S S  S S S S S  S S S S S S S . . .

A very detailed spectral analysis may reveal the relative amounts 

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]/[l)J < 10 and scheme (D) will be considered in more detail.
Application of the relaxation method to system (D) leads to two 

decoupled relaxation times*'6'*:

TI = k12(lr)J + + k21 (S.4.1.1)

-1TII k23r» 2 [SI * 2K21)

| D | + [ S | + K
+ k32 (5.4.1.2)

21

k23M([ffi]1 ♦ K12([D] + [S])2PI * 2/K12)/C,
-- —  * k32 (5.4.1.3)

__o __ _ _ _
Terms in (l)|~, [_DS| |Dj and [D] [S] may be neglected when compared witli 

[Sj . liquation (5.4.1.3) then reduces to

-1 k23
IL i+k]2(|0|+|sJ)

+ k32 (5.4.1.4)

_l(7)
Now the ion-pair formation constant for uni-univalent ions K-^-lOM
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Hence (5.4.1.5)

then K j , ( 11)| + [S ]) - 10

+ k32
liquation (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 equilibrium. 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 used1- J:

The rate of appearance of [D2S] is given by

k ,3 [D] . [US] - k32 [U2S] (5 .4.1.6)dt

Now, if [l)S] is in steady-state

(5.4.1.8)
k̂21 + k23 tD])

A further simplification may be made if the formation of D2S is 

considered to be irreversible i.e. k,21 i'2Sj = 0.
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Then

rate
d|l),S]
tFt = k23[U||DS

23k12

k 21 +
(5.4.1.9)

(5.4.1.10)

Now, as before, , ~ 10M * and it is most likely that k^? will be
diffusion controlled (similar to the dye dimérisation rate constant).

10 9kj2 ~ 10 which will make k ^  ~ 10' .

Rearrangement of equation (5.4.1.10) gives

rate dUçSI k23Kl210! 2 CTJ
dt

1  + k 2 3 / ^ 2 1 I
(5.4.1.11)

k , ̂ will be similar to the dye-dimerisation rate constant ~101$ sand 
k ~ IO'sV Therefore, k , ,/k , j | !)• << 1 and,

rate = -d[l)]
dt fk23Kl2Î1)H SJlll)! (5.4.1.12)

.'. k(obs) = k23K12[Dj [S] (5.4.1.13)

Hence a plot of k(obs) vs |S| should be linear with a slope of 

k >3H 1 2 1-111 • Of course, this relationship is not strictly correct since 
|l)| is not constant except under conditions where complex formation is 

small. However, 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 k?3-

Assuming Kj , = 10M ', [D] = [D°j Values of k23 are shown in table 

5.4.1.1.
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A preliminary initial-rates analysis of some of the data has been
("O')carried out by Dr. A. J a m e s J 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

Initial rate = k ?3[DS| [l)°] = initial slope [D°J (5.4.1.14) 

= k23Ki2[l)01 2 • Ls°] (5.4.1.15)

where jD°] ajid [S°J are tlie 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 ls the time interval.

Initial rate = AA/A . 1/AT [l)°J = k23K17[D°]2 [Ŝ J (5.4.1.16)

k23K12 = AA/A . 1/AT . 1/[D°J.[S°J (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 |ll] wild. not affect the results.
The rates obtained are close to, but significantly different from 

the diffusion-controlled limit calculated by the Debye-Smolochowski 

equation

kdiff = 4n  Na dab ' ¡ i f  10'3 M"ls‘1

and 0 = Z^Zg e" / ekTa

where N = Avogadro's number, D,̂ g = translational diffusion coefficient 

of the ions, Z^,Zg = charge on the ions, eQ = electronic charge, e = 
dielectric constant and a = distance of closest approach of the ions in 

the encounter complex.
190



TABUi 5. 4. 1. 1
CALCUIÄI'BI) VAlDliS OP k9

K ,2 = lOM 1 SDS
AO+ PF+

|d +|/m 104s lo p e / M  ^ -1 9 -1 -5 10J k 93/M s L104s lo p e / M - i S~ ll<A23

l 14 1 .4 11 1.1
1 20 1.0 14 0 . 74 32 0 . 8 24 0 . 6

SDcS

1 5 0 . 5 2 2 .02 8 0 . 4 3 1.54 lb 0 . 4 4 2 .0
SUSn

1 10 1.0

SOB! i

1 14 1.4
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For a dielectric constant of 80, a = 0.95nm (equivalent to two
-5 2 -1water molecules between the ions) and = 1x10 cm s , we find 

that kdiff - 2.4xl09 M ' V 1.

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 o r a n g e ^ .

The rate constants are approximately independent of dye concentra­

tion, this is in contrast to the free dye r e s u l t s . 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.
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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 II 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
(2)by Schwarz et al “ for the aggregation of dye-polyelectrolyte complexes 

at high ionic strength and f I)J / [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 neutralisation 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 CM2. 

It is found tliat:-

(i) the absorbance and fluorescence change is equal to the 

calculated value,
(ii) the rate is the same measured by absorbance or fluorescence,

+ +(iii) the rate for AO is 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 reacli completion increases with increasing surfactant

193



AM
PL
IT
UD
E

FIGURE 5.4.2.1

SAMPLE TRACE FOR DISSOLUTION EXPERIMENT
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This is in direct contrast to the results from temperature-jump 
studies on pre-CMd solutions.

concentration. Table 5.4.1.

TABLE 5,4.1

TIME TO COMPLETION (Too) FOR DISSOLUTION KINETICS 
Temp. 298.2K, [DYE] 1x10-5M

* T»/S
io3[s d s ] ];/M A0+ PF+

3.0 1.8 0.5
3.5 3.5 0.8
4.0 8.5 1.4
5.0 16 2.4

The amplitude oi the fast process (<20msec) is too small to make
quant Ltative measurements 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 Tempera l ure-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 technique* . 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. This 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, II and III) each separated by at least two orders 
of magnitude. The general features of these are as follows:

(i) occurs in the ps time region, with an increase in absorbance 

(at A of the dye, I);

(ii) occurs in the ms time range, the amplitude of which is 
independent of wavelength and exhibits a decrease in 
absorbance (turbidity) (II);

(iii) occurs in the s time range, with an increase in absorbance 
at A of tire dye (III) .

The time constant for the fast relaxation (I) is approximately

constant (at constant dye concentration) and is ~15psec for acridine and
proflavine. The absorbance amplitude of the relaxation process for botli
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* * ' . Proflavine in free
solution at the concentrations used in this experiment has a relaxation

(12 13)time too fast to detect by the temperature-jump method .

The intermediate (II) wavelength independent relaxation is always

196



in the narrow range 0.5-2msec. 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. Tor both dyes the relaxation becomes detectable at 

a lower surfactant concentration as the added ionic strength is increased.

TABLE 5.5.1.1

LOWEST SDS CONCENTRATION FOR THE DETECTION OF RELAXATION (II) 

Temp. 298.2K

AO+ PF+
IONIC STRENGTHl(NaCl) 104 [SUS|/M

0.01

0.05 5.0 2.1
0.10 1.9 1.2

The slowest relaxation time (III) 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 (,111) RELAXATION TIMES LOR PRE-CMC TEMPEKA'IUKE-JUMP 
SYSTLMS AO+/Sl)S AND PF+/S1)S

rvicc 1 = 0.01 NaCl

)4 jSDSj /M
t / s

A0+/SDS
x/s

PF+/SDS

1.0 1.6* -

2.0 0.8* -

5.0 0.5 1 .4*
7.5 0.3 0.8*

10.0 0.1 0.55

|Dye] = 1.5x10 SM 

* 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.S.2 Discussion

An unambiguous assignment 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 I is consistent
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with the production of monomer dye. Hence, 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, -»ll 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 

(I 2 I X)one measured^ » ').This may indicate that the process is most likely (ii), 
although it is not possible to distinguish between the many types of dye- 
aggregate equilibrium 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 alv .

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-jump measurements would be most useful.
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CHAPTER 6

THE INTERACTION OP CATIONIC DYES WITH ANIONIC MICELLES

6.1 Introduction

The interaction of small molecules with surfactant systems (emulsions,
(1-4)micelles, etc.) has been extensively investigatedv '. 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) Hydrotopy \  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 lOOOg of 

solvent when 2M sodium benzene sulphonate solution is used as solvent in 
place of water'() *. The phenomena essentially involves changes in solvent 
structure; MckeeL J 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"^. Solubilisation may involve either the diffusion of the added 
solute molecules from the bulk phase (insoluble solids, oil droplets etc.) 
into the nacelle or the formation of micelle containing solute by a process 

of surfactant monomer enclosing small amounts of solute. Beyond a 
certain concentration of 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
f91• solubilisersv . For a homologous series the solubilising properties of 

the lower members (Gj-C^, which do not form micelles) become evident at 

high concentration 30-50's by weight; for the higher members (C^-C^) this 
concentration is much lower.

(3) Blending^1̂  is a broad term for processes which can be distinguished

from solubilisation by the study of phase diagrams^1**. The phenomena
involves the mutual solubility of two normally immiscible liquids by the

addition of a surfactant. For example, dodecylamine hydrochloride added
f 12)to chloroform in small amountsv J will enable the chloroform to dissolve

large quantities of water - upto 45 moles/mole of surfactant.

Ilydrotropy requi res 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 hydrocarbonsv .

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 micelles 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

203



insoluble species.
The process of adsorption/absorption of molecules onto/into micelles 

•has been widely studied by a variety of static techniques including 
light-scattering^^, solubility and spectrophotometry*^'’^7 *. In a 

few cases the dynamics of the absorbed molecules has been studied, pre­
dominately by “()* and N M R t e c h n i q u e s .  Some stopped-flow

kinetic studies on the adsorption/absorption of the dye pinacyanol chloride
(23)have recently been made^ . The kinetics of the solubilisation of an 

aqueous suspension of Achaleplasma laidlawii membrane fragments have also 
been reported * ^ .

In this st:udy 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 readied 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 dianges result 

in large kinetic effects. Dyes with the same geometry and charge are 
absorbed at veiy similar rates. The rate of absorption is found to 
decrease as the hydrocarbon chain-length of the surfactant is increased; 
die 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 absoiption of the dye into a more strongly 
bound site in the hydrocarbon region of the micelle

D+ + Ms ^  (D/M) ^  (DM) (6.1.1)
adsorbed site absorbed site

204



The mechanism is related to proposed schemes for the binding of

similar dyes to and the fluorescent probe 8-anilino-l-nap-
(27). thalene sulphonate (ANS) to lecithin bilayers v J . 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 UNA 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 milliseconds1 J .

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) Ionic-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) Temperature-jump perturbation relaxation experiments have been 
performed on a number of solutions containing acridine dye and micelle in 
equilibrium. 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 ionic strength but was dependent to 
a small extent on dye type and concentration in 0.1M sodium chloride 

solutions.

6.2 Experimental Conditions

6.2.1 Direct Interaction of Dye and Micelle above the (Ml
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

- 2strength the initial concentration is greater than 1.5x10 M.

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. For the SDS/AO+system the range of SDS concentration is 1.5x10 2 - 
2x10"2M.

The addition of cosolvent or ionic strength may be made to either 
solution without affecting the kinetic results.

The solutions were unbuffered, but the pll of the solutions was 
generally close to 7V 7. In the case of experiments carried out at final 
pll's of 11 and 13 the pH 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-flow reservoir syringes. The kinetic measurements were performed206



two minutes after the initial mixing of dye and surfactant. It was 
necessary to perform the stopped-flow experiment a set tine 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.

6.2.2 Ionic-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 employed. For example, for a final ionic strength of 0.1M, 

then the range of SDS concentration which will produce micelles is 2.8 - 
6.5x10 '\l. 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 0.1M sodium chloride.
The solutions were protected from photodecomposition by closing the
shutter between jumps, bach solution was "jumped" no more than five times.

The rate constants were determined from photographic records of theC 30 joscilloscope trace which were analysed by the method of Crooks et a r  . 
The data-capture system (Chapter 2) was also employed. Hie rate constants 
obtained were the average of at least four individual traces. Errors are 
standard deviations.

The wavelength of observation was (i-e. in the micelle) for

absorbance and X__  for fluorescence (see table 4.2.3).max max ex em
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6.3 Hie Interaction of Dye with Sodi uin-n-alkyl Sulphate Micelles
6.3.1 The Effect of Variation in Dye Structure

Hie 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 6.3.1.1 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 micelle and dye concentration (dye concentration 2.5x10 () - 5x10 ^M) . 
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 s y s t e m s ^ ^ . 

The interaction of anionic dyes with some cationic micelles does not lead 
to a limiting rate at high surfactant concentration.

Hie stopped-flow transient amplitudes observed by absorbance and 

fluorescence monitoring are between 90 to 95% of the values calculated 
from equilibrium measurements (figure 6.3.1.5) for the transition between 
free anti absorbed dye. Hie 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

(331local ionic strength) K .

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 m i c e l l e s . Also the exchange rates observed for uncharged mole-

ill) (19) (IDcules such as benzene^ , p-xylene ~ & cyclohexane^ hire 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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FIGURE 6.5.1.2
PLOT OF kfobs)/S~] VS MICELLE CONCENTRATION FOR ATEERINE/SDS
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Acridine Orange - q - absorbance, - a - fluorescence. 
Proflavine - o -, Acriflavine - « -

FIGURE 6.3.1.3

PLOT OP k(obs ) /S"1 VS MICELLE CONCENTRATION/SHDS
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FIGURE 6.3.1.4

PLOT OF K(obs)/S 1 VS MICELLE CONCENTRATION FOR

ACRIFLAVINE/SDS
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- o - kinetic Temp. 298.2K
- a  - equilibrium

1'IGURli 6.3.1.5
KINUTK: AND LiQUl LIBRIUM DIFI’bRbNCB SPECTRUM FOR THE AO/SbS INFRACTION

surfactant exchange.

The results for tlie 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  ̂- 10 \ surfactant 5x10  ̂ - 2.5x10 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

DYE T/K kfobs^^/s 2 AG^/kJmol 2 AH^/kJmol 2 AS^/Jmol 2K 2 Kj-j/dm" mol
A0+ 298.2 47.6 ± 3.4 35.7 + 4.4 63.2 + 7.7 -92.2 ± 10.1 lxl04(“U)
AO+/1.25M MeOH 298.2 100.7 ± 10.2 60.5 i 5.9 61.8 + 7.1 -4.4 ± 2.7
MB+ 298.2 47.7 ± 3.1 35.9 + 4.7 63.2 2 7.5 -92.0 ± 10.7 Qs)2.3x10^““'
PYG+ 298.2 47.2 ± 3.5 36.4 + 4.9 63. 3 + 7.1 -89.9 ± 10.9 8.3x10^“°'
a b 2+ 298.2 1.40 ± 0.2 68.1 + 8.1 71.9 ± 9.0 -12.1 ± 2.3 ? ( Q 7 ) ~lxlO“"0 J
AB2+/0.1 NaCl 298.2 25.9 ± 4.6 55.4 + 7.6 65.9 2 7.1 -33 ± 6.7
PF+ 298.2 >500 2( 2P) 5xlOZl^ J
AF+ 298.2 >500 5 x 1 0 2 v 3 9 >
AF+ 283.2 100 ± 10
Rh6G
MG+

17.5 ± 3.6 

25.9 ± 4.1
CV >500



TABLE 6.3.1.2

DEPENDENCE OP RATE OF ABSORPTION OF DYE-SURFACTANT’ AGGREGATE

Temp. 298.2K

SYSTEM k(obs)23/s 1 AGVkJmol 1 AH^/kJmol"1 AS^/Jmol 1K' 1

AO /SDS ~35 '74.4 64 +33

AB2+/SDS -0.8 t 0.2 ~58 '70 +40

AC^ 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 (<xl() )̂ 
• 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 AOt

The results suggest that the mechanism involves a break-up of the 
aggregate before absorption of the dye may take place.

6.3.2 The Effect of pH

it has already been pointed out (Chapter 4, 4.2.3) that the

double-layer of the micelle affects the pH at the surface. pKs is the 
pK of the dye measured in the presence of surfactant

PHs = pHb " '^60
PKS = P*^ - ip /60

(6.3.2.1)

where subscript b refers to bulk solution.

Therefore, an incoming dye will experience a pH gradient as it 
approaches the micelle surface.

The pKa 's of the dyes in the absence and presence of nacelles have 
(32)been measuredv 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 
by Hartley et al*'40'* and Mukerjee et al^41 .̂

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
6.3.2.1.

A plot of k(obs) against pH 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 (). 3.2.1

RATE OE ABSORPTION OF PEDROTONATED DYES INTO SUS MICELLES

T = 298.2K

DYE pK /WATER pK /MICELLEci k(obs) (l)YE+)/S 4 k (obs ) * (DYE)/S

AO 10.45<42> 12.4 ̂ 47.6^31^ 430(32J

AB 7.95^43) 10.6 -3^ 1 . 4 0 ™ 210 (32)

nb’1' 9 .9 (44) 12.2 ( 3J-) 7 . 6 ™ 5l(32)

Extrapolated values 

^Nile Blue
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AB2+/AB+, - o - NB+/NB, - x - AO+/AO

FIGURE 6.3.2.1

in.gr of k(obs) /s'1 vs Pn
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librium at the micelle surface.
'Ihe 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

2+ + +AB when it becomes AB than for AO -> AO.
( 32)It has been pointed out by James et al J that the increase in the 

rate constant occurs at a pK closer to the pK^ 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 nacelle and not in bulk solution.

t>.3.3 The Influence of Ionic Strength
Ihe addition of ionic strength to micellar systems will lower the 

surface potential. This will lead to a lower and larger aggrega­

tion muiber^' . This in turn will make the micelle slightly more 

compact at the surface .
The rate of absorption is increased by the addition of ionic strength

(figure 6.3.3.1). For the depositive dye AB^+ the rate is increased far( 3 2 )more by the addition of NaCl than for uni positive dyesv . This 
observation supports the conclusion that the decrease in micelle surface 
potential is more importcant than the changes in micelle structure induced 
by the salt.

Similar increases in the rate of intercalation of A0+ into DNA have 

been reported*“'0'. 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)

(i) the separation (compression) of the head-groups to allow room
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Temp. 298.2K
FIGURI: 6.3.3.1

PLOT OF k(obs) VS ADDED NaCl FOR THE ABSORPTION OF o AO+ AND g AB2+ BY

SDS MICELLES
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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 dye 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 

salts also cause a larger decrease in the CMC*'"*, which implies that they 
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.

Ihe 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.

Hie amplitude of the fluorescence and absorption changes for the
reaction decreases linearly (up to 0.1M 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 ampli t ude therefore implies an enhancement of
fluorescence intensity and absorbance of the dye adsorbed at the micelle
surface. These observations suggest a lower dielectric constant at the

(33 49)micelle surface which may be due to the enhanced counterion binding ’

6.3.4 Addition of Cosolvent and Potential impurities
The addition of methanol as cosolvent (up to 2.5M) does not 

significantly affect the CMC of SDS^50’5^  (Chapter 4, table

* (W. Knache personal communication)



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 s u r f a c e .

The results in table 6.3.4.1 show that the addition of methanol 
causes a large increase in the rate of absorption of A0+. The log of 
the rate constant of 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 
(521liposomesv ' . Hie 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 and as the result of hydrolysis and
alkyl sulphate homologaet» » 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 effect 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 dodecanol 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 lias a less pronounced effect 

than the addition of dodecanal. STS is unlikely to reduce the surface
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LI-FLCT OP A1 )DTITVLS ON TUL RAIL OF ABSORPTION OF 

ACRID!Nli ORANGL INTO SDS MICLLLLS

Temp. 2P8.2K, [SDS] 1.5xlO~2M

TABLE 6.3.4.1

ADDITIVL k(obs)/sec ^

47.6 ± 3.1

1.25M CIÎ OIl 100 ± 7.0

2. SOM 160 ± 20

0.05 C, JI?I-OH*I L L b 41.6 ± 3.0

0.125 37.6 ± 3.0

0.03 C14H29s04 Net* 42.6 * 3.1 

0.082 41.6 ± 3.1

■k
Mole fraction of micelle concentration
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FIGURH 6.3.4.1

PLOT OF LOG k(obs)/S-1 VS CONCLNTRATION OF COSQLVFNT METH/YNOL
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0 1
0 0.2 0.4

Temp. 298.2K

- o  - STS, - □ - DOH

PLOT OP k(obs)/S

0.6 0.8  1.0
Mole fract. 
STS/DOH

FIGURE 6.3.4.2

1 VS MILE FRACTION OF ADDITIVE

225



charge density of the parent SDS micelle. 'Hie 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 Surfactant Chain-Length and Head-Groups

The results in table 6.3.5.1 and figui'es 6.3.5.1-4 and 6.3.1.4 show 

that the rate of 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 CMS is lowered,^ the micelle 

has a larger aggregation number, is mire compact at the surface and the 
charge-density i n c r e a s e s . (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.
It is found that there is an increasing discrepancy between the rate 

constants found by absorbance and fluorescence methods as the chain-length 

of tire 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 A0+ 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. Ihe result for the benzene sulphate (equivalent to CMC to STS) 
suggests that the effect of the benzene group is small.
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PABLE 6.3. 5.1

EFFECT OF' SURFACTANT CHAIN LENGTH ON THE RATE OF ABSORPTION

INTO SODIUM N-ALKYL SULPHATE MICELLES

DYE n T/K k(obs)^/S 1 k(obs)p/S

AO+ 10 298.2 180+10 185+15

12 298.2 47.6±3 48.3±3.4

14 29o. 2 11.911.5 9.511.0

16 316.2 13.1+1.2 9.4H.1

PF+ 12 298.2 >500

16 316.2 133+15

AF+ 16 316.2 125115

> o + C 12ll25SO" Na 298.2 53+5 4513

298.2
c u n2SJiÇ D  -Na+

S°3
88+7

Air+ 11 298.2 3.1+003 3310.2

i ) 298.2 33.3+2.a 34.1+3.6
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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 Arrehenius plots from which 

these values ai~e derived are shown in figures 6.3.6.1-4.
For the dye absoiption process the activation enthalpy arises from 

three sources:

(i) the separation (compression) of surface head-groups to enable 

the dye to enter the micelle;

(ii) the separation of dye and surfactant head-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 

cha ins).
The first two are electrostatic in origin (All^) and the last hydro- 

phobic (AlljJyd). The overall enthalpy is given by

Al^ = A l/ L + All^yd (6 .3 .6 .1 )
'Ihe increase in the activation energy 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 All̂  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

The addition of salts leads to a reduction in All̂ . ihe effect will
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TABLE 6.3.6. 1

ACTIVATION PARAMETERS EOR DYIi ABSORP'I¡'ION PROCESSES

DYE SURFACTANT AG^/k. Jtno 1 * Ali^/kJmor1 AS^/Jmol  ̂K

AO+ SDeS 60.5 1 6. ] 22.7 ± 4.4 -120 ± 15.6

SDS 63.2 ± 7.7 35.7 ± 4.4 -92.2 ± 10.1

SDS/1.25M
Methanol

61.8 ± 7.1 60.5 ±5.9 -4.4 ± 2.7

SI'S 68.1 1 6.9 50.2 ± 5.7 -60.5 ± 12.3

SUDS 71.8 ± 7.6 60.8 ± 7.6 -31.6 ± 10.7

MB+ 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

PF+ SUDS 64.6 ± 9.3 61.2 ± 10.3 -11.1 ±5.1

a b 2+ SDS 71.9 ± 9.0 68.1 ± 8.1 -12.1 ± 2.3

SDS/O.1 Na.Cl 65.9 ± 7.1 55.4 ± 7.6 -33.0 ±6.7

AO+/SDS SDS 64 '74.4 ~+33

a b2+/sds SDS ~70 •58 ~+40

AG^ and AS^ calculated for 298K.



TABLIi 6.3.6.1

ACTIVATION PARAMI ¡THUS POR DYP ABSORPTION PROCESSES
DYP SI lid'ACTANT AG'/kdmol * AI 1^/kJncl-1 ASVJmol

AO+ SDeS 60.5 ! 6.1 22.7 ± 4.4 -120 ± 15.6

SDS 63.2 i 7.7 35.7 ± 4.4 -92.2 ± 10.1

SDS/1.25M
Methanol

61.8 ± 7.1 60.5 ±5.9 -4.4 ± 2.7

STS 68.1 1 6.9 50.2 ±5.7 -60.5 ± 12.3

SI IDS 71.8 ± 7.6 60.8 ± 7.6 -31.6 ± 10.7

MB+ 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

PF+ SUDS 64.6 ± 9.3 61.2 ± 10.3 -11.1 ±5.1

a b 2+ SDS 71.9 ± 9.0 68.1 ± 8.1 -12.1 ± 2.3

SDS/O.1 NaCl 65.9 ± 7.1 55.4 ± 7.6 -33.0 ±6.7

AO+/SDS SDS 64 ~74.^ ~ + 33

AB2+/SJ)S SDS ~70 ~58 ~+40

AG^ 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 Al/ against surfactant chain-length is 
linear. Hie slope is 6.2kJmol  ̂per Cll9 group (figure 6.3.6.5).

The difference in Ai/  between the dyes A0+ and PF+ for the absorp­

tion into SUDS micelles is small (- <10%). This indicates that the charge 

effects are approximately equivalent for unipositive dyes. The difference 
in the rates (PF+ factor of ~13 faster than A0+) arises from a more 

favourable change in the entropy of activation for proflavine:

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 AASj^+ /pp+ is constant for various surfactant
SDSchain-lengths we may use equations (6.3.0.2,3) to calculate k(obs)pp+

(6.3.6.2)

AC’/ = RT 3n(k(obs)pp+ h/kT) (6 . 3 .6 . 3)

where h = Planck's constant
k = Boltzmann's constant
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= 32.1±4-(298(-70.7±8))

= 32.lt4 + 21±2

At 298K

= 53. U 6

_ i  -z
53. L±b= 2.3 RT log(k(obs)pp+. 1-6x10 1:>)

k(obs)j,p+ = 3. 3x10'\ec ^

whidi is too last to measure by the stopped-flow method.
This value of k(obs)^'+ is much greater than that calculated from 

i1' PFtlie ratio of k(obs)pp+u\o+ yields a value of -700 sec .Thus the
large difference between A0+ and PF+ is not a simple function of solva­
tion. In order to reduce the k(obs)pp+ value calculated from ^ ^ o +/pp+

, SI IDSto that lor the ratio of k(obs) pp+/A(j+ AAS^q+ ̂p[;+ would have to be
decreased to -8Jmol  ̂K ^,

For acridine orange a plot of AS^ versus surfactant chain-length 

is linear. Ihe slope is -15JK ^mol * per CM, (figure 6.3.6.6).
The origin of the large AS^ values is difficult to ascertain. 

Undoubted]y in sudi a complex system a large number of factors may be 

operative .
JzThe diiTerence in ASr for AO and PF may be the result of the lower

+ *f .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 nacelle. 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.
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Tlie increase in AS^()+ witii chain-lengdi is more difficult to explain 

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 from 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 AS^ with chain- 

length is that when the dye binds it may bring about considerable ordering 

of the local micelle structure and a consequent large decrease in the 
entropy. The degree of order induced by die 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 easily 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 AB"+ is approximately twice that for A0+. This must

2+ 2+reflect the greater charge attraction of the AB . The entropy for AB 
is -12JmoL \   ̂ this is a difference of +<30 Jmol * from the value for 
A0+. A possible origin of this large difference may be the loss of more

24-solvation water from the chain of die AB" molecule.
The differences in enthalpy and entropy for A0+ and A0+ surfactant 

aggregate is shown in tables 6.3.1.1 and 2. The enthalpy is doubled in 
die case of the surfactant aggregate. This may reflect that breakdown 
of die aggregate is necessary before absoiption can take place. The 
large difference in AS^(+120 Jmol ^) can be attributed to die loss of
structured water from a dye surfactant monomer (which would form rapidly 

after its clearage from die parent aggregate). The dianges are similar



for the AH surfactant aggregate. 
Hence, A S ^ ()+ is made up of the

AS7* = AS7* + AS t  + AS f . . .  - r t UC.

2+
foi lowing contributions

a s ; A) .0
(6.3.6.4)

where a s'*

ASÎ> <

AS1)1 i2o AS;
" 2°

is the observed entropy (-ve); 

are the charges (-ve) in rotational and 

translational entropy of the dye respectively; 

is the charge (-ve) in the ordering of the 
head-groups on binding of a dye nolecule; 
are the release (+ve) of water from the dye 
and nacelle on dye binding in the transition 

state.

6.3.7 Proposed Mechanism of Dye Absorption

The experimental evidence may be summarised as follows:
(1) the rate of absorption of positively-charged planar acridine type 

dyes into negatively-charged micelles is a relatively slow process;
(.!) the rate is dependent on the geometry of the dye;

(3) the rate is strongly dependent on the charge of the dye;
(4) the rate is dependent on the charge density on the micelle surface;
(5) the rate decreases as the surfactant chain-length increases;
(6) the rate is only affected to a small extent by potential surfactant

impurities ;
(7) addition of methanol increases the rate of absorption of the dye;

(8) the rate of absorption readies a limiting value and is independent

of surfactant and dye concentration;
(9) the medianism must be consistent with the observed activation
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parameters 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 experimental 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 no re 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 (ysec) 
and beyond the limits of the stopped-flow instrument.

An alternative mechanism 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 
energetica1ly unfavourable;

(id) 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 K^, and this is not observed experimentally;

(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 C ^  alkyl chain in 

the N(10) position is absorbed much more slowly than acridine orange
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( 4 S )alonev ' . 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 (i.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 

is much more rapid titan that of dyes with the opposite c h a r g e ;

(vi) the addition of ionic strength would be expected to decrease 

the rate of absorption if 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 dye is of opposite charge to the micelle. This is 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 range 1-lOs.
Botii 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 

CMC i.e. >1.5 CMC.

1)+ + M11z
ka he kc
*=* 11//M =s=̂ = DM (DM)
kb S kd S kf

where 1) is the dye

solvent adsorbed absorbed 
separated dye dye
outer sphere 
complex

Mr is the micelle.z

(A)
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Since there is no restriction of a single-dye binding site on each 

nacelle, we can define the concentration of binding sites on the micelle 

• surface, M , as

M = a(C? - CMC) s A

where C^ = total concentration of surfactant
a = fraction of micelle surface diarge not 

neutralised by counterion.

Typically, Ms = 0.25(1x10"2 - 0.7xl0~2) 
= 0.25(0.3x10"2)
= 7.5xlO~4

(6.3.7.1)

which is 75 times the concentration of the dye.
Ibis pseudo first-order condii ion 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 

resemble 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 nodes must be con­

sidered. These are proposed in scheme (B):
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Route 111 is scheme (A), route {1 } goes via a dye-surfactant species
(23)similar to that proposed by Yasunaga et al . The formation of the 

species D,Sx (x=l ... n) is rapid (<lmsec at concentrations approaching 

the CMC) and the absorbance and fluorescence of any species containing 
It, 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 1), species. The dye-induced micelle mechanism is 
{3} and route {4} shows the absorption of a large dye-surfactant aggre­

gate.
We will consider scheme (A). Die formation of the adsorbed species, 

DMS, is likely to be very rapid (close to diffusion-controlled). Hence, 
mechanism A may be simplified to give scheme (C):

1)+ +■ M k12
sT
FAST

DM ¿3'V 9a2
SLOW

(DM) (C)

The rate-determining step in the absorption will be the intra-molecular

conversion of DM. to (DM). In general, for a small concentration-jump
(55)perturbation, two decoupled relaxation processes should be observed 

For the fast adsorption step:-246



(6.3.7.2)Tj 1 = k(obs)j = k 12(D + Ms ) + k
where D and M are the equilibrium concentrations of dye and micelle sites

respecti vely
-1If k1? is close to diffusion-controlled, xT is expected to be -lpsec.

T.JC3D
since Kj , = k̂  ,/k7j - 10 m . I Tie process will, therefore, be outside

the time-range of the stopped-flow method, and will not be observed. Also, 

if 1) and DM are not spectrally distinct species then the fast adsorption 
process will have zero amplitude and will be unobservable by any spectro- 
photometri c method.

The slow relaxation process is however detectable by the spectrophoto- 
metric stopped-flow metiiod and is given by

K. ~k07 1) + M + k70 -1 . f , s 12 231 sJ 32Tjj = ktobsj jj = -------------- (6.3.7.3)
l * k12|d +m J

For tlie general experimental conditions where [m  j »  [d j eqiuition
(6.3.7.3) becomes

-1rIT = k(obs)rr = K12k23* Ms • f k32
1 + K, ~ [M 12 L s (6.3.7.4)

also, if |mJ   ̂ 1/K12 > 10"\  i.e. at high micelle concentration

TII k23 + k32 (6.3.7.5)

However, when K^7[Ms] <1 i.e. close to the CMC equation (6.3.7.4) becomes

:II K12k2 3 ^  + k32 (6.3.7.6)
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The experimentally observed variation in k(obs)j( initially fulfill the 

requirements of equations (6.3.7.3) and (6.3.7.61, but at high concentration 

the concentration-independent equation (6.3.7.5) is obeyed. (Since only one 
rate constant is observed k(obs)j f 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?3 >> k^. Hence, the limiting 
values of k(obs) in table 6.3.1.1 and 6.3.5.1 may be taken to be k?,. Additional 
evidence in support of this is that:-

(i) k(obs) does not correlate with the dimérisation constimi of the 

dye, and k )7, which measures the "residence time" of the dye in the micelle 
mi gilt be expected to correlate with K^.

(ii) Dye-micelle dissolution kinetics (Chapter 5) suggest that k~,,, will 
be slow due to favourable coulombic interaction between dye and micelle.

(iii) k^7 may be calculated from equa ion (6.3.7.6) when K^|M | - 0.1, 
k_7 is estimated to be 1-5 sec ^.

The overall mechanism for the deprotonated/protonated dye is shown in 
scheme (D)* ̂

1)11+ + Ms

1) + Il+ + Ms

Kj ko-
DH + M  ^  (DH M)s k32

K'

Ml DM '■25

S k32
(DM)

CD)
Assuming the adsorption step is favourable in both cases i.e.

Kj, »  LM 1 and the back reactions k!,7, k^7 «  k , k7  ̂, we can write

the rate equation
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(6.3.7.7)
d[l)H+ M | + | DMS | 

dt

Now K' n»M6i 111*1/1""' ms] (6.3.7.8)

d[l)ll+ M | + K'Q)H+ Msj/|H+] 
-dt

, Ik „ 7 + k07 [bll+ M l  (6 .3 .7 .9 )
t-> sy «j j j _j * j s

therefore, -d|DH+ M"| 
dt

k23 + k23 K /I-11 1
1 + k '[h +)

and k(obs)
(k23 + k23 K A M ^

lVk7|ii+J

(6.3.7.10)

(6.3.7.11)

It is clear that three pH regions can occur

pH « PKS , k(obs) = k22 i.e. K ’/ [J1J 1 «  1 (6.3.7.12)

pH » PRs* k(obs) = k ^ K ’/ (11+ J »  1 (6.3.7.13)

pH = PKS . (k ? -z+k? )̂ 
k(obs) ~ Z ^ K'[H+| = 1 (6.3.7.14)

Assuming the pK of the absorbed dye and adsorbed dye is the same k7, 
may be calculated from equation (6.3.7.14). If 430 sec  ̂ for AO, 210 sec 
for AB+ and 51 sec  ̂for Nile Blue^^ .

6.3.8 l_iiteraction of Non-Acridinc Dyes witil Micelles 

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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TABLE 6.3.8.1

RATE OP ABSORPTION OF NON-ACRIDINE DYE BY SDS MICELLES

DYE k(obs)/sec-1

Rh6G'4 17.5 ± 3.6

MG 25.9 ±4.1

p c c C20)*

CV* >500

"kPCC 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. Hie equilibrium measurements show that the 
CMC is substantially lowered in botli cases.

it may be that the bulkiness of these dyes and an unfavourable 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. Ihe 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 method'5^ .  The spectrum of the free crystal violet is very 

similar to that for the dye above tire CMC, the extinction coefficient and 

Amax are unchanged. The non-planarity of this dye may preclude complete 
entry into the micelle and only one arm may enter. This could be a very

rapid process. It must also be pointed out that the interaction of the dye
fS 7)below and through the CMC is very complex1 J .

(231Yasunaga et a IT J 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 m  favour of a mechanism which goes via a dye-surfactant 
salt similar to route 2 in scheme (B).

6.4 ionic 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 increase 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 of slope of the plot k(obs) vs surfactant concentration 
for AO /IT is ~2 (figure 6.4.1.1).

Increasing 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 fa.4.1.1).

The limiting observed rate constant for the direct absorption 
process is 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 
be Low the CMC,it is expected that a significant amount of complex 

may be formed during the dead-time of the stopped-flow apparatus.
The observed transient amplitude is approximately 501, 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:

(i) a fast process not observed by the stopped-flow method which is

responsible for a change in dye spectrum, or,

(ii) a change in dye spectrum caused by this observation indicates

a fast process is occurring outside the time range of the
3 -1stopped-flow method i.e. k(obs) > 10 S .
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TABLE 6.4.1.1

k(ohs) FOR IONIC STRliNGI'H liXPBRIMBMlS

Temp. 298.2K
O.IM NaCl

103 [SDSJ /M 104 [C°-CMC| /M AO+

k(obs)/S

PF+ LO4 [C°-CM2j /M
0.2M NaCl 

AO+

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 + 1.6

1.8 5.0 35 + 2.1 22.2 ± 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 - —

253



100

2 4 6 8 J0 12 IO4[C°-CMC¡/M
FIGURE 6.4.1.1 : kÇobsj/S"1 VS | FOR THli IONIC STRÜNGl'H-

JUMI* FOR AO+/SDS AND PF+/SDS 
- □ - PF+, - o - A0+, 0.1 NaCl, Temp. 298.2K

FI GURT (,.4.1.2 : kiobsj/S"1 VS fC?-^] FOR ™  IONIC STRENCTKJ U N Q M
AO+/SDS - X - 0.2M NaCl, - o - 0.1M NaCl, Temp.298.2K
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6.4.2 Mechanism

The proposed mechanism must be consistent with the following 
experimental observations:

(i) linear dependence on surfactant concentration;
(ii) small dependence on the type of dye (provided they 

are the same charge);

(iii) 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) + S ^ — —  i) S --------- —  D S

Hence, as before:

Route {1} is the direct absorption pathway,

{2} is the absorption in a dye-surfactant monomer unit,
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{4} corresponds to the absorption of a dye from a large 
dye-surfactant aggregate,

{3} is pure micelle formation.

The experimental observations do not conform to pathway {l}. Direct 

dye absorption cannot therefore be the major mechanism in the ionic 
strength-jimp 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 

ag8re8ates is 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.

{3} is the dye-induced micelle mechanism,

6.4.2.1 The Dye-induced Micelle Mechanism 

This scheme may be written

S S 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

k12 , ^D+z S (DM)K21
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).
By the method of Castel lan1,0  ̂ we may derive the relaxation time

gn  = 1/KI + z/[3] + 1/ [d m ] 

rli = k12|D||s|z = k21|d m |

hence i j L = kj ,( |s| z + |l)| |s]z_1) + k2J (6.4.2.1.1)

If the rate determining process is the formation of a small 
nucleus >f surfactant monomers (as in pure micelle formation) and 
z - 2-b, then for |T)| < |ïï] ,|S]Z »  [Dj [jSj z 1 and equation (6.4.2.1.1) 

reduces to equation (6.4.2.1.2)

xj1 = ki2[S|z + k2i (6.4.2.1.2)

The experimental observations do not conform to this equation and 

the mechanism can be discarded.

b.4.2.2 Absorption of a Dye-Surfactant Monomer
Consider route {3} where DS is formed in a diffusion-controlled

p rocess
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1) + s DS DS/Ms (DM)
k
k
U21
I

k34

III

The respective relaxation times are (59)

T-1I 4 2(|d h ;s]) + k21

2 5K1 2( 1 PSn + i-Mj)i  + kI 2 ( | ds]  + [ms |)
(6.4.2.2.1)

(6.4.2.2.2)

-1
TIIi k34 ̂ 1---' C1+K12([D] +[s] ) -1 ) - + k43

(6.4.2.2.3)

where = [DS/Ms] / [DS] [Ms] - 10“M * (from the surfactant exchange 

rate(28))K] 2 = [DS]/[D][S] - 10M-1.

We only observe one relaxation process and the spectral evidence 
is that it is associated with the ti'ansfer of the dye from an aqueous 

to hydrophobic environment i.e. process III.

Hence,

k(obs) = k34 1+K34 (1+K12([d H 3 ) V 1 |Mj+pSP

-1+ k43

(6.4.2.2.4)

we may make the following simplifications
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M2

[s] |n|= i. X —- O 1 0
4 II

w  > M

K34 io2m ~1 , K]2 = 1-10M 1

: 1M~1

4.2.2.4) then becomes

II Od l+io2 /
\ (l+(1.4xlO“3)-1:

rb
MII 1+102 (̂ 1

(1+7.ÌX102)“1 [f

- k f 1+102 J .... ... 1 yyK34^ 1.4xlO-3 [m  ] ))

-  k ( 1 + 102 . 7.1x 102\_'|
K34 \

-1
+ k | (6.4.2.2.5)

-1+ k43 (6.4.2.2.6)

" t k43 (6.4.2.2.7)

43 (6.4.2.2.8)

k(obs) = k34 ( [m J  / 7. lxlO4) + k34 (6.4.2.2.9)

Hence, a plot of k(obs) against [kyj will give a slope of k34/7.1xl04 

and an intercept of k34<

The values obtained by this procedure will only be approximate
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since Kj , and K  ̂are only estimated.
The plots of k(obs) against [M ] are linear, figure 6.4.2.1,2. k ^  

is zero in all cases, the values of k-  ̂are to an order of magnitude 
8x 109M“1S"1 A0+/SDS/0.1 NaCl

4x 109M-1S-1 PF+/S1)S/0.1 NaCl

2x109M-1S-1 A0+/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 dye-surfactant monomer 
which dominates at low surfactant concentration very close to the CM] 
and (ii) tiie direct absorption route which dominates at high surfactant 
concentrations.

6.4.3 Dye Concentration Dependence
The dependence of k(obs) for a given surfactant concentration 

(1.5x10 M) on the concentration of the dye is dramatic. For concen­
trations up to 1.9x10 5M A0+ k(obs) is constant at 19±1 s Over a 

very narrow dye concentration range the rate decreases and then levels 
off at ~0.5 s 9. This effect has not been studied in detail and only 

the one surfactant concentration close to the CM] has been investigated. 

To date, no explanation has been attempted. Considerably more work
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FIGURE 6.4.5.1

IONIC-STRENGTH JUMP [DYE] DEPENDENCE [SDS] = 1.5x10'^!
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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-Jump 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 ~10 Si, high ionic strength ~0.1 and surfactant concen­

trations close to the CM]; (i) a fast process in the ysec time range 

and (ii) a slow process in the msec time range. The amplitude of both 

processes (monitored at 498nm A0+, 448nm PF+) is more toward free dye 

in solution, i.e. decreasing absorbance.

The fast relaxation time (~10psec) 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 absorb;mce 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 <11 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 (A0+ and I’F+ 

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 OE RELAXATION TIMES ON [AO+] TOR Ao'/SPS SYSTEM

[SDS] = 1.5x10 3M, O.lMNaCl, Temp. 308.2K, V° = 4.3 Volts, AQbs = 498nm

CM>1.3 x 10_3M

105|AO+J/M x/msec k(obs)/S  ̂ 10^AA/mV

1.5 55 5 18 + 2 1.0

1.75 52 ± 4.1 19.5 + 1.6 1.05

2.0 49.1 ± 3 20.4 + 0.8 1.15

2.25 38.0 ± 3.5 26.3 + 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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FIGURE 0.5.1.1

DEPENDENCE OF k(obs) ON MICELLE CONCENTRAT TON FOR AO+/SDS
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TABLE 0.5.1.::

DEPENDENCE OF k(obs) ON SDS CONCENTRAI!ON

[AO+J 1.5x10 "’m , 0.1M NaCl, Temp. 308.2K, Vo = 4.3 Volts, Aq^s = 498nm

c m : = 1 .3 X 10~3M

103[SDSj/M x/msec k(_obs)/S  ̂ lO^AA/mV

1.5 55 ± 5 18.2 ± 2 1.0

1 . 0 69 + 5 14.5 ± 1 1.0

1.8 116 ± 10 8.6 ± 0.7 0.8

2.0 170 ± 9.8 5.8 ± 0.5 0.65

2.25 307 ± 40 3.25 ± 0.4 0.6

2.50 330 ± 50 3.0 J r 0.5 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).

V

6.5.2 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 al^()(̂  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^^.

6.6 General Cone 1 us ions and Suggest, i ons for Further Work

We may draw a number of general conclusions from the work presented 
in this thesis:

(i) 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,

(iii) 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,
(aj a weak electrostatic binding site (adsorption) followedb y ,
(b) movement into a stronger, hydrophobically stabilised 

binding site,
(vii) the influence of dye size, charge, surfactant chain-length, 

surface pi 1 and surface charge of the micelle play important roles in 
the determination of the rate of absorption of the dye, briefly the 
rate increases with (a) decreasing dye size,

(b) increasing surface ]il (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 lie 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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(iii) investigation of other dye surfactant systems e.g. 

cationic micelles/anionic dyes <md non-ionic micelles,
(ivj study of biologically important micelles and small mole­

cules e.g. bile salt micelles,

(v) an extension to lipid bilayer resciles and the transport 
of small molecules through them.
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APPENDIX I.

Computer Programme for the evaluation of Surfactant Aggregate 

Concentrations based on the Cooperative Model for Micelle Formation.

Input identifiers

R
K
T

C
N

Ouput
CAO

cr c2

c 5n ,c 4n

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
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APPENDIX l 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 
11ALIFE number of half lives covered
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