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Study on the interfacial properties of surfactants and their interactions

with DNA

Abstract

Bearing a hydrophilic part and a hydrophobic part, surfactants can adsorb onto
interfaces and lower the tension (y) of the interfaces, thereby enhancing the interfacial
properties and leading to the applications of surfactants in cleaning, surface
functionalization, foaming and emulsification. To understand how they work in these
applications it is important to know the time-scales of the surfactant adsorption and
desorption. This means that it is necessary to investigate the adsorption and
desorption kinetics of surfactants, which have already been widely studied. However,
traditional studies tend to make many assumptions, for example, extending the
applicability of the equilibrium relations to the non-equilibrium cases. In this
dissertation, using a bubble compression method, we first measured the equation of
state y(I"), followed the time-dependent surface concentration 7(¢) and clarified the
adsorption/desorption process without using many assumptions.

Cationic surfactants are receiving much interest for biological applications. The
DNA/cationic surfactant system is of use in DNA extraction, DNA purification and
gene delivery. Although the interaction between cationic surfactant and anionic
polyelectrolyte has been extensively studied, there still remains need to further
understand the complex system, especially to rationalize the choice of surfactants to
reach controllable DNA binding ability and low toxicity to the organism. In this
dissertation, we introduced the systematic investigation on the micellization processes
of two novel cationic surfactants (gemini surfactants and ionic liquid surfactant) and
their interactions with DNA.

Chapter 1 and Chapter 2 include a general introduction to surfactants, their
micellization, interfacial properties, and interactions with DNA. One of the key
themes is the complex interplay of surfactant molecules between the interface and the
bulk. The adsorption and desorption kinetics of surfactants are included in the
interfacial properties of surfactants, consisting the first important component of the
thesis. The interaction between cationic surfactant and DNA will be discussed in
detail, as it is the second essential part of this thesis.

Chapter 3 describes the experimental and numerical methods utilized in this
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thesis.

Chapter 4 deals with the equation of state measurement and adsorption kinetics
for two systems, including non-ionic surfactant C;,E¢ and ionic surfactant CTAB with
a high concentration of salt. The rising bubble tensiometer is used like a Langmuir
trough. A single bubble compression measurement combined with a known
equilibrium surface tension (y.q) value allows the determination of the equation of
state y(I"), which is more accurate than the results from the traditional methods. Using
the bubble compression method, the time-dependent surface concentrations 7(¢) for
both systems are measured, showing that the adsorption is diffusion controlled at
short times. The derived diffusion constants compare well with literature values.

The desorption and adsorption processes are interrelated. In Chapter 5, we report
the desorption of surfactants from the air/water interface for different systems (C;,Es,
CTAB or TTAB with sufficient salt, anionic surfactant AOT with different
counterions). For the systems studied, the desorption processes are confirmed not to
be purely diffusion-limited, showing the presence of an energy barrier in the
desorption of surfactants from the interface. The energy barrier is influenced by the
alkyl chain length, but not the counterion type.

In Chapter 6, we focus on the equilibrium and kinetic behaviors of the cationic
gemini surfactant 12-2-12-2Br at the air/water interface. In the absence of electrolyte,
an electrostatic barrier exists during the surfactant adsorption at longer times. The
effect of NaBr concentration on the dynamic surface tensions of the 12-2-12-2Br
solutions is also investigated. Addition of NaBr hardly affects the adsorption kinetics
at times shorter than a given lag time, during which the adsorption is diffusive.
Comparing the systems at equilibrium, salt has a stronger influence on 12-2-12-2Br
than on CTAB in terms of surface concentration and CMC. For the 12-2-12-2Br
system in the presence of 100 mM NaBr, the adsorption and desorption kinetics of
surfactant molecules have also been studied.

Chapter 7 presents the micellization of cationic gemini surfactant 12-3-12-2Br
and its interactions with DNA. Micellization of 12-3-12-2Br is entropically driven and
thermodynamically favored above the Critical micelle concentration (CMC). The
CMC increases slightly with temperature and decreases with ionic strength.
12-3-12-2Br interacts strongly with DNA, because of the electrostatic attraction
between 12-3-12:2Br and DNA, and the hydrophobic interactions between the alkyl
chains lead to a modulation of the DNA conformation. Salt screens the electrostatic

attraction between 12-3-12-2Br and DNA, while promoting the aggregation of
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12-3-12:2Br. With increasing DNA concentration, the critical aggregation
concentration (CAC) remains constant, while the saturation concentration (C,)
increases. The effects of spacer length on the micellization of 12-O-12-2Br, where O
is the carbon number in the spacer, and the interactions of 12-O-12-2Br with DNA are
also investigated. Micellization of 12-3-12:2Br has the highest thermodynamic
favorability. Increasing the spacer length of the gemini surfactant leads to a
weakening of the interaction with DNA.

In Chapter 8, we present a systematic study on the interactions between the
cationic ionic liquid surfactant [C;,mim]Br and DNA, using both experimental
techniques and Molecular Dynamics (MD) simulation. The strong complexation
occurs owing to the electrostatic attraction and the hydrophobic interactions. The
aggregation of [C;;mim]Br is thermodynamically favored driven by enthalpy and
entropy change. Upon the addition of [C;;mim]Br, the DNA chain undergoes
compaction, conformational changes, accompanied by the change of net charges
carried by the DNA/surfactant complex. MD simulation confirms the experimental
results.

Keywords: surfactant; adsorption; desorption; DNA; interactions; ionic liquid
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Chapter 1 Introduction

1.1 Interfacial properties of surfactants

Surfactants play important roles in many practical applications and products,
such as cleaning, wetting, dispersing, emulsifying, foaming and anti-foaming agents,
and some surfactants are of use in biological areas [1-4]. Surfactants are generally
organic compounds which are amphiphilic, meaning that the surfactant molecules
contain both hydrophobic groups (known as surfactant tails) and hydrophilic groups
(known as surfactant headgroups), the typical representation of the surfactant
structure is shown in Scheme 2.1. Due to its amphiphilic structure, the surfactant can

adsorb onto interfaces and lower the tension (y) of the interfaces.

@_—

hydrophilic hydrophobic

Scheme 1.1 Typical surfactant structure

The adsorption dynamics, i.e. the time-dependent adsorption process of
surfactant molecules onto interfaces,, is of significant importance in lots of
applications including foaming, emulsifying and coating processes, in which the
bubbles, drops or films are rapidly formed [5-7]. The surfactant adsorption process
from the bulk to the air/water interface can be divided into two: the motion of the
surfactant molecules from the bulk to the sub-surface and the transfer of molecules
from the sub-surface to the air/water interface [3, 8-10]. The details can be found in
Scheme 1.2. In the absence of convection, the surfactant adsorption dynamics is
dependent on the diffusion constants of the surfactant molecules. In some cases, the
adsorption is limited only by the diffusion of the surfactant molecules to the interface
[10-13]. In some other cases, there exists an energy barrier for the adsorption or
desorption of the surfactant molecules, in other words, the adsorption dynamics is
considered to be solely kinetically limited [14-17]. This energy barrier could be due to
either steric or electrostatic repulsions. It is also possible, and true in most practical
cases, that the adsorption process is controlled by both diffusion and the energy
barrier [3, 18].
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Scheme 1.2 Adsorption process of surfactants from the bulk onto the air/water interface

Although the adsorption and desorption kinetics of surfactants have been widely
studied, most studies require the use of approximate relationships between the surface
tension y, the bulk concentration C and the surface concentration /. In this
dissertation, by using a simple bubble compression method, we determined the
equation of state y(/), which was used to obtain the time-dependent surface
concentration /(¢) during the adsorption/desorption processes. This allowed for the

comparison with existing models without the need for many free parameters.

1.1.1 Adsorption process of surfactants onto the air/water interface

The main difficulty for the study of the adsorption process of surfactant
molecules is the determination of the surface concentration as the surface tension data
are most often measured. From these data, one has to derive the surface concentration
as a function of time in order to understand the controlling steps for the adsorption
process. In Chapter 4 and Chapter 6, we have directly measured the equations of state
for various surfactant systems and have shown the applicability of the interfacial
equilibrium for the systems studied. We have also been able to obtain the
time-dependent surface concentration 7/(f) by performing series of successive
measurements using a bubble compression method. Using the methods proposed, we
successfully showed that the diffusion is the controlling step for the adsorption

process in the systems studied.
1.1.2  Desorption process of surfactants onto the air/water interface

To investigate the desorption process of surfactants from the air/water interface,
it is also necessary to obtain the surface concentration out of the surface tension data.
Following on from the experiments presented in Chapter 4 we have studied the

desorption process. In Chapter 5, we have chosen several types of surfactant systems,
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including non-ionic surfactants and ionic surfactants in the presence of sufficient
electrolyte. We have successfully proved that the desorption is not diffusion-limited
by comparing the change in the surface concentration with the time-dependent surface
concentration calculated using a model for diffusion-limited adsorption. We also
show that desorption for the studied systems is kinetically limited by introducing

kinetically-limited adsorption models.
1.2 Interactions between cationic surfactant and DNA

The oppositely charged system of cationic surfactant and DNA is of use in DNA
extraction, DNA purification and gene delivery. Electrostatic attraction between
cationic surfactant and DNA, as well as the hydrophobic interactions between the
alkyl chains of surfactants lead to the complexation between cationic surfactant and
DNA. The interactions between DNA and cationic surfactant have been widely
investigated, however there still remains need to further understand this complex
system, especially the influences of surfactant architecture, electrolyte, temperature
etc. on the interaction process. In this dissertation, we present a systematic
investigation of the micellization processes of two novel cationic surfactants (gemini

surfactants and ionic liquid surfactant) and their interactions with DNA.

1.2.1 Interactions between cationic gemini surfactant and DNA

In Chapter 7, the micellization of cationic gemini surfactant 12-3-12-2Br and its
interaction with salmon sperm DNA have been systematically investigated using a
range of techniques. We focus on the 12-3-12-2Br/DNA system for two main reasons.
First, the 12-O-12'2Br series are typical gemini cationic surfactants presenting
excellent surfactant properties [19]. Furthermore, it has been found that surfactants
with smaller spacers (O=2, 3) present superior DNA compaction efficiency in this
series according to Karlsson et al. [20]. The highest transfection efficiency was
reported to be shown with O=3 [21]. Second, the complexation process,
microstructures, phase behavior in the 12-3-12:2Br/DNA system have been
investigated with a variety of methods [22-24], however, there remains need to further
explore the interaction mechanism of this complicated system. We have demonstrated
the binding mechanism and thermodynamics in the 12-3-12:2Br/DNA system with
microcalorimetry, UV-Vis spectroscopy, conductivity, light scattering and

microscopic observation, among which the microcalorimetry was mostly utilized to



quantitatively monitor the extent of the stepwise interaction in 12-3-12:2Br/DNA

system.

1.2.2  Interactions between ionic liquid surfactant and DNA

Ionic liquid (IL) surfactants can possess several advantages including excellent
physicochemical properties and environmental friendliness. However, the
investigation of its application in gene delivery systems is still very limited. In
Chapter 8, the imidazolium-based IL surfactant 1-dodecyl-3-methylimidazolium
bromide [C;omim]Br was selected for its good surface activity, low CMC (compared
with DTAB) and the potential applications in various areas [25-27]. We have
systematically studied the interactions between [C;;mim]Br and DNA using various
experimental methods and molecular dynamics simulations, and finally propose an

interaction mechanism for the studied system.



Chapter 2 Background and theories

2.1 General introduction of surfactants

The surfactant molecule contains both a water insoluble (oil soluble) component
and a water soluble (oil insoluble) component, which gives rise to the unique
properties of surfactants. Due to their structure, surfactant molecules can adsorb at
surfaces (e.g. air/water or oil/water). An aqueous solution with an interface with air,
the molecules can position themselves such that the water insoluble hydrophobic tails
extend out of the water phase into the air phase; however the water soluble
hydrophilic head groups still remain in the water phase. At a water/oil interface, the
water insoluble hydrophobic tails can extend out of the water phase and direct
themselves into the oil phase, while the water soluble hydrophilic head groups still
remain in the water phase. The organization of surfactants at the water/air interface
and at the water/oil interface is shown in Scheme 2.1. The self assembly of surfactants
at the surface can modify the surface properties and thus leads to their many

applications.

Airlvater interface Cillwster interface

air -

Scheme 2.1 Assembly of surfactants at the air/water interface and oil/water interface

The dual nature of the surfactants also controls their assembly in the bulk.
Surfactant molecules can form aggregates including micelles, in which the
hydrophobic tails compose the core of the aggregates and the hydrophilic headgroups
are in contact with the aqueous phase. Various types of aggregates including spherical,
or cylindrical micelles and bilayers can be found according to the spontaneous
curvature (Cp) of the surfactant monolayer [28, 29], as seen in Scheme 2.2.
Surfactants with large spontaneous curvature (e.g. charged surfactants) form spherical
micelles, and a decrease of the spontaneous curvature leads to changes in the micellar
structure. Surfactants with very large tails and small headgroups have a very low

aqueous solubility and would prefer to form inverse micelles.
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Scheme 2.2 Various types of micelles

In addition to the micelles, surfactant molecules can also form other types of
organized surfactant assemblies in solutions and on solids. Surfactant molecules can
aggregate in nonpolar solvents to form inverse or reverse micelles. These types of
micellar structures can even be found in polar solvents in which the surfactant has
very low solubility. This occurs when the preferred curvature Cy has a sign opposite to
that found for a surfactant forming micelles in water with surfactant tails directing
towards the nonpolar solvent and headgroups interacting with water in the core
[30-32]. The structure for the inverse/reverse micelle can be seen in Scheme 2.3.

Mixtures of polar and non-polar solvents can be thermodynamically stabilised by
surfactants into microemulsion phases. Microemulsions are homogeneous solutions
composed of water, oil and surfactant, sometimes with the addition of cosurfactant
[33, 34]. The oil in water microemulsion can be considered as oil-swollen micelles,
while the water in oil microemulsion can be thought as water-swollen inverse/reverse
micelles. This happens when Cj is smaller than that of the oil-free surfactant micelles

(or larger than the water-free reverse micelles, Cy being by convention negative in this

W, e
£ 1%
SR

inverse/reverse micelle oil in water microemulsion water in oil microemulsion

case). Both structures are shown in Scheme 2.3.

7

Scheme 2.3 Types of surfactant self assemblies

As mentioned previously, in a typical surfactant solution, the surfactant
molecules can be found dispersed as monomers in the bulk, adsorbed at the

air/solution interface and at the solid/liquid interface of the container and as micelles
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in the aqueous phase (provided the concentration is high enough). The energies of
adsorption of surfactants in micelles and at interfaces is typically a few kT. This
means that molecules adsorb and desorb continuously to and from the interfaces
leading to a dynamic equilibrium between the above mentioned states. The relative
concentrations of monomers and micelles vary with equilibrium conditions including
pressure, temperature, surfactant concentration or electrolyte concentration (in the
case of ionic surfactant). At fixed conditions (temperature, pressure and concentration)
the amount of adsorbed surfactant monomers at the air/solution interface and the
amount of monomers and micelles in the bulk phase are fixed [35-37].

The number of surfactant molecules used and studied is enormous, and while
they all have their specificities they are often classified according to the charged
groups in their polar headgroups. The first division is into non-ionic surfactants and
ionic surfactants. Non-ionic surfactants have no charge in their headgroups and are
therefore more resistant to salty environments. lonic surfactants have charges in their
headgroups and can be divided into several types. If the charges are negative, the
surfactants are specifically named anionic surfactants. The anionic surfactants are the
most widely used type of surfactant in household products such as shampoos and
cleaning liquids due to their excellent cleaning properties and low toxicity. The
surfactants with positively charged headgroups are called cationic surfactants, which
are mostly widely used for their disinfectant and preservative properties. Surfactant
molecules containing the headgroups with two opposite charges are called
zwitterionic surfactants. Surfactants with two headgroups and two tails are referred to
as dimmers or gemini surfactants. A scheme for different types of surfactants is shown
in Scheme 2.4.

R 09
o, ¢ & & O
Surfactant type: Noniomic Amnionic Cationic Zwitterionic Gemini

Scheme 2.4 Various types of surfactants, where the blue spot denotes the surfactant headgroup,

and the orange spot denotes the counterion
2.2 Micellization of surfactants in the bulk

Micellization is the formation of colloidal-sized clusters of surfactant molecules
in solution. In a micellar solution, surfactants are continuously exchanged between
micelles and the surrounding solution, which includes entry of surfactants into

micelles and their exit. The exchange process is described in Scheme 2.5, where A is



the surfactant monomer, As and Asg.; are the aggregates formed from S and S-1
monomers (micelles). ks" and kg™ are the rate constants of association and dissociation
of the micelles.

K
As—l +4 (T As

Scheme 2.5 Exchange of surfactants between micelles and bulk

It has been recognized that the physical properties of surfactant solutions present
an abrupt variation close to a critical concentration corresponding to the onset of
surfactant micellization [29]. The physical properties include surface tension, osmotic
pressure, electrical conductivity and ability to solubilize non-polar organics in the
surfactant solution. The concentration at which micelles begin to appear in the bulk is
called the critical micelle concentration (CMC) and can be determined from the
discontinuity point in the plot of a certain physical property as a function of the
surfactant concentration in the system. Surface tension is the free energy per unit area
of the liquid surface. The CMC is the break point in the plot of the surface tension as a
function of surfactant concentration as shown in Scheme 2.6. The CMC can be used to
determine the monomer concentration in a micellar solution under fixed conditions of
temperature, pressure as the concentration of monomers is almost constant above the
CMC. It has been found that the aggregation number of the micelle increases with the
length of hydrophobic chain and decreases with the size of hydrophilic group [38].
The factors which can increase the aggregation number tend to decrease the CMC. For
example, an increase of the surfactant alkyl chain length decreases the CMC [39]. In
the case of an ionic surfactant, the presence of electrolyte decreases the CMC, due to
the screening of the electrostatic repulsions between the charged headgroups, which

therefore promotes micelle formation and growth [40].
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Scheme 2.6 Surface tension as a function of concentration indicating the discontinuity used to

determine the CMC.

We now turn our attention to the thermodynamics of micelle formation in more
detail. We start by looking at the free enthalpy change due to surfactant micellization,
AGnic given by [29, 41]:

4G, = RTInCMC Equation 2.1

AG,. =RT(1+B)InCMC Equation 2.2

for non-ionic and ionic uni-valent surfactants respectively, where £ is the
counterion binding degree of the micelles and 7 the absolute temperature. For the
micellization process, the enthalpy change A Hyic, the entropy change ASyic and AGpic

are linked by
4G, =4H,, —TAS, .. Equation 2.3

When micellization is thermodynamically favoured, the value of AGpic is
negative. The negative values of AGp,; mainly come from the large positive values of
ASnhic, meaning that the micellization process of the surfactant molecules is primarily
entropy-driven [29]. When the dissolution of surfactants in the aqueous phase occurs,
hydrophobic groups of surfactant molecules change the hydrogen-bonded structure of
water and therefore increase the free energy in the system. This energy is recovered
after micellization. The interfacial energy may increase when micelles are formed. In
addition, in the case of ionic surfactants, electrostatic repulsion between the charged

headgroups occurs. These effects may increase the free energy of the system. Hence,



the micellization process depends on the balance between the effects favoring
micellization and those opposing it. The hydrophobic effect is considered to be
important for the entropy-dominated association of surfactant molecules [29].
Variations of temperature may influence micellization. This is more obvious in the
case of non-ionic surfactants. The solubility of non-ionic surfactants can decrease
with increasing temperature, due to the loss of hydration water, the head group
becoming less hydrophilic, eventually leading to phase separation above a “cloud
point” temperature.

In the past decades, self-assembled surfactant aggregates such as cylindrical,
lamellar, and reverse micelles have received considerable interest. The assembled
structures of surfactant molecules are considered as promising drug delivery carriers
[42-44]. Micelles or reversed micelles also play increasingly important roles in
catalysis and separation processes [45]. Theories of micellar structure have been
developed, and the geometry of the micellar shape is considered to depend on the
relative volume occupied by the hydrophilic and hydrophobic groups of surfactant
molecules. In aqueous media, surfactant molecules carrying bulky, loosely packed
hydrophilic headgroups and long, thin hydrophobic tails tend to form spherical
micelles (large spontaneous curvature Cj), while those with small, closely packed
hydrophilic headgroups as well as short, bulky hydrophobic tails tend to form lamellar
or cylindrical micelles (smaller Cp). Variations in temperature, surfactant
concentration or additives in the system may influence the size, shape, aggregation
number and stability of the micellar structures [46]. At concentrations slightly above
the CMC, micelles tend to be of spherical shape. With the increase of surfactant
concentration, the structure of a micelle may vary from spherical shape to rod-like or

disc-like shape then to lamellar shape.
2.3 Properties of surfactants at the air/water interface

2.3.1 Thermodynamics of surfactant adsorption at the interface

In this section, we will present the Gibbs model which describes surface
phenomena in thermodynamic terms, and then the applications of Gibbs model in
systems of both ionic surfactants and non-ionic surfactants. As shown in Scheme 2.7,
the real system can be divided into three parts: two bulk phases and an interfacial
region separating them. In the real system, the interfacial region has a typical
thickness of a few molecular diameters, where the physical quantities change sharply

but continuously. Gibbs introduced an imaginary reference system, in which the two
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bulk phases are separated by an infinitely thin dividing interface, located at Z=Z%,

the physical properties remaining constant on each side of the interface [4].

Z Bulk phase 1
e+t
Zo Interfacial region
—3_;
9 Bulkphase2z
¢
.. ~te

Scheme 2.7 Illustration of a real system (two bulk phases and an interfacial region)

In a multi-component system with volumes in the two phases V' and F?
respectively, the concentrations of the component i in the two phases are C;' and C/.
Assuming 7; is the total amount of component i in the system, its quantity at the

interface is denoted as
n’ =n -V'C'-V?C} Equation 2.4

where the subscript ¢ refers to quantities at the interface.

Let us consider the case of aqueous solutions; for water:

AC'(Z)HZO = C(Z)H2O - Csalution,HZO for Z<ZO

AC(2) 0 =C(2) 0 -C for Z>7, Equation 2.12

vapor ,H,0
The surface concentration /(H,O)is obtained by
I= J'jw AC(Z2)dZ Equation 2.13

The location of the dividing interface is generally chosen such that the surface

concentration of the water solvent is zero.

The surface concentration for the component i at the surface area A4 is defined as

nj =T, Equation 2.5
In the bulk, we have the differential of the internal energy
dU =TdS —PdV + ) udn, Equation 2.6

Here P is the pressure and g4 the chemical potential of the species i. Then at the
interface an analogous equation is derived with the bulk work term -PdV replaced by

the surface work term yd4
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dU° =TdS° +ydA+)_ udn’ Equation 2.7
Again, the bulk relation U=7S- PV+Z wn, yields the following at the

interface

U’ =TS +yA+)_ pn’ Equation 2.8

Then we differentiate Equation 2.8, compare it with Equation 2.7 and get the
Gibbs adsorption equation

S°dT + Ady+ n’du, =0 Equation 2.9
At constant temperature, Equation 2.9 yields
n’ .
—dy=) “du =) T'du Equation 2.10
y Z dy Z A, q

Thus the changes in surface tension dy and in chemical potential dz; have been
linked to the surface concentration. In the case of non-ionic surfactant solutions, a

gaseous phase is in equilibrium with the solution.Equation 2.10 reduces to

—dy = Ldu, + Idu, Equation 2.11
At a location of the dividing interface such as T, =T, , =0, Equation 2.11

becomes

dy T

= Equation 2.14
du,

2

The surface concentration /5 of component i is a measurable quantity and the
location of the dividing interface has no influence on its value [8]. In order to be able
to compare with experimental results, the relationship between the concentration and
the chemical potential s is required, which can be expressed in ideal dilute solutions

as:

=4l +RTInC, Equation 2.15

where R is the gas constant. At constant temperature, Equation 2.15 yields

du, =RTd InC, Equation 2.16
r,= LI Equation 2.17
RT dInC,



Thus a relationship linking 7> to dy/d(InC;) is obtained, which is the result
commonly used for the analysis of surface tension data. In many systems, close to the
CMC, y varies almost linearly with In C, indicating that the surface coverage is close
to a constant maximum value.

The Gibbs adsorption equation can be generalized to ionic surfactants, either
with or without added electrolyte [8]. We will consider the case of a cationic
surfactant and an electrolyte with the same counter-ion as the surfactant. The
surfactant molecule is supposed to becomposed of v free positive ions and v. free
negative ions with charge z; and z. respectively.

Assuming that the dissociation of the cationic surfactant in the bulk is complete,

one has:

RM —>v R +v. M~ Equation 2.18

Where RM is the molecular formula for the surfactant, R* 1is the surfactant ion
and M~ is the counter-ion. Similarly, the dissociation reaction for an added

inorganic electrolyte is :

XM —>viX* +viM*~ Equation 2.19

Where XM is the electrolyte, X “ is an indifferent co-ion, M is the

counter-ion. The superscript s denotes the electrolyte which contains v*; co-ions and
v*_counter-ions with charges z." and z_° respectively.
Then Equation 2.10 can be expanded over all ionic species in the ideal solution:

~dy = Tdu=RTY IdnC,=RT(C, dInC, +T dInC,+I .dInC)

Equation 2.20
The concentrations of surfactant ions and co-ions depend on the bulk

concentrations of the surfactant and the salt as:

c=Se
V+
¢ =Sx
o Equation 2.21
r=—=£
V+
r-le
s Vx

For the cationic gemini surfactant 12-2-12-2Br, v,=1, v=2; for the added

electrolyte NaBr, v."=v*=1. Additionally, the interfacial region is electro-neutral and
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the two separate bulk phases are electro-neutral, thus the electro-neutrality requires
that
C‘W = CW + 2CR+

Equation 2.22
I =T +2r,

Then with the above equations, Equation 2.20 can be reduced to

—dy=RT[2[. +T,.)dIn(C,, +2C, )+ T, dInC, +TI,.dInC ] Equation 2.23

Assuming the adsorption excess of the salt cation is nearly 0, i.e. I ~0, then

Equation 2.23 becomes

—dy=2RTI,dIn(C,. +2C, )+ RTT,.dInC,, Equation 2.24

Therefore the electrolyte concentration affects the adsorption equation. In the

case of no added electrolyte (i.e. C . =0), Equation 2.24 reduces to

~dy =3RIT’,dInC,, Equation 2.25

At salt concentrations much higher than surfactant concentrations, the first term
in Equation 2.24 is close to zero for constant salt concentration, therefore the Gibbs

adsorption equation becomes

—dy=RIT .dInC,. Equation 2.26

Our next interest is to understand the equilibrium adsorption of surfactant
molecules at the air/water interface, for which many theoretical models have been
developed already [9]. According to the Gibbs adsorption equation, the dependence of
equilibrium surface tension on surfactant concentration provides information about
the amount adsorbed at the interface at equilibrium. For non-ionic and ionic
surfactants with sufficient electrolyte, the Gibbs adsorption equation is expressed in
Equation 2.27. This equation is commonly used for the analysis of surface tension
data in order to obtain the equilibrium surface concentration / .

I
“ RTdInC,

Equation 2.27

The Gibbs adsorption equation can relate the variation of the surface tension yeq
with bulk surfactant concentration C, in order to determine the value of the surface
concentration /¢4 [4]. Using this method, the equation of state yeq(/%q) (equilibrium
surface tension as a function of the surface concentration) can be acquired and

eventually compared with theoretical equations of state [9].



The equilibrium surface tension values can be determined from the
time-dependent measurements of surface tension at long times [47, 48]. For efficient
surfactants with very low critical micelle concentrations (CMC), the periods of time
required for the equilibration of the surface tension are very long due to the low
concentrations studied. For example, hexadecyl trimethyl ammonium bromide (CTAB)
in 100 mM sodium bromide (NaBr) has a CMC of about 0.03 mM, and it takes more
than 3 hours to obtain the equilibrium surface tension for 0.002 mM CTAB. This
means that it is indeed time-consuming to determine the complete variation /¢q(Cp)
with the Gibbs adsorption equation.

Recently, Moorkanikkara et al. [49] developed a novel, combined method of
both theoretical as well as experimental analysis to predict the equilibrium surface
tension vs surfactant bulk concentration y(Cy) curves for nonionic surfactants using
dynamic surface tension data at a single concentration, a single equilibrium surface
tension data point and the previously known diffusion constant D, and found that they
agreed well with those measured by other methods. Pan er al. [50] have proposed a
method to obtain the equation of state y(/)) using the pendant drop method. The
surface area of a bubble is rapidly expanded and subsequently compressed after it has
reached the equilibrium state. Assuming the amount of the surfactant molecules on the
surface remains constant during this period of time, the equation of state can therefore
be calculated rather easily. Lin et al. [12] and Taylor ef al. [51] have proposed similar
methods to determine the equations of state using fast bubble expansion. Fainerman et
al.[52] utilized a comparison between bubble and drop methods, taking the advantage
of the surfactant depletion effects commonly occurring in dilute solutions with the

drop method.

2.3.2  Dynamics of surfactants at the air/water interface

Besides the surface properties at equilibrium, the time-scales of adsorption also
matter in many industrial applications , frequently being even more important than
equilibrium properties [3]. Accordingly, intense attention has been paid to the research
on the dynamic surface tension of surfactant solutions [3]. The adsorption of the
surfactant molecules from the bulk onto the interface includes two steps, as shown in
Scheme 1.2:

e diffusion of surfactant molecules from the bulk to the sub-surface.
e transfer of surfactant molecules from the sub-surface to the interface.

For very dilute solutions of non-ionic surfactants, the time-scale for diffusion is
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much longer than that of the transfer of surfactant molecules to the surface, meaning
that the adsorption processes are solely diffusion-controlled. Diffusion models
satisfactorily account for the adsorption kinetics of non-ionic surfactants [53, 54]. In
the case of ionic surfactants with high concentrations of added electrolyte, the
electrostatic repulsion from the charged surfactant molecules already present at the
surface is screened, and therefore the electrostatic adsorption barrier is suppressed. As
a result, the adsorption behavior should be similar to that of non-ionic surfactants, i.e.,
diffusion-controlled [14, 15]. This implies that the local equilibrium is ensured in the
interfacial region, and that the concentration in the sub-surface region, Cs, is directly
linked to 7.

A diffusion model for the adsorption of surfactant molecules onto an air/water
interface has been developed by Ward and Tordai [55] and afterwards modified by
others [56] to account for adsorption onto a spherical surface instead of a planar

surface:
r(t)= 2,/2 [Cbﬁ —jf C.(t-t)dVr } +§[Cbt - Cs(r)dt} Equation 2.28
T

In this equation D is the diffusion constant of surfactant molecules, b the bubble
radius, G, the bulk surfactant concentration, Cs the surfactant concentration close to
the interface (sub-surface), ¢ the aging time of the interface and 7 the time variable.

At short times, before the surface concentration becomes sufficiently high,
desorption is negligible. In addition, for systems with a low ratio of adsorption depth
h=I.¢/Cy to the bubble radius b, the effect of curvature is negligible at short time (¢ <
h?/D) [13]. Therefore, at short adsorption times only the first term is required and

Equation 2.28 becomes

&ZQJE&\E: 2\/§K Equation 2.29
r, Nzr, ™

In Equation 2.29, I, is the surface concentration at equilibrium corresponding to
the bulk concentration employed. If the adsorption is diffusion-controlled, the

normalized surface concentration should increase linearly with the square root of time
or with the normalized term K =/7 / .

In the case of kinetically controlled adsorption, an adsorption barrier exists in the
interfacial region, meaning that the transfer of surfactant molecules from the
sub-surface to the air/water interface could be slower than the diffusion of molecules

from the bulk to the sub-surface. For example, strong electrostatic interactions in
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salt-free ionic surfactant solutions are found to have strong effects on the adsorption
process of surfactant molecules, causing the adsorption to be kinetically limited. The
adsorption process of ionic surfactants is difficult to model: because of the surface

charge, the surface potential increases with time, as indicated in Scheme 2.8.

N
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step 2: adsorption barrier?
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T .|.-/ step 1: diffusion

Scheme 2.8 Adsorption of ionic surfactants from the bulk to the air-water interface

The charged surface repels the further arrival of surfactant molecules from the
bulk and thus results in the deceleration of the adsorption process. A few models have
been developed to understand the adsorption behaviors of the ionic surfactants.
Diamant et al. [14, 15] proposed a theory for the adsorption kinetics for surfactants
(ionic or non-ionic) using a free energy approach and they concluded that at times
long enough, the adsorption for ionic surfactants is kinetically controlled rather than
diffusion-controlled. In the case of ionic surfactants with high concentrations of added
electrolyte, the electrostatic repulsion from the charged surfactant molecules already
present at the surface can be screened, and their adsorption becomes
diffusion-controlled, which is similar to that of non-ionic surfactant.

There exist various adsorption models to predict the time variation of the surface
concentration of molecules. However in general, the interfacial tension changes are
measured instead of the surface concentration change. Therefore the models need to
be extended to relate the surface tension to the surface concentration. At equilibrium,
the relation y(I") is called the equation of state. The utilization of several assumptions
is thus necessary, such as extending equilibrium relations to out of equilibrium
situations. Although several different models for the equation of state have been
proposed [3], their accuracy is generally not high close to the CMC region where the
surfactant monolayer at the interface becomes highly compact [57]. In an early
experiment by Doss [58] a Langmuir trough was used to determine directly the
surface concentration in time, however for an ionic surfactant, where the electrostatic
repulsion can easily lead to behaviour that is difficult to model. Therefore, it is

necessary to acquire the surface concentration out of experimentally measured surface
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tension values, and then to determine the controlling step for the adsorption.

2.3.3 Desorption of surfactants at the air/water interface

In order to better understand the adsorption as well as the desorption processes,
many studies have been performed with bubbles and drops which volumes were
varied with time [18, 50]. When the diffusion process is relatively slow, it has been
assumed that the transport towards and away from the interface is controlled by
diffusion. However, when diffusion is sufficiently fast, for instance when dealing with
concentrated surfactant solutions, time delays have been observed by Joos et al, which
were attributed to the presence of adsorption/desorption energy barriers [17, 59, 60].

Denoting the surface concentration by /" and the bulk concentration near the
surface (sub-surface) by C; with the Langmuir adsorption model, it has been
postulated that [16]:

d_rzk C 1_L _de Equation 2.31
de “ ' T r,

©

The parameters k, and k4 are respectively adsorption and desorption constants,

and 7/ is the surface concentration at saturation. k, and k4 are related to the adsorption

and desorption energies E, and Eq by: k,, = kfﬁ exp(E,, / k;T) , where kg is the

Boltzmann constant and T is the absolute temperature. When diffusion is sufficiently
fast, C is constant and equal to the bulk concentration C, so Equation 2.31 can be

simplified to:

dr .
= k (Feq —F(t)) Equation 2.32

The effective desorption rate £ is then:

AR
r

©

Equation 2.33

In the experiments carried out by Joos ef al. [17, 59, 60], a very fast technique
for measuring the dynamic surface tension of aqueous surfactant solutions, the
oscillating jet method was used, as the delays were in the order of milliseconds. They
have investigated several surface active substances, fatty alcohols and acids,
bolaforms (surfactants with two polar heads), an ionic surfactant (SDS, sodium
dodecylsulfate) and a series of cationic surfactants with different chain length (C,TAB,

alkyl trimethyl ammonium bromides), with or without small amounts of added salt. It
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has been found that for aqueous solutions of these surfactants, & depends linearly on
the surfactant bulk concentration; k4 is nearly independent of chain length with
ka/T in the order of 100 s for all systems; &, increases significantly with the chain
length roughly as the inverse of the variations of the CMC with the chain length. This
is opposite to what is nowadays well established for the exchange of surfactant
molecules between micelles and bulk: the adsorption rate of surfactant monomers to
micelles does not depend on the chain length, whereas the desorption rate decreases
considerably with chain length [61]. This is currently explained by saying that when a
CH; group is translated from a hydrophobic environment to water, the free energy
penalty is about kg7/2 [62]. Therefore, there exists an energy barrier for desorption,
while not for adsorption. In other words, the adsorption process is simply diffusion
controlled [61]. In order to explain their results, Joos et al. [17, 59, 60] proposed that
an energy barrier for adsorption can also be present, which may be linked to the
reorganization of hydration water and be even larger than the desorption energy
barrier. Assuming that this interpretation is valid, it would imply that the
reorganization of hydration water is more difficult at the air/water interface than at the
surface of a surfactant micelle, emphasizing the difference of the
adsorption/desorption kinetics between the air/water interface and the micelles.

In addition to the oscillating jet method, other types of methods including the
maximum bubble pressure [8], the expanding drop [63], the pendant [50, 64-66] or
oscillating drop [67, 68], the surface compression rheology [69] have also been used
to address the issue of the transfer of surfactant molecules between bulk solution and
interface. Because the times accessible with these methods are longer, more dilute
solutions were used in order to measure the surface tension variation due to both the
diffusion in the bulk phase and the exchange between subsurface and surface. Below
0.1 s, it was shown that convection is important in the bubble method, and the precise
data analysis is difficult [63].

When the concentrations used are relatively small, for instance long chain
alcohols with limited water solubility, the transport of surfactant towards the surface
was found to be purely diffusion controlled [10], unlike the short chain alcohols
studied at larger concentrations [59]. Although there is relative consensus on the
adsorption and desorption behavior of dilute solutions, even at low concentrations,
fitting adsorption and desorption data with diffusion-controlled transport frequently
provides diffusion coefficients smaller than expected. The fitted coefficients can differ

by as much as a factor of three between adsorption and desorption experiments, even



when performing experiments with the same solutions [18]. Mixed diffusion-kinetic
transport models were therefore proposed [13, 50, 70]. It was found that assuming
constant values for k, and kqin Equation 2.31 (i.e. constant energy barriers), was not
sufficient to fit the data, but that a linear dependence of adsorption and desorption

energies on / was necessary. This is consistent with the fact that Equation 2.31 leads

to the Langmuir equation of state at equilibrium (‘;_r: 0 ); while with the corrections
t

adopted, a Frumkin equation of state can be obtained, which usually better fits
equilibrium surface tension data than the more ideal Langmuir equation of state.

The desorption rates kq, although scattered, have been found much smaller for
alcohols with long chains such as decanol (~10 s1[64], 2.7s'[67],0.1s" [65]) than
those ones with shorter chains, from propanol to heptanol (~100 s1) [59]. However,
the concentrations studied were smaller roughly by a factor 1000 (in the range 10 to
100 uM in the references [64, 65, 67] instead of 10 to 100 mM in the reference [59]),
and the differences in k4 are possibly due to the influence of the surface concentration
on the energy barriers. However, k has not been found concentration dependent for the
short chain alcohols and other experiments with decanol did not evidence any energy
barrier at all [63, 66]. Besides, it is difficult to determine the desorption rate exactly
due to the noise in standard curves of dynamic surface tension, even when diffusion is
the major contribution to the transport process.

Experiments with nonionic surfactants, of the alkyl polyoxyethylene glycol
ethers series (CiE;, a chain with i carbon atoms and j oxyethylene groups) were also
performed. For C,Es, Pan et al. [13, 50, 70] found & ~1.4x10™ s'l, whereas Lucassen
and Giles [69] found that the surfactant transport was diffusion controlled. Pan ef al
claim that the difference is due to the fact that Lucassen and Giles use too many
parameters for data fitting. Lee et al. [18] studied the series CiEg and, at the difference
of alcohols [59], they have found that the desorption rate varies considerably with
hydrocarbon chain length (a factor 15 when i1 changes by a factor 2), whereas the
adsorption rate is relatively constant: k,~ 6 m’ mol™ s, This result is compatible with
the findings for surfactant exchanges with micelles, although the rates are lower by
many orders of magnitude [61].

In summary, the understanding on desorption of surfactant molecules from the
air/water interface is still controversial, therefore further studies of the desorption

process are desirable.
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2.4 Interactions between surfactants and DNA

The oppositely-charged surfactant and polyelectrolyte system has received
intense interest for the past decades [2, 71, 72]. Due to the presence of the
electrostatic interactions between the two components and the hydrophobic
interactions between the alkyl chains of the surfactants, the surfactant molecules can
aggregate around the polyelectrolyte chain at a critical surfactant concentration
(shown in Scheme 2.10), which is named CAC. The complexation process, phase
behavior, the structure of the complexes etc. have been widely investigated for this

complicated system [73-75].

&
—

surfactant

polyelectrolyte

Scheme 2.10 Aggregation process of surfactants around the polyelectrolyte

2.4.1 Interactions between cationic surfactants and DNA

(Deoxyribonucleic acid) DNA is not only an important biological molecule but
also a highly charged anionic polyelectrolyte with a unique double helical structure [2,
72, 74]. DNA has the ability to associate with the oppositely charged cosolutes,
ranging from simple ions to polymers, proteins, surfactants, lipids and also particles
[76-78]. Commonly the association can be strongly enhanced with the increase of the
total charges carried by the cosolute or the charge density of the cosolute; on the other
hand, the addition of salt can screen the electrostatic interactions and therefore
weaken the association.

With the development of biotechnology, cationic surfactants are receiving much
interest in biological areas [79, 80]. The oppositely-charged polyelectrolyte/surfactant
system has been extensively studied, and the DNA/cationic surfactant system is of
interest in many applications, for example, the development of methods for DNA
extraction and purification, and lately, the potential use of these systems as efficient
non-viral artificial reagents for gene delivery in gene therapy [78, 81]. Complex
formation, phase behavior, thermodynamics of interaction processes, morphology of

the complexes and surfactant transfection efficiency in the cationic surfactants/DNA
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system have been widely investigated by a variety of methods [73, 75, 82-88]. The
main driving force for the strong association is due to the electrostatic interactions
between the two components (DNA and surfactants) followed by the hydrophobic
interactions between the alkyl chains of the surfactant molecules. Typically the
electrostatic interactions can lead to an entropy increase due to the release of the
counterions, and correspondingly the association of DNA and surfactants can occur at
low concentrations [76]. The hydrophobic interactions between the alkyl chains of the
surfactant molecules can ensure the cooperative binding of surfactants on the DNA
chains. The above studies have shown that the self-assembly of surfactants on DNA
chains occurs at a critical concentration, far below the critical micelle concentration
(CMC). The cooperative binding process of surfactants with DNA, driven by both
electrostatic and hydrophobic interactions, plays a significant role in the collapse of
DNA molecules [89]. The conformational transition of large DNA molecules from
extended coils to collapsed globules, induced by cationic surfactants, has been
confirmed by the use of fluorescence microscopy [90]. Recent research on DNA with
a relatively low molecular weight revealed that the addition of cationic surfactant
could cause changes in the aggregated form of DNA from a loosely packed spherical
to a rod-like via a toroidal structure [91]. Recently Profio et al. [75] presented a
detailed study on the interaction between DNA and cationic amphiphiles with various
physicochemical techniques, microscopy observations as well as thermodynamic
estimations, and successfully correlated the structural features of the cationic
amphiphiles with the induced morphological changes on DNA. It has already been
shown that the surfactant structure may be closely related to its interaction with DNA,
therefore studies of surfactants with unique structures become interesting and
necessary [92-95]. Moreover, the properties of the system may be dependent on its
affinity toward the environmental conditions including the additives, temperature and
pH. Goracci et al. [96] used a pH-dependent probe to detect the interaction between
DNA and pH-dependent zwitterionic amine oxide surfactants, which may be of

potential use in pH-stimulated gene delivery systems.

2.4.2 Interactions between cationic gemini surfactant and DNA

As a novel class of self-assembling molecules, gemini surfactants have received
intense attention in the past decades due to their excellent physicochemical properties
[97, 98]. Gemini surfactants are composed of two hydrophobic chains as well as two

hydrophilic head groups covalently attached through a spacer, and the typical
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structure of gemini surfactants is presented in Scheme 2.11. The gemini surfactants
have interesting properties including much lower CMC, enhanced efficiency in
lowering surface or interfacial tension compared with the traditional surfactants with
single head group and single alkyl chain [19]. Goracci et al. have reported that the
gemini surfactants show high stability at the air/water interface and formation of
“dimers” at the interface may account for the compressible nature of the monolayers
of traditional surfactants with single chains [99]. Gemini surfactants possess the
advantage of rich structural diversity. It is possible to vary the length of alkyl chains,
the chemical structure of head groups, the spacer configuration and the counter-ions,
therefore intense attention has been paid to the influence of molecular architecture on
the properties of gemini surfactants [92, 100]. Rational design of cationic gemini
surfactants can ensure high DNA binding ability, low cytotoxicity and enhanced
transfection ability [93, 101, 102].
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Scheme 2.11  Typical structure of gemini surfactant

2.4.3  Interactions between ionic liquid surfactant and DNA

Typically ionic liquids (ILs) are composed of organic cations and
organic/inorganic anions existing as liquids at ambient room temperature. They have
attracted considerable attention owing to their unique and excellent physicochemical
properties including wide liquid state range, high polarity, negligible vapor pressure,
favorable solvation ability, high reactivity and high selectivity [103, 104]. The
self-assembly of surfactant molecules or block copolymers in ILs has been widely
investigated, and aggregates such as micelles and liquid crystals have been observed
[105, 106]. Microemulsions involving ILs have also been prepared, showing
advantages including environmental friendliness and high flexibility [33, 34, 107].
The wide applications of ILs in chemical reactions [103, 108], material preparation
[109, 110], separation processes [111, 112] and renewable batteries [113, 114] etc.
have been widely studied in the past decades. The unique physicochemical properties
of imidazolium-based ILs have attracted increasing interest due to their potential
applications in various areas, especially in the field of life science [115]. For example,
1-butyl-3-methylimidazolium hexafluorophosphate ([Csmim]PFs) was successfully

utilized to extract the double-stranded DNA and showed the potential to become an
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appropriate  medium for bioprocessing [116]. 1-butyl-3-methylimidazolium
tetrafluoroborate ([Csmim]BF4) and DNA have successfully been assembled into
complex films, displaying excellent electrochemical behaviors and potential
applications in electrochemical biosensors [117]. IL-robed DNA strands with the
characteristics of both ILs and DNA have been formed by fixing
1-alkyl-3-methylimidazolium cations on the phosphate groups of DNA [118]. Some
researchers have found that imidazolium-based ILs with certain hydrophobic alkyl
groups on the cation possess high surface activity, similar to cationic surfactants
therefore they are called IL surfactants which possess the properties of both ionic
liquids and surfactants [95]. The surface activity of these types of ILs has recently
received extensive attention [25-27, 95, 119].

As a type of novel surfactants, IL surfactants have received much less attention
in their interactions with DNA. Recently, Zhang et al. [120] studied the application of
an imidazolium-based IL in the process of gene transfection and found that the IL
displayed high binding ability to DNA with low toxic effects. Xie et al. [121]
investigated the interactions between 1-butyl-3-methylimidazolium tetrafluoroborate
([Csmim]BF4) and calf thymus DNA with a surface electrochemical micromethod,
and the thermodynamic and kinetic parameters of the binding process were acquired
accordingly. Very recently, the molecular mechanism for interactions between
1-butyl-3-methylimidazolium chloride ([Csmim]CI) and DNA have been shown based
on a multi-technique method [94]. Cardoso et al. [122] studied the IL/DNA
interactions using molecular dynamics (MD) simulation, showing the interactions of
IL cations with the DNA main chain and bases, and also interactions between IL
anions and DNA bases. It is quite obvious that cationic ionic liquid surfactant/DNA
interactions are interesting; however, it is difficult to obtain reliable information for
the interaction mechanism based on only instruments or MD simulation. Moreover,
the thermodynamics of the interaction process is less studied compared with the
complexation process and complex structure, therefore further work is highly

necessary.
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Chapter 3  Experimental and Numerical Methods

In this chapter, we will describe the materials and methods used in work

presented in the thesis.
3.1 Materials

The solvent used in this thesis was Milli-Q water. Different electrolytes have
been used: sodium bromide NaBr, sodium chloride NaCl, potassium chloride KCI,
magnesium chloride MgCl,, all from Sigma Aldrich.

Several types of surfactant systems were investigated, including non-ionic
surfactant hexaethylene glycol monododecyl ether Ci;E¢ (Sigma Aldrich), cationic
surfactant hexadecyl trimethyl ammonium bromide CTAB (Sigma Aldrich), cationic
surfactant tetradecyl trimethyl ammonium bromide TTAB (Sigma Aldrich), anionic
surfactant dioctyl sodium sulfosuccinate AOT (Sigma Aldrich).

Two types of cationic gemini surfactants, 12-2-12-2Br and 12-3-12-2Br, have
been used. They have been specifically synthesized for the experiments using the
following procedures:

Synthesis of 12-2-12:2Br. Bromododecane (24 mmol) was diluted in the
acetonitrile solution (50 mL), while heating and stirring vigorously. The acetonitrile
solution (10 mL) containing N,N,N',N'-tetramethylethylenediamine (8 mmol) was
added into the system in a dropwise manner for 15 minutes. The reaction was
continued for 48 h. Finally the product was filtered out and recrystallised in the

acetone/ethanol mixture (17 mL).

Cl Cl

P

2 + N*— CH—*N
Sl ¢ N— CoH—NGH, IE:ﬂHz CaHi—*N CyzHos

CH, CHs

Scheme 3.1 Synthesis of 12-2-12-2Br

Synthesis of 12-3-12:2Br. Gemini surfactant 12-3-12-2Br was prepared by a
single-step reaction (Scheme 3.2). First N,N-Dimethyldodecylamine (excess by
5%~10%) was added into alcohol containing 1,3-Dibromopropane. The reaction was
performed at a temperature of 373.15 K with reflux for 48 h, and then solvent was
removed from the product by the method of reduced pressure. The product was then

recrystallized 3~4 times using a mixture of alcohol and ethyl acetate. Finally the
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product was dried in the vacuum oven at the temperature range 323.15 K~333.15 K
until constant mass of the product is reached.

CH; CH; CHj3
CH;CH,OH ‘ B
Ci2HysN + BrC;H¢gBr —> |:C12H25N+_ C3H6 _WCIZHZS 2Br
CH; CH; CH;

Scheme 3.2  Synthesis of 12-3-12-2Br

Cationic IL surfactant [C;;mim]Br was purchased from Chengjie Chemical Inc.
(Shanghai, China) with purity 99%, and its chemical structure of is shown in Scheme

3.3.

/\N _~Br’

©

Scheme 3.3 Chemical Structure of cationic IL Surfactant [C,mim]Br

Salmon sperm DNA (Sigma) was used directly without further treatment. The
average number of base pairs is around 2000 bp according to the statement of Sigma.
DNA stock solution was prepared by dissolving dried DNA in dilute brine. The
concentration of DNA phosphate group was determined by UV absorbance
measurements assuming a molar extinction coefficient of 6600 M 'cm™ at the

wavelength of 260 nm.
3.2 Methods

3.2.1 Surface tension
3.2.1.1 Wilhelmy plate

The Wilhelmy plate technique includes a thin plate made from filter paper,
microscope glass slide or platinum plate attached to a balance, which is in contact
with the fluid, as shown in Scheme 3.4. The liquid exerts a capillary force on the plate
which can be equilibrated by a vertical force F. The force F' is equal to the vertical
component of the surface tension (y*cosé), where 6 is the contact angle) times the
length of the plate (2L).

F=2y*L*cosf Equation 3.1
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F is measured while the plate is extracted from the solution using a force sensor.
F is proportional to y, provided that the contact angle (#) between the liquid phase and
the plate is zero. This condition of complete wetting (6=0) is satisfied here because
we use a porous paper plate. A vessel containing the sample solution is placed on a
platform which can be lowered or lifted manually. The plate is soaked with Milli Q
ultra-pure water before measurements. The force sensor is controlled by the software
and the processor. The measurements are repeated at least three times to verify

reproducibility.

1

Scheme 3.4 Illustration of the Wilhelmy plate technique

3.2.1.2 Rising bubble

The shape of the bubble is dependent on the balance between the surface tension
and gravity forces, therefore measurements of the bubble shape allow to determine the
surface tension. Once the bubble images have been recorded, the principle radii of
curvature R; and R, can be obtained. One can determine the surface tension by using
the Young-Laplace equation written below, where AP is the difference of the internal
pressure in the bubble and the external pressure.

AP = y(L + i) Equation 3.2
R] R2

Experiments were performed using a pendant drop tensiometer (Tracker, Teclis,
France). The rising bubble configuration (Scheme 3.5) was used in order to avoid
bulk depletion effects [52, 123]. The rising bubble is created at the end of a needle
with a U form, and the syringe injects air into the surfactant solution under the control
of a motor. The air bubble is illuminated with uniform light and the bubble image is

projected onto a CCD camera. By analyzing the bubble image with the software, the
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surface tension is determined.

Different measurement plans can be chosen depending on the experiments to be
performed. In a measurement plan, one executes controlled variations of one of the
physical quantities (the drop volume, interface area or tension) and records the

response of the other physical quantities versus time.

“rising bubble”

Scheme 3.5 The rising air bubble configuration

3.2.2  Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) is a technique used to calculate the
thermodynamic parameters corresponding to the interactions in solution. The unit can
directly measure the heat released or absorbed in liquid samples as a result of mixing
precise amounts of reactants. As shown in Scheme 3.6, a spinning syringe is utilized
to inject and subsequently to mix reactants at a selected spinning rate. Upon the
injection and mixing of the reactants, there exists an instant temperature difference
between the reference cell and the sample cell, and the release or absorption of heat is
detected by maintaining the temperature equilibrium in the two cells.

The calorimetric measurements were performed in a VP-ITC microcalorimetric
system (Microcal, USA) with a 1.43 mL sample cell at specified temperatures. The
samples were degassed with ThermoVac (Microcal, USA) for 5 min at a constant
temperature before measurements. A 250 pl Hamilton injection syringe was used
throughout the experiments. The injection speed was 0.5 pL s and there was an
interval of 240 s between two injections. The stirring speed was kept at 307 rpm
throughout the experiments. Raw data curves were integrated with Microcal Origin
Software as described in the instrument manual. Measurements were carried out in

duplicate and the results were highly reproducible.
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Scheme 3.6 Illustration of the injection system of ITC

3.2.3 Conductivity measurements

The electrical conductivity x is difined as the ratio of the magnitude of the

electric field to the current density with the relation below.

K= g Equation 3.3

Electrical conductivity measurements were performed using a conductivity meter
(DDS-307, Leici instrument Inc., China). The measurements were performed in a
double-walled glass container at 298.15 K controlled by the use of circulating water.
A fraction of concentrated surfactant solution was added to the brine in a successive
manner. An interval of sufficient time was allowed between two additions to

equilibrate the system.

3.2.4 Atomic Force Microscopy (AFM)

AFM is a high-resolution type of scanning probe microscopy, consisting of a
cantilever with a sharp tip at its end which is used to scan the sample surface, as
shown in Scheme 3.7. The forces between the tip and the sample surface lead to a
deflection of the cantilever, which is measured using a laser spot reflected from the
top surface of the cantilever into an array of photodiodes. To avoid the collision of the
tip with the sample surface, a feedback mechanism is employed to adjust the
tip-to-sample distance to maintain a constant force between the tip and the sample.

During the AFM measurements, a 10-20 uLL sample solution was deposited onto
a piece of freshly cleaved mica and left to adhere for 30 s using spin-coating
technique. The sample was then dried overnight before AFM observation. The AFM
images were obtained in tapping mode by a scanning probe microscope (AJ-III, Aijian
nanotechnology Inc., China) using a triangular micro fabricated cantilever with a

length of 100 pm and a spring constant of 48 N m™.
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Scheme 3.7 Illustration of AFM

3.2.5 UV-Vis transmittance

The UV-Vis spectrophotometer measures the intensity of light passing through a
sample (/) and compares it to the intensity of light before it passes through the sample
({o). The ratio /Iy is the transmittance and is expressed as a percentage (%).

Transmittance of the solutions was measured using a UV spectrophotometer
(UV-2450, Shimadzu, Japan) at 298.15 K. All measurements were performed in a 1
cm path length quartz cuvette with the wavelength range of 300~700 nm.

3.2.6 Measurements of particle size and zeta potential

Particle size is measured by dynamic light scattering (DLS), which measures
Brownian motion and relates this to the particle size. In the DLS system (Scheme 3.8),
the particles are illuminated with a laser, and the intensity fluctuations in the scattered
light are detected and analyzed. Measurements were performed using a Zetasizer
Instrument (Nano-ZS, Malvern, UK). Size distributions of particles were obtained by
measuring the light scattered by particles by using a laser beam at a detecting angle of
173" at 298.15 K.

The zeta potential is measured by determining the electrophoretic mobility and
the Henry equation. The electrophoretic mobility is obtained by performing the
electrophoresis experiments and measuring the velocity of particles using laser
doppler velocimetry. There exists an electrical double layer around the particle, as
shown in Scheme 3.9. The double layer consists of two parts: the Stern layer where
the ions are strongly bound and a diffuse layer where the ions arefree to move. At the

brim of the diffuse layer, there exists a slipping plane, and potential at this boundary is
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the zeta potential. Ions within the plane move with the moving particle, but ions
beyond the plane move independently. Zeta potentials were measured using a
Zetasizer Instrument (Nano-ZS, Malvern, UK). Three measurements were performed
for each sample in order to calculate an average value. The data were analyzed with

the software supplied by the instrument.
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Scheme 3.8 Illustration of the DLS system

Distance from particle surface

Scheme 3.9 Illustration of the zeta potential and electrical double layer

3.2.7 Micropolarity measurements

Fluorescence spectra were recorded by a fluorescence spectrophotometer (F4500,
Hitachi, Japan) at 298.15 K, and pyrene is used as the fluorescent probe to detect the

polarity of the microenvironment around the pyrene molecules. Ultrapure water was
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saturated by pyrene first and then was used to prepare the samples. The concentration
of pyrene in water is kept at 6.53x10” M. The emission spectrum (Agx=335 nm) of
pyrene presents five peaks at the wavelengths of 373, 379, 384, 390 and 397 nm. The
intensity ratio of the first peak (at wavelength 373 nm) to the third peak (at
wavelength 397 nm), [)/l;, is sensitive to the microenvironment around pyrene
molecules and is taken as a measure of polarity, with polarity being high with high
I,/I;. Measurements were performed in duplicate and the results were highly

reproducible.

3.2.8 Gel electrophoresis

The electrophoresis measurements were performed using a gel electrophoresis
apparatus (HE-120, Tanon Science and Technology Inc., China) under 160 V for 20
min. Then the agarose gel was stained in ethidium bromide solution for 10 min and

photographs of the electrophoresis bands were obtained under ultraviolet light.
3.2.9 Circular dichroism (CD)

CD refers to the differential absorption of left and right circularly polarized light,
which can be used for structural studies of certain organic molecules. For the
measurements in this thesis, CD spectra were obtained by Jasco spectropolarimeter
J-810 (Jasco, Japan). Spectra were measured as the average of three scans from 240 to

340 nm at a scan rate of 50 nm min™ in a 1 cm path length quartz cuvette.
3.2.10 Molecular dynamics (MD) simulation

In the MD simulation, the anionic DNA/cationic ionic liquid system is modeled
approximately by an anionic polyelectrolyte/cationic surfactant system, described by a
coarse-grained model. The polyelectrolyte is represented by a flexible linear chain of
100 connected negatively-charged spherical segments. A surfactant molecule consists
of a head segment with positive unit charge and four neutral tail segments. The
solvent is treated as a continuous medium and corresponding counterions of the
polyelectrolyte and the surfactant are introduced to reach electroneutrality in the
system. In order to simplify the simulation process, all particles including the
segments of the polyelectrolyte, surfactant and counterions are assumed to have the

same mass m and diameter o. The Lennard-Jones (LJ) potential is used to model
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short-range interactions between the particles. The cut-off length 7, for particles of the
polyelectrolyte chains, counterions and surfactant headgroups is assumed to be 2%
where there exists purely repulsive interaction. For particles of the surfactant chains
r.=2.50 and there exist both repulsive and attractive forces. The Coulombic potential
is used to model the long-range interaction between charged particles. A finite
extension nonlinear elastic potential (FENE) is used to model the connective
interaction of two bonded segments within the polyelectrolyte or surfactant molecules,
where the spring constant k=30¢/0” (& being the well depth) and maximum extension
Ry=20. The motion of the particles is governed by the stochastic Langevin equation,
accounting for the viscous force from the solvent and stochastic force form the
heat-bath. Ewald summation method is used to calculate the electrostatic interaction,
including the contributions from the real space and reciprocal space. The simulation is
performed in a cubic box with a length L=100¢ with periodic boundary conditions in
three dimensions. The integral time step is 0.005z;, where rs=o(m/8)0'5. The total time
steps for simulation are 8x10° steps and the last 3x10° steps are used to calculate
ensemble averages. The temperature 7 under consideration is such that: 7=¢/ks, where
kg is the Boltzmann constant. The Bjerrum length Ag=e’/(4nlksT) is set to be 2,
where e is the elementary charge, and { is the product of the relative dielectric
constant of the medium and the vacuum permittivity.

To obtain the amount of surfactants adsorbed on the polyelectrolyte (Ns), an
effective cut-off length of 40 is chosen empirically, within which the surfactant
molecules are considered to bind onto the polyelectrolyte chain. The mean-square

radius of gyration <Rg2> is introduced for the polyelectrolyte

2 1 2
<R}>= TV Z< (r=r) > Equation 3.4
L]

r; and rj are positions of the particle i and j on the polyelectrolyte. Z and Z.
display the (+/-) charge ratio of the positively-charged surfactant to
negatively-charged polyelectrolyte in the whole system and in the

surfactant/polyelectrolyte complex, respectively.

33



Chapter 4 Adsorption kinetics of surfactants at the air/water interface

4.1 Introduction

A variety of models have been utilized to understand the adsorption of
surfactants onto the air-water interface at equilibrium. Based on the dependence of the
equilibrium surface tension y., on the bulk surfactant concentration C,, the
equilibrium surface concentration /.4 can be derived according to the Gibbs
adsorption equation. Therefore, the equation of state, the equilibrium surface tension
as a function of the surface concentration y.q(/¢q), can be obtained. However, it is very
time-consuming to determine the equilibrium surface tension for efficient surfactants
with very low CMC. In this work, we use a bubble compression method with both
Ci2E6 (a nonionic surfactant, hexaethylene glycol dodecyl ether) and CTAB/NaBr
solutions. We measured the equation of state using a single experiment by calibration
with a known equilibrium surface tension value with its corresponding surface excess
concentration, and found it comparable with the one obtained by the traditional
method using Gibbs equation.

In addition to the surface properties of the system at equilibrium, the
time-dependent adsorption process is also important. The adsorption of the surfactant
molecules from the bulk onto the interface includes the diffusion of molecules from
the bulk to the sub-surface and then the transfer of molecules from the sub-surface to
the interface. The adsorption models commonly predict the time-dependent surface
concentration, while experimentally the time-dependent interfacial tension is
measured instead. Therefore, the equation of state y(/") is required to link the surface
tension to the surface concentration. In this work, having directly measured the
equation of state, we have also been able to perform a series of successive
measurements by a proposed bubble compression method to derive the

time-dependent surface concentration 7(?).
4.2 Procedures

Two surfactant systems were investigated, a non-ionic surfactant C;;E¢ and an
ionic surfactant CTAB with sufficient NaBr in order to screen the electrostatic
interactions. The configuration of rising bubble is used with the Tracker, and two
types of measurement plans have been used: measurements with constant interfacial
area (area control), and measurements with bubble volume changing linearlyin time

(volume linear profile).
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The two types of surfactants are selected for their high surface activity
(equilibrium surface tension y.o(CTAB/NaBr) = 31 mN m’, Yeq(C12E6) = 32 mN m™)
and low CMC values (for C2E¢ 0.07 mM while for CTAB/NaBr 0.03 mM ), which
can lead to long equilibration times for the dynamic surface tension. Different

concentrations for both systems have been studied, all below the CMC.
4.3 Results and discussions

4.3.1 Dynamic Surface Tension

The time-dependent surface tension for Ci,Es is presented in Fig. 4.1. For the
concentration of 0.02 mM, the surface tension drops from 72 mN m™' to 45 mN m™ in
the first 100 seconds and continues to decrease slowly until reaching equilibrium
(yeqg=42 mN m’™"). The shape of the curve is similar for the concentration of 0.004 mM,
but the relaxation is slower, the drop from 72 mN m™ down to 54 mN m™ takes 340 s
with the equilibrium surface tension y.q=52 mN m’'. The dynamic surface tensions for
CTAB with NaBr are provided in the Fig. 4.2, where full equilibration also takes
hundreds of seconds. The equilibrium surface tension values are determined from the
limit at long time of the dynamic surface tension data, i.e. after several hours for the

lowest concentrations studied.
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Fig. 4.1 Dynamic surface tension for the Ci,E¢ system with two concentrations (0.004 and 0.02

mM). The inset shows the dynamic surface tensions at short times.
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Fig. 4.2 Dynamic surface tension for the CTAB system with two concentrations (0.01 and 0.02
mM) in the presence of 100 mM NaBr.

4.3.2 Measuring surface concentration I" by the bubble compression method

The Gibbs adsorption equation is utilized to calculate the adsorbed amount of
surfactant molecules at equilibrium by linking /. to dy/dIn Gy, however, this method
requires a series of measurements to ensure accuracy in the low concentration range.
If the area of the bubble interface is abruptly modified as in studies of insoluble
monolayers in a Langmuir trough, the equation of state can be directly measured.

The following experiment has been performed. First a bubble with a certain size
was formed at #). After the evolution at constant area until ¢, we forced a rapid
decrease of the surface area of the bubble until #, is reached, where the compression is

ceased. This process is described in Scheme 4.1.

State 1 State 2
Aty Ayt

Scheme 4.1 Description of the proposed bubble compression method, with the blue plane

denoting the bubble interface and the black spots denoting the surfactant molecules

Fig. 4.3 shows both the surface tension and the surface area of the bubble plotted
as functions of time. The initial area of the bubble surface at #;, before the beginning

of the area decrease is denoted as 4;. In the example shown in Fig. 4.3, the area
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decrease starts 76.4 s after the bubble formation, #;. The area decreases from almost
17.7 mm* to 9.4 mm’ in nearly 4.6 seconds. Correspondingly the surface tension is
decreased as the surface concentration increases. The minimum surface tension
reached is 31 mN m'l, which is below y.q for this bulk concentration and close to the

equilibrium surface tension attained above the CMC.

80F T T j T " T v T
EEEEEEEENEEER NS .-T-— — o o e g;
- G A |16
60 |
[ "
— i : 112
‘g | J/Eequilibriur'n l r'-., E
40 b !
< : (t2‘ AZ’ :/eq): ".\_ 18 T
y ! P
A i il
20| | i 4
i .
74 76 78 80 82

Fig. 4.3 The variations of surface tension (empty circles) and bubble surface area (filled squares)
with time. The surface area starts to decrease continuously after ¢, = 76.4 s and at t, = 81 s the
surface tension measured is equal to yoq = 42 mN m’' for the system of 0.01 mM CTAB in the

presence of 100 mM NaBr.

It is assumed that the decrease in the surface area is much faster than the
adsorption or desorption of the molecules, that is to say, we can assume that the
number of molecules adsorbed or desorbed during the area change is negligible. This
means that /'14,=I>A4, holds during the bubble compression process. Choosing 4, as
the point where y(#,)=y.q means that /> will be the equilibrium surface concentration
Ieq for the bulk concentration studied (note that /., is dependent on the bulk
concentration). During the bubble compression process, assuming that the relation
I'A=I"4Aq always holds, the relation of surface tension y and surface concentration I”
can be found, that is to say, the equation of state can be measured from the proposed
bubble compression method. Such experiments are repeated for a series of ¢, allowing
us to measure /(¢) for the studied system. In order to verify our assumption of
negligible adsorption or desorption during the bubble compression process, the

experiments were carried out at varying compression speeds.
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4.3.3 Verification of bubble compression method
4.3.3.1 Effect of the compression speed

Various speeds have been used to compress the bubble in the C;,E¢ solution with
the concentration of 0.02 mM, and the corresponding surface tension vs the calculated
surface concentration curves are presented in Fig. 4.4. The curves at higher speeds
coincide well with each other, validating the assumption that the adsorption or
desorption during the compression is negligible. However, the curves at low
compression speeds (lower than 1 pl/s) deviate much from the ones with higher
compression speeds. At slower bubble compression speeds, it can be seen that the
surface tension decreases more quickly when y is above yq (42 mN/m), and less below.
When y>y.q, we underestimate the surface coverage as the adsorption occurs during
the compression, however as y reaches y.q the surface tension decreases more slowly
as there i1s desorption during the compression. Therefore, the surface concentration
can only be safely determined at a compression speed sufficiently high (=1 pL/s), in
which case the y(/) curve is unique. In the following experiments, the bubble
compression has been performed at the speed of 1 pL/s.

When decreasing the bubble size at a speed sufficiently high (>1 pL/s), as shown
in Fig. 4.4, y decreases continuously until around 32 mN m™, much lower than the
equilibrium value y..=42 mN/m for 0.02 mM C;E¢. I7/1 increases gradually to 1
(found at y =peq for 0.02 mM) and then keeps increasing. In other words, the interface
is over-occupied, meaning that the surface concentration is beyond /4. The final y
value (around 32 mN m'l) corresponds to the equilibrium surface tension of CjyEg¢
above the CMC. This indicates that there exists an “extreme state of packing” at the
interface. This process resembles the collapse of insoluble monolayers, where in
general the collapse surface pressure (difference between surface tension of water and
surface tension in the presence of the monolayer) is higher than the equilibrium
surface pressure, but will finally reach equilibrium if sufficient time is given [124].
Note that at high compression speed (>1 uL/s), a region with constant surface tension
can be observed finally, at this stage the interface has already been packed to the
maximum state therefore desorption may be involved. Therefore this region should

not be considered as part of the equation of state.
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Fig. 4.4 Surface tension y as a function of the calculated surface concentration /°, normalized by
Iq at various compression rates. I ¢q is the equilibrium surface concentration for 0.02 mM C,,Eg,
where the equilibrium surface tension y.;=42 mN/m. Note that at low compression speeds the
calculated value of I" does not correspond to the actual value of I because desorption or

adsorption occurs.

4.3.3.2 Reversibility of the compression process

The reversibility of the compression process and the absence of adsorption or
desorption was also verified by performing a cycle of compression followed by an
equivalent expansion at the same speed. The description for the bubble compression
followed by expansion can be seen in Scheme 4.2. Fig. 4.5 present the variations of
surface tension and area change with time. The surface tension y returns to the value
before the start of the compression and expansion processes therefore validating the

experimental protocol.

Scheme 4.2 Bubble compression followed by bubble expansion
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Fig. 4.5 A complete compression and expansion cycle of a bubble in the CTAB/100 mM NaBr
system, where the CTAB concentration is 0.01 mM. At 51 s after the creation of the bubble, it was
compressed at 1 pL/s and at 55 s, the compression was stopped and an expansion of the bubble

was performed at the same speed until 59 s.

4.3.3.3 Comparison with the equation of state

The Gibbs adsorption equation (Equation 4.1) is generally used to analyze the
surface tension data in order to obtain the equilibrium surface concentration.

1 dy

—— Equation 4.1
“ " RT dInC,

The surface tension as a function of surfactant concentration was measured for
the two systems, non-ionic surfactant C;,E¢ and ionic surfactant CTAB in the presence
of NaBr. The values of dy/dIn(Cy) were taken at various bulk concentrations and the
surface tension vs the surface concentration was obtained. The results are shown in
Fig. 4.6 and Fig. 4.7 respectively, together with the values obtained from literature.

Besides, we have recorded the surface tension y as a function of the surface
concentration /" for both systems using the proposed bubble compression method at a
compression speed of 1 pulL/s and at various bulk concentrations, as indicated in Fig.
4.6 and Fig. 4.7. Note that the region with constant surface tension should not be
considered as trustworthy due to the possible presence of desorption. Here the
absolute values of I" for C1,E were obtained by calibration using 7'=3x10° mol/m” at
y=42 mN/m, corresponding to a bulk concentration of 0.02 mM. The reference used
for calibration was derived from the Gibbs adsorption equation (Fig. 4.6). Neutron

reflectivity results have shown that the surface concentrations for 0.01 and 0.04 mM
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C2E¢ are 2.65 and 3.15%10° mol/m? respectively [125], consistent with the value
used. For CTAB, the values of I” were calculated by calibration using 7'=3.5x10
mol/m” at y=36 mN/m, again from the Gibbs adsorption equation (Fig. 4.7). As shown,
the y(I") curves derived from bubble compression in solutions with different surfactant
concentrations are in good agreement. These data also agree well with those from the
Gibbs adsorption equation, although the latter are more scattered, especially for C;,Eg.
This results from the use of the Gibbs adsorption equation, where small uncertainties
in the surface tension measurements may result in large differences in the derivatives
used to calculate /.. From the compression experiments, we conclude that the
relationship found between y and /" is unique at least in the experimental range probed,
fully validating the procedure used. It implies that one can access the equations of
state, based on a single measurement (below the CMC) under appropriate conditions
(high bubble compression speed, calibration by one equilibrium surface tension value

and the corresponding surface concentration).
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Fig. 4.6 Comparison of data obtained by Gibbs adsorption equation and bubble compression.
The filled squares and circles were obtained by derivation of the equilibrium surface tension vs the
bulk concentration curve and using the Gibbs adsorption equation: filled circles, from our data;
filled squares, from data by Angarska et al. [1]. The open symbols were obtained by compressing

bubbles at a rate of 1 puL/s in solutions containing different C;,E¢ concentrations.
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Fig. 4.7 Comparison of data obtained by Gibbs adsorption equation, bubble expansion and
bubble compression. The filled circles from our data were obtained by derivation of the
equilibrium surface tension vs the bulk concentration curve and using the Gibbs adsorption
equation. The filled squares from data by Taylor et al. [126] were obtained by a bubble expansion
method. The open symbols were obtained by compressing bubble at a rate of 1 pul/s in solutions

containing different CTAB concentrations.

4.3.4 Adsorption kinetics

Having shown the validity of our proposed experimental method, the
time-dependent surface concentration /(¢) was directly obtained by measuring the
surface concentration /" corresponding to the changing ¢, the time between creation of
the bubble and bubble compression. Cj;E¢ and CTAB/NaBr solutions with different
concentrations have been studied, and the results are presented in Fig. 4.8 and Fig. 4.9.
As shown earlier, there is neither adsorption nor desorption during the compression
process at high speed, and the constant number of molecules at the interface during
the compression is determined by the amount adsorbed at ¢,. In Fig. 4.8 and Fig. 4.9,
the insets show 77/ as a function of the square root of #; at each concentration (/g is
the equilibrium surface concentration for the G, used, so dependent on the bulk
concentration). As indicated, /714 is linear with the square root of # at short times,
suggesting that the adsorption is diffusion-controlled. The data for the two bulk
concentrations for each system were scaled using /4 values in Fig. 4.6 and Fig. 4.7

respectively and Equation 4.2
&22\/@&\/;:2\/@1( Equation 4.2
r, Nzr, n
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The results are shown in the main plot of Fig. 4.8 and Fig. 4.9. The two sets of
data superimpose well, supporting the fact that adsorption is diffusion-controlled.

At longer times, i.e. large K values, /() tends to increase more slowly. This can
be owing to the fact that the additional terms in Equation 4.3 can no longer be

neglected as the desorption and curvature begin to play a role.

r(t)= 2\/§ [Cb\ﬁ —jﬁ C.(t—7)dT } +2[Cbt -[ Cs(r)dr} Equation 4.3
T 0 b 0

The term D*C,*t/b in the Equation 4.3 is of the order of 10”7 mol m™ for the
longest time studied; therefore the assumption that the curvature effect can be ignored
at short time is reasonable.

From the slope of the plot /(#)/I.q vs K at short times and Equation 4.2, we
obtain a diffusion coefficient for C;E¢: D=(3.8+0.5) x1071% m? s'l, comparable to the
values (in the range of 2.5 to 4.0x10™"° m” s™') obtained by Lucassen et al. [69] with a
surface compression rheology technique and the value (6.0x10™'° m* s™") obtained by
Pan et al.[50] using the fit of dynamic surface tensions. Moorkanikkara et al. [127]
proposed a method to determine the rate-limiting step for the adsorption kinetics of
Ci,Es, using the short time dynamic surface tension data with no assumption for the
adsorption isotherm. They found that the adsorption kinetics of Cj;E¢ is
diffusion-controlled with a diffusion constant of (3.8+ 0.6) x10™° m* 5!, which agrees
well with the diffusion constant derived by us. In the case of CTAB, we find D= (3.0+
0.5) x10" m? s, comparable to the literature values (1-2x10"° m? s™'from NMR
measurements [128]). Therefore, we have successfully confirmed that adsorption is

diffusion-controlled at short times for the two types of surfactant solutions studied.
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4.4 Conclusions

The equilibrium and dynamic interfacial properties of two types of surfactant
systems (non-ionic surfactant Ci,E¢ and ionic surfactant CTAB in the presence of
sufficient electrolyte) at the concentration range below CMC have been presented.
The surfactant systems selected possess very low CMC values, therefore have slow
adsorption dynamics. We have successfully measured the equation of state (the
variation of the surface tension with the surface concentration) from a single bubble
compression measurement by calibration with a known value of equilibrium surface
tension. It has been found that our results are comparable to those from the traditional
methods, which combine the equilibrium surface tension data with the Gibbs
adsorption equation.

Moreover, with the proposed bubble compression method, we have directly
measured the time-dependent surface concentration for the two types of surfactants,
and have shown that the adsorption is diffusion controlled at short times in both cases.
The calculated bulk diffusion coefficients for C;2E¢ and CTAB were found in close
agreement with literature values. The proposed method is simple and allows direct
access to the adsorption kinetics, opening the way to further test and improve the

existing theoretical models.
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Chapter 5 Desorption kinetics of surfactants at the air-water interface

5.1 Introduction

Contrary to the adsorption process previously studied in Chapter 4, desorption
process is the transfer of molecules from the surface or interface to the bulk phase,
and it is considered closely related to the adsorption. This is why, similarly to the
adsorption process, the desorption process can be divided into two steps: the transfer
of surfactant molecules from the surface/interface to the sub-surface and the diffusion
of surfactants in the bulk. To understand the desorption kinetics, many studies have
been performed with bubbles or drops with good control of its volumetric variation
with time. Diffusion-limited adsorption or desorption may account for the dilute
solutions of non-ionic surfactants or ionic surfactants in the presence of sufficient
electrolyte. However, in most cases, the energy barrier in the interfacial region may
play an important role and become the controlling step. The challenge is to determine
the controlling step for the desorption kinetics in the surfactant system.

In Chapter 4, we have investigated the adsorption processes for aqueous
solutions of two types of surfactants, Ci,E¢, and CTAB with large amounts of salt. By
a bubble compression method, we have successfully determined the equation of state
y(I) and studied the adsorption kinetics of surfactants. In this section, we will
introduce the results of our study on the desorption process for the same surfactant
systems, based on both the proposed bubble compression method and computer
simulations. To better understand the desorption kinetics, the effects of surfactant

chain length and counterions have also been studied.
5.2 Procedures

Four surfactant systems were studied, a nonionic surfactant C,,E¢, two cationic
surfactants CTAB and TTAB with NaBr, and an anionic surfactant AOT with NaCl,
KCI or MgCl,. The Tracker with a rising bubble configuration was used for all the
surface tension measurements. In order to observe the effect of depletion, we
compared the maximum amount of adsorbed surfactants at the bubble interface (in the
order of 10 mol) and in the bulk (in the order of 10®~10" mol), showing that in all
the experiments we have sufficient molecules in the system to cover the air-water
interface.

In the experiments, a bubble was first created and then after some time (aging of

the interface) it was compressed at a high compression speed (1 uL/s) so as to
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increase the surface concentration rapidly above its equilibrium value. As soon as the
compression was ceased, the variation of the surface tension y with time ¢ was
recorded. The surface tension increased with time due surfactant desorption leading to
the re-equilibration of the surface concentration.

Scheme 5.1 is shown to describe the process more clearly. The bubble
compression is performed at ¢, until #, is reached. At #,, the bubble compression is
stopped with the over-occupied interface, therefore desorption occurs accompanied by
the decrease of surface concentration and increase of surface tension. Finally at #;, the

interface reaches equilibrium.

Az. 4 A by
|mzrm:e =% 2= Yaq
fe-la el
 —
' “ . o0
bubble desorption
"/’ compression s. ' " ...
surfactant

Scheme 5.1 Description of bubble compression and the desorption process, with the blue plane

denoting the bubble interface and the black spots denoting the surfactant molecules

In order to compare with the experimental results, Matlab simulations using
diffusion models have been performed to study the desorption process of CTAB and
Ci,Es, resulting in the variations of surface concentration with time in the desorption
process. By using a diffusion model, the concentration profile from the sub-surface to
the bulk infinitive can be obtained. The model is similar to the Ward and Tordai
equation adapted for diffusion away from the surface. The input parameters include
the initial sub-surface concentration, the diffusion constants and the relation of the
surface concentration with the sub-surface concentration derived from the yeq(C)
measurements and the equation of state y.q(/cq), which are Equation 5.1 and Equation

5.2 respectively for CTAB and C,,Eq, where I'cumc is taken to be 4 X 10 mol m™.

C,=2.69E-4x "™ Teve — 4 02E-3 Equation 5.1

C,=1.08E-3x¢"**""Teve _3 97E-3 Equation 5.2

The initial sub-surface concentration can be obtained from the equilibrium
relation of the surface concentration with the sub-surface concentration and the
known initial surface concentration. The diffusion constant values used were
determined from the experimental results in the previous chapter. Therefore, at each

step, a concentration profile from the sub-surface to the bulk can be obtained. By
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increasing the simulation steps, the concentration profile from the sub-surface to the
bulk becomes flatter, meaning that they converge. Accordingly the surface

concentration as a function of time can be obtained.
5.3 Results and discussion

5.3.1 Dynamic surface tension

The bubble was compressed until its surface tension y, reached a value below the
equilibrium surface tension of y.q corresponding to the bulk concentration studied.
That is to say, when the compression is stopped, the initial surface concentration for
the surfactants 7 surpasses the equilibrium value /4. Given enough time, the excess
surfactant molecules at the interface will transfer to the bulk, leading to the decrease
of the surface concentration /" as well as the increase of the surface tension .

The time-dependent surface tension is recorded during the relaxation processes
for the different surfactant systems studied (C;,E¢, CTAB, TTAB and AOT) and the
results are shown in Fig. 5.1. As shown, for each type of surfactant, different bulk
concentrations C were studied with different compression degrees to reach various
initial surface tension values y,. All curves show that y increases rapidly at the
beginning, and then increases more slowly with time followed by a final plateau.

The different surfactant bulk concentrations C and initial surface tensions yare
summarized in Table 5.1, Table 5.2, Table 5.3, Table 5.4 for all the surfactants studied.
Several experiments have been performed using the same surfactant solution but with

different degrees of compression, however not all of these are included in the tables.
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Fig. 5.1 The relaxation of the surface tension y(¢) after the compression for different systems

studied: a) TTAB/100 mM NaBr; b) Ci;E¢; ¢) CTAB/100 mM NaBr; d) AOT/100 mM KCl,
AOT/100mM NaCl, AOT/50 mM MgCl,.

Table 5.1 Summary of parameters for the CjE¢ systems at various surfactant bulk
concentrations, where C is the bulk concentration, y, the initial surface tension, y.q the equilibrium

surface tension, /'y the initial surface concentration, /4 the equilibrium surface concentration

C (mM) yo (mN/m) Yeq (MN/m) Ty (x10°° mol/m?) Teq (x10°° mol/m?)
0.004 39 54 3.3 2.0
0.008 33 48 4.0 2.5
0.008 36 49 3.6 2.5
0.012 32 45 4.0 2.7
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Table 5.2 Summary of parameters for CTAB/100 mM NaBr systems with various surfactant bulk
concentrations, where C is the bulk concentration, y, the initial surface tension, y.q the equilibrium

surface tension, /' the initial surface concentration, /4 the equilibrium surface concentration

C (mM) 7o (mN/m) Yeq (MN/m) o (x10° mol/m®) Iy (x10°° mol/m®)
0.003 34 51 3.7 2.7
0.003 38 51 3.4 2.7
0.01 31 44 3.9 3.1
0.02 32 37 3.8 3.5

Table 5.3 Summary of parameters for TTAB/100 mM NaBr systems with various surfactant bulk

concentrations C and y, is the initial surface tension, and y.q the equilibrium surface tension

C (mM) 7o (MN/m) Yeq (MN/m)
0.003 51 62
0.01 50 61
0.031 48 55
0.05 45 50

Table 5.4 Summary of parameters for AOT systems with different types of counterions at
various surfactant bulk concentrations, where C is the bulk concentration, y, the initial surface

tension, y.q the equilibrium surface tension

C (mM) Counterion Type 7o (mN/m) Yeq (MN/m)
0.01 K 34 43
0.01 Mg* 31 40
0.01 Na" 37 43
0.01 Na" 34 42
0.02 Na® 34 41
0.02 Na" 33 42

5.3.2  Diffusion-limited desorption model

The systems studied are all at low concentrations, below the CMC. The
surfactants used include non-ionic surfactants or ionic surfactants in the presence of
high concentrations of electrolyte. The adsorption onto a clean interface has been
shown previously to be diffusion limited at least at short times, and here we have
investigated whether the desorption is also simply diffusion limited, i.e. that the rate

limiting step is the diffusion of the molecules from the sub-surface to the bulk phase.
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In the case of the diffusion-limited processes, since the interfacial equilibrium always
exists, the relationship between the surface tension, surface concentration and the
sub-surface concentration is unique and holds even in out of equilibrium situations.
Diffusion limited desorption can be described by an approach similar to that of Ward
and Tordai, modified to describe diffusion away from an interface, in order to predict
the time-dependent surface concentration. In most reported studies, the surface
tension is experimentally measured and an equation of state (Langmuir, Frumkin etc.)
linking y and 7" is utilized to derive the surface concentration /. Instead of using an
existing relationship between y and I, we use a relation (/") obtained experimentally,
in order to recover /{(¢) from the surface tensions measured during the desorption
process. The experimental equations of state for C,,E¢ and CTAB/NaBr are shown in
Fig. 5.2. The surface tensions yp(¢) are then transformed into 7(¢) according to the
derived equation of state, as shown in Fig. 5.3. Accordingly, the values of 7 and /4

can be obtained, as shown in Table 5.1 and Table 5.2.
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Fig. 5.2 Equilibrium equation of state for C,,E¢and CTAB/100 mM NaBr.

Computer simulations were used to model the diffusion limited desorption

process and calculations of the theoretical 7{(¢) have been performed according to the
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procedure described in Section 5.2. The relation between the sub-surface
concentration and the surface concentration Cy(/") has been obtained by linking the
experimental equilibrium surface tension data y(C) and the equation of state y(I'), the
diffusion coefficient is taken as found in adsorption experiments, which means that
there are no adjustable parameters in the calculations. The calculated results for C;E¢
and CTAB are also shown in Fig. 5.3.

As shown in Fig. 5.3, the calculated values are below the experimentally found
surface concentrations in all cases, which means that the desorption is slower than
what is expected in a diffusion limited case. For both systems, the difference between
calculations and experiments becomes more important at higher surfactant
concentrations with higher surface concentrations. This suggests that the relaxation
may not be purely diffusion limited, that is to say, there may be a kinetic barrier when
the surfactant molecules leave the air-water interface to enter the subsurface. This
effect of barrier is more pronounced in the cases with higher surface concentrations.

Let us recall that the adsorption of both surfactants is diffusion controlled, at
least at short times. However, during the desorption, /1(#) deviates from the predictions

of a diffusion-limited process, suggesting the presence of a desorption barrier.
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Fig. 5.3 The relaxation of the surface concentration as a function of time for two surfactant

systems: C2E¢ (a) and CTAB/100 mM NaBr (b). The points with bigger size are the calculated

results from surface tension vs time curve while the lines are the simulation results using a

diffusion model, assuming that diffusion constant for C;E¢ is 3.8x10"° m%s and for CTAB

3.0x10"" m?s.
5.3.3 Kinetically controlled desorption model

As it has been shown that desorption is not purely diffusion controlled, we will
attempt to describe the data by a kinetically-limited desorption model. In the case of
kinetically-limited desorption there is no equilibrium between the interface and the
subsurface, and it is assumed that the diffusion of the molecules out of the interfacial
layer into the bulk is faster than the molecular transfer between interface and
sub-surface, meaning that the concentration in the subsurface layer is constant and
equal to the bulk concentration at all times.

Recall that in the kinetically controlled desorption model, we have the following

relation
r=r, +@,-T,)xe" Equation 5.3

The surface tension is measured experimentally instead of surface concentration.
As discussed elsewhere [60], we will assume that the equation of state still applies in
the kinetically-limited adsorption kinetics, therefore the 71¢) data are still those of Fig.
5.3. The fit of these data with Equation 5.3 is shown in Fig. 5.4, where I} is the
simulated final surface concentration, /| the initial surface concentrations, and the

corresponding k values are included in Table 5.5 and Table 5.6.
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Fig. 5.4 Exponential fits for the calculated surface concentration in time for two systems C,E¢

(a) and CTAB/100 mM NaBr (b).

Table 5.5 Fitted k values for the data in Fig. 5.4(a) for the C,,E¢ system using Equation 5.3

C (mM) Ty (x10° mol/m?) T (x10° mol/m?), k(s
0.004 3.3 2.0 0.042
0.008 1 4.0 2.5 0.042
0.008 2 3.6 2.5 0.054
0.012 4.0 2.7 0.050

Table 5.6 Fitted & values for the data in Fig. 5.4(b) for the CTAB/100 mM NaBr system using
Equation 5.3

C (mM) Ty (x10° mol/m?) Ty (x10° mol/m?), k(s
0.003 1 3.7 2.7 0.035
0.003 2 34 2.7 0.041
0.01 3.9 3.1 0.028
0.02 3.8 3.5 0.018

As seen in Fig. 5.4, the CTAB data can be fitted better with an exponential fit
than the diffusion-controlled model (Fig. 5.3). This suggests that the desorption is
mainly dominated by the transfer of surfactant molecules from the surface onto the
subsurface, especially for the case of CTAB, confirming the presence of a desorption
barrier.

In the following we tried to directly interpret the surface tension data using
kinetically-limited desorption model. Assuming that the y vs 4 plots for the systems
are approximately linear for concentrations not far from the CMC (Fig. 5.2), in this

case, instead of fitting the 71(¢) one can directly use y(¢) as:
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T 7T _ pu Equation 5.4

Veg =70

Fig. 5.5 shows the variations of (yeq-y)/(Yeq-yo) With time and the fits with
Equation 5.4 for Cj2E¢ and CTAB respectively. Separate fits for data points at each
surfactant concentration have been performed, and the values of k& and the
characteristic time 7; (inverse of k) are given in Table 5.7 and Table 5.8. Comparing
the tables (Table 5.5, Table 5.6, Table 5.7, Table 5.8), the determination of & using the
two methods give similar results.

The results suggest that £ does not depend appreciably on concentration. Recall
Equation 5.5

k. Gtk

r

©

Equation 5.5

This suggests that k4 is much larger than k,*C,, causing & to be independent of Cy,.
It also further rules out the possibility that desorption could be purely diffusion
controlled, in which case the characteristic time should vary as the inverse square of
the bulk concentration, i.e. a factor of about 50 for CTAB at the highest and lowest
concentrations (0.02 mM and 0.003 mM respectively), clearly incompatible with the

results obtained.
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Fig. 5.5 Desorption processes for Cj;E¢ (a) and CTAB/100 mM NaBr (b) with different
surfactant concentrations, where the line is the fitting curve for all the data points at different

surfactant concentrations using (yeq-y)/(yeq-yo)=e'kt.
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Table 5.7 Fitted £ and 7; values for the data at different surfactant concentrations in Fig. 5.5(a)

for the C;,E¢ system using Equation 5.4

C (mM) k(s 71 (s)
0.004 0.033 30.2
0.008 1 0.035 29.9
0.008 2 0.040 25.0
0.012 0.044 22.9

Table 5.8 Fitted k and 7; values for the data at different surfactant concentrations in Fig. 5.5(b)
for the CTAB/100 mM NaBr system using Equation 5.4

C (mM) k(s 71 (s)
0.003 1 0.020 49.6
0.003 2 0.024 422
0.01 0.018 54.3
0.02 0.017 59.3

5.3.4  Effect of surfactant architecture and counterion type on the desorption kinetics

5.3.4.1 Effect of surfactant chain length

From the above analysis, it can be concluded that there exists an energy barrier
for surfactant to desorption from surface to the subsurface. It has been argued that the
energy barrier for adsorption was present at high surface concentrations [3]. We
propose that the energy barrier for desorption is also linked to high surface coverage
with strong mutual interactions between surfactant chains. Therefore, in order to
check if hydrophobic interactions affect the desorption kinetics, another ionic
surfactant TTAB (in the presence of 100 mM NaBr) was selected for its similar
molecular structure to CTAB but a shorter alkyl chain length. Similar to CTAB and
CioE¢ (Fig. 5.5), the normalized surface tension data (yeq-y)/(yeq-yo) coincide for
various surfactant concentrations C (or initial surface tensions y;) for the TTAB
system (Fig. 5.6). However, the characteristic time 7;1=1/k is different: for CTAB
71~51 s while TTAB ©1~23 s. This is because TTAB desorbs faster than CTAB,
although the bulk concentrations studied are in the same range. This indicates that the
alkyl chain length affects the desorption kinetics, owing to the increasing hydrophobic

interactions between the alkyl chains with increasing alkyl chain length.
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Fig. 5.6 Desorption processes for TTAB with different concentrations in the presence of 100

mM NaBr

5.3.4.2 Effect of counterion type on AOT desorption

It is known that the counterion type has strong effects on the counterion binding
degree, therefore affecting the behavior of ionic surfactants in the bulk [129]. Besides,
the type of counterion has influence on the interfacial behavior of ionic surfactants
due to the effect of counterion type on the surface activity, molecular area, surface
viscosity, etc [130]. We investigated the influence of the surfactant counterion nature
on the desorption process. Anionic surfactant AOT in the presence of various types of
counterions (Na', K*, Mg®") has been studied (Fig. 5.7). Note that due to the short
desorption time for AOT, the surface tension data are very scattered, nevertheless it
can still be seen that the value of (yeq-y)/(yeq-y0) does not appear to depend on the
nature of counterions or the surfactant concentration. Therefore, we conclude that the
counterion type has no obvious effects on the desorption process for the studied

system.
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Fig. 5.7 Relaxation processes of AOT with different concentrations in the presence of various

types of salts

Note that the characteristic times 7; for all the surfactant systems studied in this
chapter have been indicated in Fig 5.8. The times are all of the same order of
magnitude, between 25 and 55 s. The longest time is for CTAB/100mM NaBr at 55s,
longer than all the others. This suggests that it is the length of the alkyl chain that is
mainly responsible for the cohesive interaction and for the slowing down of the

desorption.
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Fig 5.8 Characteristic times for desorption for different surfactant systems, from left to right (1
to 6) are Cj,Eq, CTAB/100 mM NaBr, TTAB/100 mM NaBr, AOT/100 mM NaCl, AOT/100 mM
KCI, AOT/50 mM MgCl, respectively. Each value is based on the measurements for the same

surfactant system averaged from measurements at different concentrations.
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5.4 Conclusions

In this section, we have studied the desorption process of surfactant molecules
from the air-water interface using a bubble compression method. Our studied
surfactant systems include non-ionic surfactant Cj;E¢, ionic surfactant CTAB and
TTAB in the presence of high concentrations of electrolyte, ionic surfactant AOT in
the presence of different types of counterions. By comparing the experimentally
derived 7(¢) and the calculated /1), it has been shown that desorption is not purely
diffusion limited. Using a model for the kinetically controlled desorption, we have
successfully concluded that desorption is nearly dominated by the transfer of
surfactants from the air/water interface onto the subsurface, confirming the presence
of a desorption barrier.

Alkyl chain length has been found to affect the desorption kinetics, i.e. TTAB
desorbs faster than CTAB at similar concentration range, indicating that the strong
mutual interactions between surfactant chains may affect the energy barrier for
desorption. We conclude that counterion type has no obvious effects on the desorption
process for the studied system.

Having shown that the desorption for the systems studied is not simply
diffusion-limited, at present further work is ongoing in order to find out whether the

desorption is mixed diffusion-barrier controlled or purely kinetically-limited.
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Chapter 6 Adsorption of the gemini surfactant 12-2-12-2Br at the

air-water interface

6.1 Introduction

Composed of two hydrophobic chains and two hydrophilic head groups
covalently attached through a spacer, gemini surfactants possess superior
physicochemical properties including lower CMC, greater efficiency in lowering
surface or interfacial tension compared with traditional surfactants bearing single head
group and single alkyl chain. Therefore, intense attention has been paid to the
behaviour of gemini surfactant systems.

As gemini surfactants are ionic surfactants with high charge density [98], the
effect of salt influences its bulk and interfacial behavior. Therefore, a number of
studies have investigated the effects of salt on the aggregation behavior of gemini
surfactants [131-133]. However, there has been much less focus on the effect of
electrolyte on the dynamic surface tension of gemini surfactants. Moreover, the
adsorption or desorption kinetics of gemini surfactants have been much less studied,
compared to the studies on the bulk properties of gemini surfactant systems [98, 131,
134]. Therefore, further study is of particular importance.

In this section, we have investigated the interfacial properties of cationic
surfactant dimethylene-1,2-bis (dodecyldimethylammonium bromide) 12-2-12-2Br,
similar in structure to two DTAB molecules covalently linked with a spacer, but with
superior interfacial properties than DTAB. First, the equilibrium and the kinetic
behavior of 12-2-12-2Br in water are studied. Second, the effect of salt concentration
on the dynamic surface tensions for the 12-2-12-:2Br system has been explored. Third,
having studied the adsorption and desorption kinetics for the traditional surfactants in
the previous chapters, here we investigate the adsorption and desorption behavior for
the 12-2-12-2Br/100 mM NaBr system.

6.2 Procedures

Two types of surfactant systems have been studied, including 12-2-12-2Br in
Milli-Q water and 12-2-12-2Br in solutions with different NaBr concentrations.
Sodium bromide NaBr was purchased from Sigma Aldrich, France.

Equilibrium surface tensions for 12-2-12-2Br solutions were measured using the

method of Wilhelmy plate. Three types of experiments have been performed using the
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Tracker with the rising bubble configuration. To measure the dynamic surface tension,
we performed experiments with control of constant bubble area. To investigate the
adsorption behavior, bubble compression experiments have been performed with
control of bubble volume, which decreases at a controlled speed after a period of
bubble aging time. To study the desorption behavior, first bubble compression
experiments have been performed, and then the time-dependent surface tension are

recorded as soon as the bubble compression experiments are stopped.
6.3 Results and discussions

6.3.1 Equilibrium behavior of the 12-2-12-2Br/H,0 system

The equilibrium surface tension vs the surfactant concentration is shown in
Figure 6.1. The equilibration is very slow, and the values are taken after several hours
of measurements. In order to access the surface concentration from the surface tension
measurements, the slope of graph is required. This is why the experimental data were

first fitted with the equation
y=ry+rxInC+rx(InC)*+rx(InCy’ Equation 6.1

The fitted parameters are shown in Table 6.1. Then Equation 6.2 was used to
derive the equilibrium surface concentration /¢4, and the dependence of equilibrium
surface tension yeq on I ¢q is shown in Fig. 6.2.
1 dy n InC (InC)?

- =— =2 X———1;X%
3BRT dInC 3RT 3RT RT
The minimum molecule area of 12-2-12-2Br at the air-water interface can be

Equation 6.2

calculated to be 88 A2 from the maximum 7’ eq» higher than the literature value for the
same surfactant (69 Az) from surface tension measurements [19], which may be
owing to the derived I value being very sensitive to the y.4(C) curve so that small
difference of the curve can cause large difference in the calculated surface
concentration. It might also be due to partial condensation of counterions, which

would lead to us overestimating the surface area.
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Fig. 6.1 Equilibrium surface tensions as a function of bulk surfactant concentration for

12-2-12-2Br/H,0 solution, compared with the fitting using Equation 6.1.

Table 6.1 Fitting parameters for the data in Fig. 6.1

R=0.99678 Value Standard Error
o 0.02612 5.91042x10™
7 -0.01466 6.41825x10™
7 -0.00134 1.34945x10™
s 420222x107'8 -
70
65F =
- [ |
60 B ...
__55¢
e
> 0r
£ 5]
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35}
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Fig. 6.2 Dependence of equilibrium surface concentration on the bulk surfactant concentration

for 12-2-12-2Br/H,0 solutions
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The above two figures can provide information about the equilibrium behavior of
12-2-12-2Br, which sets the limit of the adsorption or desorption studied in the

following sections.

6.3.2 Adsorption kinetics of the 12-2-12-2Br/H,0 system

The pendant drop method has been used to monitor the dynamic surface tensions
for 12-2-12-2Br/H,O solutions. The time-dependent surface tensions with
12-2-12-2Br concentrations far below CMC are presented in Fig. 6.3, while those with
12-2-12-2Br concentrations close to CMC are presented in Fig. 6.4.

70F

65
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60 |-

55

0.1 1 10 100 1000 10000

t(s)
Fig. 6.3 Dynamic surface tensions of 12-2-12-2Br/H,0 solutions, at different concentrations far

below CMC
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Fig. 6.4 Dynamic surface tensions of 12-2-12-2Br/H,O solutions, at concentrations close to

CcMC
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The surfactant is charged, which is why there exists an energy barrier in the

interfacial region, the adsorption is considered to be kinetically limited. Therefore, we

have looked at the time-dependent surface tension at longer times using the equation

by Andelman et al. [15], accounting for the kinetically limited adsorption process.

7/(1‘)—7€q~€

Equation 6.3 can be modified as follows:

7(t) =V + ae

—t/ty,

Equation 6.3

—t/ty,

Equation 6.4

The fitting results of the time-dependent surface tensions at longer times for

12-2-12-2Br solutions with various concentrations are shown in Fig. 6.5. The fits are

good in this case, suggesting that adsorption is kinetically limited at longer times,

owing to the presence of the electrostatic adsorption barrier. The derived parameters

from the fittings can be seen in Table 6.2. As seen, 7, varies from 1700 s to 5400 s for

the concentrations studied, although there seems to be no trend for the variation of the

characteristic time 7, with the surfactant concentration. The 7, values are much longer

by orders of magnitude than those measured for DTAB adsorption by Ritacco et al.

[135]. This could be because the dimer has two charged headgroups, and as the

interface is charged, the adsorption becomes very slow due to the increased energetic

barrier.
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Fig. 6.5 Fitting of the dynamic surface tension data for 12-2-12-2Br solutions with various

t(s)

concentrations using Equation 6.4

Table 6.2 Fitting parameters for the dynamic surface tension data at longer times in Fig. 6.5

using Equation 6.4

t(s)

C (mM) Yeq (MN/m) T (8) a (mN/m)
0.01 64.1 4890 4.7
0.02 60.5 2720 5.5
0.03 58.8 2540 5.0
0.05 559 4500 52
0.07 55.5 2940 3.5
0.1 54.9 2140 3.1
0.3 43.5 1760 1.4
0.5 37.1 5380 1.4

6.3.3 Effect of NaBr on dynamic surface tensions for 12-2-12-2Br solutions

As mentioned previously, the adsorption kinetics of 12-2-12-2Br/H,0O system 1is
complicated due to the presence of the electrostatic interactions between the
surfactant molecules. Here we introduce salt (NaBr) into the system to see how the

addition of electrolyte affects the adsorption kinetics. Fig. 6.6 shows dynamic surface
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tension for 0.005 mM 12-2-12-2Br solutions in the absence and presence of 100 mM
NaBr. As shown, y(¢) decreases continuously even for very long times (10000 s) in the
absence of electrolyte. However, for the system with electrolyte, the surface tension
reaches equilibrium much more quickly (around 2000 s) after a steep decrease. Note
that in both cases in Fig. 6.6, there exists a similar lag time before the surface tension
starts to decrease significantly (z, 520 s-560 s).

Dynamic surface tensions of more concentrated 12-2-12-2Br solutions (0.01 mM)
with increasing NaBr concentration were also measured, as shown in Fig. 6.7, again
showing a similar lag time 7z (110-150 s) for the different NaBr concentrations. This
indicates that the presence of electrolyte has no obvious effect on the adsorption
kinetics at times shorter than 7. At times longer than 7, the interfacial coverage is
sufficiently high, so that the effect of electrostatic barrier becomes obvious.

Dynamic surface tension of still more concentrated 12-2-12-2Br solutions (0.05
mM) with increasing NaBr concentration are shown in Fig. 6.8. As shown, the lag
times 7 are shorter in this case. When the added NaBr concentration is below 5 mM,
similar 7 (1.9-2.3 s) was observed for all the systems studied. However, when NaBr
concentration is sufficiently high, t significantly increases (around 10 s and 20 s for
50 mM and 100 mM NaBr respectively). The addition of more salt decreases the
adsorption barrier, which should facilitate the adsorption, but the inverse is observed.
This is probably because the addition of high concentrations of NaBr decreases the
CMC strongly. This means that there are fewer monomers and the adsorption is
controlled by micellar diffusion, which is slower.

If we assume that at times shorter than the lag time 7 the adsorption is
diffusion-limited (the surface concentration is still sufficiently low so that the

electrostatic barrier is negligible), we expect that at short times:

Fcritical = ZC\ & Equatlon 6.5
T

In Equation 6.5, [ uiticar 1S the surface concentration at the lag time 7. This means
that the strong change in the surface tension begins after [ itica 1S attained, implying
that at this point the interaction between the surfactants becomes important. Assuming

that [ itical 1S constant as C changes, from Equation 6.5 it follows that:
log(7) o< log C™ Equation 6.6

The experimental lag time 7 vs the bulk concentration C is plotted in Fig. 6.9,

showing a nice agreement with a power law of -2. This suggests that at times shorter
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than the lag time 7, the adsorption is diffusive. In the case of 0.05 mM 12-2-12-2Br
solutions with 50 or 100 mM NaBr, 7 doesn’t meet with the trend line in Fig. 6.9,
which may be owing to the micellization of 12-2-12-:2Br molecules in the system,

which changes the adsorption process.
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Fig. 6.6 Dynamic surface tensions of 0.005 mM 12-2-12-2Br solution in the absence and
presence of 100 mM NaBr
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Fig. 6.7 Dynamic surface tensions of 0.01 mM 12-2-12:2Br solution with increasing

concentrations of NaBr
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Fig. 6.9 Lag time 7 as a function of the bulk surfactant concentration in the presence of different

concentrations of NaBr. The red line is a guide line showing a power law behavior.

6.3.4 Interfacial behavior of 12-2-12-2Br solutions in the presence of 100 mM NaBr

In the following, we focus on the system of 12-2-12:2Br solutions in the
presence of 100mM NaBr, in which the electrostatic interactions between the
surfactant headgroups are largely screened by the added salt. In the 12-2-12-2Br /100
mM NaBr system, the equilibrium behavior of the system, the adsorption kinetics and

desorption kinetics of surfactant molecules have been studied.

6.3.4.1 Equilibrium behavior for 12-2-12-:2Br/100 mM NaBr system
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The equilibrium surface tension values are taken at the longer time limits in the
time-dependent measurements of surface tension. According to the Gibbs adsorption
equation, the dependence of equilibrium surface tension on the surfactant
concentration can provide information about the amount adsorbed at the interface at
equilibrium. Note that it is time-consuming to measure the equilibrium surface tension
at the low surfactant concentration range for this system; for example, it takes almost
one day for the surface tension of 0.001 mM 12-2-12-2Br solution to reach a constant
value (Fig. 6.10).

Fig. 6.11(a) shows the equilibrium surface tensions of 12-2-12-2Br in 100 mM
NaBr solution as a function of surfactant concentration y(C): the surface tension y first
decreases relatively slowly and then a region of rapid decrease appears before
reaching the CMC (=0.0063mM). At such a high concentration of electrolyte, the

Gibbs adsorption equation is the same as that for non-ionic surfactant

(=dy =RTT'dInC ). The most common (although not the most accurate) way to treat

the data is to fit only the rapidly changing part in the y(C) curve. Therefore, we fitted

the part with rapidly decreasing surface tension using the following:

y=a,+a,InC Equation 6.7

The fitting result for the rapidly changing part using Equation 6.7 can be seen in
Fig. 6.11(a), from which we have calculated the average surface excess [ ayerage for this
region to be 5.93x10° mol m™ with an error of 3.2x107 mol m™.

An alternative and more accurate method was also utilized to analyze the
equilibrium surface tension data, where the whole y(C) curve before CMC was fitted

with Equation 6.8, and the fitting result has been shown in Fig. 6.11(b).
y=a,+a,InC+a,(InC)’ Equation 6.8

From the fit in Fig. 6.11(b) we have access to the dependence of " with C using
the Gibbs adsorption isotherm, and the results are shown in Fig. 6.11(c). I" increases
linearly with the logarithm of the surfactant concentration up to CMC with a limiting
value of about 7.08x10° mol m™ with an error of 6.5x10” mol m™. Note that the two
methods in Fig. 6.11 (a) and (b) are very different, as the first gives constant surface
concentration values while the second provides the changing surface concentration
depending on the bulk concentration.

It should be noted here that the surface area of the 12-2-12-2Br molecule is
calculated to be 0.28 nm’> + 0.02 nm’ from 7} average=.93 % 10° mol/m? = 3.2x107

mol/m? using Equation 6.7, and is calculated to be 0.24 nm®+ 0.03 nm?> from 'cyc
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=7.08x10° mol/m*+ 6.5x10”" mol/m” using Equation 6.8, and these values are much
lower than the surface area of the 12-2-12-2Br molecule in the absence of salt (0. 88
nm?). The surface area per molecule seems surprisingly small and indeed too small to
be realistic. This might be because although the NaBr concentration is high (100 mM)
we might not have complete counterion condensation. If this is the case we cannot use
Equation 2.26, where complete condensation is assumed. This means that there would
be a factor between 1 and 3 to take this into account. Therefore, the true surface

concentration value could be lower than measured here.
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Fig. 6.10 Dynamic surface tension of 0.001 mM 12-2-12-2Br solution in the presence of 100
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Fig. 6.11 Equilibrium surface tension of 12-2-12-2Br in 100mM NaBr solution as a function of
surfactant bulk concentration, fitted with the Equation 6.7 (a) and fitted with Equation 6.8 (b);

dependence of surface concentration on the surfactant bulk concentration (c).

Compression and expansion experiments have been performed in order to obtain
the equation of state for the 12-2-12-2Br system in the presence of 100 mM NaBr for
the whole range of surface concentrations. During the compression experiment, the
area of the bubble is forced to decrease after a controlled period of time since the

bubble creation, and the relation y vs I/l ¢q can be recorded correspondingly. Details
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of the compression method can be found in Chapter 4. Different compression speeds
are chosen and a unique dependence of y on /71, is observed, as shown in Fig. 6.12.

For the expansion experiments, a bubble with a small size is initially formed and
sufficient time was utilized to ensure that the interface reached equilibrium. Then the
area of the bubble is rapidly increased at a certain speed and the relation y vs /714 can
be recorded during the bubble expansion period. The data for expansion are also
shown in Fig. 6.12. A unique dependence of y on /14 can be found from either the
bubble compression or expansion experiments. That is to say, the equation of state can
be obtained with these methods. Normalized by the [hyerage =5 93x10° mol m?
obtained from the above analysis, we get the dependence of y on 7, as shown in Fig.
6.13.

The equation of state for the 12-2-12-:2Br/100mM NaBr system is compared with
that for the previously studied CTAB/100mM NaBr system, and the result is shown in
Fig. 6.13. Without added salt the two surfactants have similar surface properties and
according to the literature, the surface concentration for CTAB/H,O at the air/water
interface is around 3x10°® mol/m? and close to that of the 12-2-12-2Br/H,O system
(about 2.4x10° mol/m? in the literature [19] and 2x10° mol/m” in our case), while the
CMC values of the two systems are also close (0.93 mM for CTAB/H,O [51] and 0.8
mM for 12-2-12-2Br/H,0). However, in the presence of 100 mM NaBr, 12-2-12-2Br
has a higher surface concentration than CTAB for the same surface tension value as
shown in Fig. 6.13. Moreover, the CMC of 12-2-12-2Br in the presence of 100 mM
NaBr (0.006 mM) is much smaller than that of CTAB (0.03 mM) [51]. The sensitivity
of the gemini surfactant 12-2-12-2Br to salt could be due to its peculiar molecular
structure. For the conventional surfactant CTAB, the distance between the headgroups
is larger than 0.7 nm [136]. For gemini surfactants 12-O-12-2Br with short spacers
(less than 6 carbons), as in our case, the length of the spacer ds [136]) is:
ds/(nm)=0.1265(0+1), where O is the number of carbon atoms of the spacer. For O=2,
ds=0.38 nm and is much smaller than that for CTAB. The charge density of
12-2-12-2Br is higher than CTAB and therefore 12-2-12-2Br is more sensitive to
NaBr.
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Fig. 6.13 Comparison of equations of state for the 12-2-12-2Br/100 mM NaBr system and
CTAB/100 mM NaBr system

6.3.4.2 Adsorption kinetics for 12-2-12-:2Br/100mM NaBr system

The adsorption kinetics has been studied using the bubble compression method.
Normally the classical Ward-Tordai equation can be used to describe the 7(¢) for the
diffusion-limited adsorption. At short times, assuming that there is no desorption, we

have the Equation 6.9 to describe the adsorption kinetics.

EAON 2 \/B C \/7 Equation 6.9
Lo

The normalized surface concentration /" derived from the bubble compression

experiments is plotted as a function of the square root of the time in Fig. 6.14: I is
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linear vs /¢, compatible with the diffusion-limited adsorption kinetics at short times.

The simplified Ward-Tordai equation also allows the determination of the value of the
diffusion constant, found equal to 4.19x10"° m%*s and close to the literature value
(3.28x10™"° m? s, from NMR measurements) [137]. This confirms that surfactant
adsorption is diffusion-limited at short times. We have then estimated the surface
concentration corresponding to the lag time 7 (Fig. 6.10) using the simplified
Ward-Tordai equation and the obtained value of D. For example, for 0.005 mM
12-2-12-2Br, the surface concentration at 7z (520-560 s) is estimated to be
2.63~2.73x10° mol/m®. That is to say, almost 50% of the interface has already been
covered by the 12-2-12-2Br molecules before the significant decrease of the surface

tension starts.
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Fig. 6.14 Normalized surface concentration as a function of the square root of the bubble aging

time ¢ for 0.005 mM 12-2-12-2Br in the presence of 100 mM NaBr

6.3.4.3 Desorption kinetics for 12-2-12-2Br/100mM NaBr system

To investigate the desorption kinetics for the 12-2-12-:2Br/100mM NaBr system,
we have measured the time-dependent surface tension with various surfactant bulk
concentrations, as indicated in Fig. 6.15. Different measurements with various initial
surface tensions for the same surfactant solution have been performed. It can be seen
that during the desorption process, the surface tension first increases rapidly and then
gradually reaches a stable value, similar to the experimental results for other
surfactant systems studied in Chapter 5. The initial surface tensions, equilibrium
surface tensions for the surfactant bulk concentrations studied in Fig. 6.15 are shown
Table 6.3.
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As done for the other surfactants studied we expect that the desorption will be
kinetically limited. Following the previous analysis, we normalized the surface
tension data using the initial surface tensions as well as the equilibrium surface
tensions, and then fitted the normalized surface tensions by the exponential function.
The normalized surface tension data are shown in Fig. 6.16. Table 6.4 presents the
derived fitting parameters from Equation 6.10. The results show that the characteristic

times are between 45 s and 62 s.
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Fig. 6.15 Dependence of surface tension on the time during the desorption process for

12-2-12-2Br systems with different surfactant bulk concentrations

Table 6.3 Initial surface tension, equilibrium surface tension for 12-2-12-2Br/100 mM NaBr

systems with various 12-2-12-2Br concentrations

C(mM) po(mNm") peq (mNm™)

0.00214 1 25.5 329
0.00214 2 26.4 33.1
0.003 1 26.4 31.6
0.003 2 28.0 31.6
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Table 6.4 Fitting parameters for the 12-2-12-2Br/100 mM NaBr system using Equation 6.10

C(mM) k(s 71 (s)
0.00214 1 0.016 62
0.002142 0.022 45.4

0.0031  0.019 52.5

0.0032  0.032 53.4

6.4 Conclusions

The equilibrium behavior and kinetic behavior of 12-2-12-2B1/H,0 system have
been studied. The relations of equilibrium surface tension as a function of bulk
concentration have been recorded by Wilhelmy plate, and the variations of
equilibrium surface concentration as a function of surfactant bulk concentration have
been calculated using Gibbs adsorption equation. The time-dependent surface tensions
have been recorded by the use of pendant drop and fitted using kinetically limited
adsorption model. It has been shown that there exists an electrostatic barrier during
the adsorption process of 12-2-12-2Br molecules.

Second, we investigated the effect of NaBr concentration on the dynamic surface
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tensions for the 12-2-12-2Br system. Addition of NaBr has no obvious influence on
the adsorption kinetics at times shorter than the lag time, corresponding to the slow
decrease of surface tension. It has been shown that at times shorter than the lag time,
the adsorption is diffusive.

Third, for the 12-2-12-:2Br/100mM NaBr system, we have calculated the
equation of state using both bubble compression and expansion methods. Compared
with traditional surfactant CTAB, 12-2-12-2Br has higher charge density and is more
sensitive to the presence of NaBr although the result suggests that complete
counterion condensation is not achieved. The adsorption of 12-2-12-2Br is proven to
be diffusion-limited at short times with the calculated diffusion constant compatible to
the literature value. The coverage of surfactant molecules corresponding to the
induction time has also been determined, close to 50 %. The desorption process of
12-2-12-2Br is also investigated. The desorption is barrier limited, and the
characteristic times are comparable to those found for CTAB with 100 mM NaBr.
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Chapter 7 Micellization of cationic gemini surfactant and its

interactions with DNA in the bulk

7.1 Introduction

The micellization of gemini surfactants in aqueous solutions and the
corresponding thermodynamic parameters have been widely studied for the past
decades [138-141]. It has been found that the micellization of gemini surfactants
depends on many factors, including temperature [142], the nonpolar chain [143],
additives [144] efc. In the case of ionic gemini surfactant, the presence of electrolyte
can highly influence the electrostatic interactions between the charged headgroups
and therefore affect the micellization process of gemini surfactant. The spacer length
is also considered to have an influence on the critical micelle concentration CMC,
micelle ionization degree, thermodynamics of micelle formation and phase behavior
[100, 145].

Due to their unique physicochemical properties, cationic gemini surfactants are
considered to be potential candidates as gene delivery vectors [88, 102]. Rationally
designed cationic gemini surfactants displayed high DNA binding ability, low
cytotoxicity and enhanced transfection ability [20, 78, 93, 101]. Several aspects of the
interactions between the mixed system of DNA and gemini surfactants have been
studied such as the complexation process [72, 86], phase behavior and morphologies
of the complexes [146]. The interactions between DNA and cationic gemini
surfactants are also dependent on several factors, including the environmental
conditions (additives, pH, temperature efc.) and the molecular structure of the cationic
gemini surfactant (spacer length ezc.).

In this chapter, the micellization of cationic gemini surfactant 12-3-12-2Br
without DNA was first investigated, and the influences of ionic strength and
temperature on the micellization of 12-3-12-2Br are studied. Second, the interaction
mechanism in the mixed system of 12-3-12-2Br and DNA has been studied using
multiple techniques, and the effects of ionic strength, temperature and DNA
concentration on the interactions have been examined. Finally, the effect of spacer
length on the micellization of cationic gemini surfactant 12-O-12-2Br has been
studied with three different spacer lengths O = 3, 4 and 6. The effect of spacer length
on the interactions between 12-O-12-2Br and DNA has also been investigated. These

experiments have led to a more comprehensive understanding of the studied system,
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especially from a quantitative, thermodynamic point of view, thereby providing more

fundamental information for the potential biological and biomedical applications.
7.2  Procedures

Cationic gemini surfactant 12-3-12:2Br was synthesized in the lab and salmon
sperm DNA was commercially available. 10 mM NaBr aqueous solution was used as
solvent in almost all the samples except when studying specifically the effect of
electrolyte concentration on 12-3-12:2Br micellization and DNA/12-3-12-2Br
interaction. Stock solutions of DNA and 12-3-12-2Br were separately prepared and
then mixed at different molar ratios to obtain the required DNA/12-3-12-2Br samples.
The samples were kept overnight at 298.15 K to reach equilibrium before
measurements.

For the calorimetric measurements, the sample cell was initially loaded with
NaBr solution or DNA solution and the concentrated 12-3-12:2Br solution (2.5 mM)
was injected into the stirred sample cell in 15-31 portions of 1-10 pL. The enthalpy
change caused by DNA dilution was measured under the same circumstances by
titrating NaBr solution into DNA solution, which was found to be negilible.

The details for the conductivity, AFM, UV-Vis transmittance, particle size, zeta

potential and micropolarity measurements can be seen in Chapter 3.
7.3 Results and Discussion

7.3.1 Micellization of cationic gemini surfactant 12-3-12-2Br

The micellization of surfactants can be influenced by many factors, including the
properties of surfactant and the conditions of the bulk solution (ionic strength,
temperature, pH, etc). In this section, the conductivity and microcalorimetric
measurements were performed to study the effects of ionic strength and temperature

on the micellization of cationic gemini surfactant 12-3-12-2Br.

7.3.1.1 Effect of ionic strength

Fig. 7.1 shows the dependence of the electrical conductivity (x) of 12-3-12-2Br
in brine on the surfactant concentration (C) at 298.15 K. As shown, x increases more
slowly with the increase of C until a critical surfactant concentration, corresponding
to the CMC, where the slope changes. The value of CMC was determined by the

intersection of two linear plots of the x(C) curve, as shown in Fig. 7.1. The degree of
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ionization of the micelles ¢, is the ratio of the values of d«/dC above and below the
CMC. The degree of counterion association to micelle S was obtained by the
relationship f=1-a. Table 7.1 gives the measured values for both CMC and g for
12-3-12-2Br systems with various concentrations of NaBr.

As shown in Table 7.1, the CMC decreases with NaBr concentration (Cnag;),
however fincreases with Cngapy. The addition of NaBr may enhance the binding of the
counterion at the micellar surface and also decrease the electrostatic repulsion
between the headgroups of the surfactant molecules. Accordingly, the tendency to
aggregate has been strengthened with a decreased CMC, and £ is increased due to the
stronger counterion binding [147]. However, even with 50 mM of added NaBr full

counterion condensation is not achieved.
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Fig. 7.1 Dependence of conductivity (x) on the 12-3-12-2Br concentration with various NaBr

concentrations: (a) 50 mM; (b) 20mM; (c) 15 mM; (d) 10 mM at 298.15 K

Table 7.1 Critical micelle concentration (CMC), the degree of counter-ion association to micelle
(p) for the 12-3-12-2Br brine with different NaBr concentrations at 298.15 K using electrical

conductivity

Cnagr (mM)  CMC (mM) B

10 0.086 0.810
15 0.070 0.815
20 0.020 0.825
50 0.008 0.853
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We have also performed isothermal calorimetric titration measurements at
298.15 K, from which AHq,s(C) has been recorded (Fig. 7.2). In Fig. 7.2, AHops
denotes the observed enthalpy change corresponding to one mole of 12-3-12-2Br
molecules, and C is the surfactant concentration in the sample cell. As shown, the
curves for 12-3-12-2Br systems with various NaBr concentrations are all sigmoidal in
shape, and each curve can be divided into two concentration regions separated by a
transitional concentration associated with micelle formation, namely CMC. When C is
below the CMC, the enthalpy change AH,s results from both the breakup of the added
micelles and the further dilution of the monomer solution. When C has just passed the
CMC, some of the added micelles break up into monomers and the rest are only
diluted, therefore AH,,scomes from the breakup of some micelles and the dilution of
the remaining micelles and the monomers. When C is much above CMC, AH,ps
derives only from the dilution of the added micelles, and is close to zero. The CMC
values can be obtained from the intersection of the linear extrapolations of the two
sections of the curves [148, 149], and agree well with those results obtained from the
conductivity measurements. The enthalpy change of micellization (AHpi) can be
determined by the difference of AH,ps corresponding to two regionss of the plot [149],
as shown in the insert of Fig. 7.2.

In Table 7.2, the measured CMC values and thermodynamic parameters (AHpic,
AGhjc and TASc) for 12-3-12-2Br solutions with various concentrations of NaBr are
listed. The Gibbs free energy change of micellization (AGpjc) is calculated based on
the values of fand CMC according to a standard procedure in the literature [41, 150].
Once AGpjc is determined, the entropy change of micellization (ASpi.) can be readily
calculated by the classical Gibbs energy relationship, AGuic=AHmic—TASmic. As shown
in Table 7.2, the values of AH,,;. are negative for all the experiments, indicating that
the formation of 12-3-12:2Br micelles is an exothermic process. TASmic contributes
much more to AGni than AHny, suggesting that the micellization process of
12-3-12-2Br is entropically driven, and this effect can be enhanced with increasing
NaBr concentration. The negative values of AGy,i. show that the micellization process
is thermodynamically favored, and the Cnap: dependence of AGy,. suggests that the
thermodynamic favorability of micellization is strengthened with increasing addition

of NaBr.
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Fig. 7.2  Calorimetric titration curves of 12-3-12-2Br into solutions with various NaBr
concentrations: 10 mM (m); 15 mM (0); 20 mM (e); 50 mM (o) at 298.15 K. The insert is the

illustration of determination of the CMC and AH,;. from the calorimetric titration curve of

12-3-12-2Br into 10 mM NaBr solution at 298.15 K

Table 7.2 CMC and thermodynamic parameters for the 12-3-12-2Br brine with different NaBr

concentrations at 298.15 K using calorimetric measurements
Cxagr CMC AHwie  AGui  TASw
(mM) (mM) (kJ/mol) (kJ/mol) (kJ/mol)
10 0.098 -11.78 -57.17 45.39
15 0.061 -10.32 -60.47 50.15
20 0.027 -10.87 -66.27 55.40
50 0.011 -13.68 -73.66 59.98

“Calculated using AGnic=RT(1+2)In(2CMC)-RTIn2 [41, 150]
b Calculated from T. ASmic=AH pic-AGic

7.3.1.2 Effect of temperature

We have performed the microcalorimetic measurements for 12-3-12-2Br
solutions in the presence of 10 mM NaBr at different temperatures to investigate the
effect of temperature on the micellization process of 12-3-12:2Br. Fig. 7.3 presents
the calorimetric titration curves of 12-3-12:2Br into 10 mM NaBr solutions at
temperatures of 298.15 K, 303.15 K and 308.15 K. Table 7.3 presents the CMC values
and thermodynamic parameters (AHmic, AGmic and TASyi) for 12-3-12:2Br solutions
at fixed NaBr concentration but different temperatures.

As shown in Table 7.3, the CMC increases slightly with temperature. It is
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considered that increase in the CMC is due to the collapse of the structured water
surrounding the hydrophobic groups by the temperature increase, which hinders the
micellization process [151]. On the other hand, the degree of hydration of the ionic
head groups decreases with increasing temperature, which favors the micellization
process. The two opposing effects of temperature finally lead to the CMC depending
only weakly on temperature.

The values of AHpic, ASmic and AGy,. at various temperatures were obtained
using the same method mentioned above. As shown in Table 7.3, AHy,;c becomes more
negative with increasing temperature. Two major competing factors may influence
AHni. when increasing temperature: a positive contribution is the release of the
structured water from the alkyl chains and the hydration layer around the hydrophilic
domain, and a negative contribution is the transfer of the chains into the micelle and
the restoration of the hydrogen bonding structure of water around the micelles [151,
152]. As the collapse of the structured water occurs with increasing temperature, less
energy is needed to destroy the ordered water structures [151, 152], which means that
the positive contribution becomes less important. As a result, AHy,;. of 12-3-12-2Br
becomes more negative with increasing temperature. ASpc is positive over the whole
temperature range measured and decreases with temperature. The water structure
become less ordered with the temperature increase and thus leads to the decrease of
the entropy change. In all cases TASnic>—AHnmic, showing that the entropy is the
principle driving force towards micellization in all the circumstances investigated here,
which results from the collapse of the ordered water structures in the hydrophobic

domain [151].
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Fig. 7.3 Calorimetric titration curves of 12-3-12-2Br into 10 mM NaBr solution at various

temperatures: 298.15 K (m); 303.15 K (0); 308.15 K (A)
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Table 7.3 Critical micelle concentration and thermodynamic parameters for the 12-3-12-2Br

brine at various temperatures in 10 mM NaBr solution from calorimetric measurements

T (K) CMC (mM)  AHpi (kJ/mol)  AGpic (kI/mol)  TASy. (kJ/mol)
298.15 0.098 -11.78 -57.17 45.39
303.15 0.111 -13.04 -57.30 44.26
308.15 0.115 -13.78 -58.01 44.23

7.3.2 Interactions between DNA and 12-3-122Br

In this section, our focus is the interactions between DNA and 12-3-12-2Br,
which are studied using several techniques. Fig. 7.4(a) presents the surfactant
concentration (C) dependence of transmittance of DNA/12-3-12-2Br solutions in the
presence of 10 mM NaBr at the wavelength of 450 nm (7). Fig. 7.4(b) shows two
titration curves of the variations of the observed enthalpy change (AH.s) with the
surfactant concentration (C) at 298.15 K. In Fig. 7.4(b), one curve denotes the dilution
of the concentrated 12-3-12-2Br brine into 0.10 mM DNA solution in the presence of
10 mM NaBr, while the other represents the dilution of the concentrated 12-3-12-2Br
brine into 10 mM NaBr solution.

As shown in Fig. 7.4(b), in the presence of DNA, the dependence of AHys on
12-3-12-2Br concentration is different from that observed in the absence of DNA.
This can be attributed to the strong interactions between DNA and 12-3-12:2Br. When
C increases, a sharp endothermic peak is observed in the concentration region of
0~0.027 mM and then the enthalpy change gradually increases to a plateau value, and
finally it decreases to a relatively low value. The large endothermic deviation between
the two curves in the first few injections indicates the strong interaction between
12-3-12-2Br and DNA at low surfactant concentrations, where 12-3-12-2Br monomers
bind to negatively charged sites of DNA through electrostatic attraction. With further
addition of 12-3-12-2Br, complex formation occurs, which is also indicated by the
decrease of the transmittance at the wavelength of 450 nm, as shown in Fig. 7.4(a).
AH,ps begins to decrease at the surfactant concentration of about 0.012 mM,
corresponding to the critical aggregation concentration (CAC). Note that the
concentrations in the CAC region are so low that it is difficult to measure the CAC
accurately, however, the values are still of use to compare between the different
systems. Beyond the CAC, the AH,ps value mainly result from the disassociation of
the added micelles, the dilution of the monomers, the aggregation of the monomers

around DNA together with the binding of surfactant aggregates on DNA. As shown,
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beyond the CAC, AHus first decreases sharply and then increases slowly until the
second critical concentration (C) is reached. After this point, it can be considered that
all DNA chains are bound by 12-3-12-2Br molecules and free 12-3-12-2Br micelles
begin to emerge, therefore the titration curve is parallel to the dilution curve without
DNA. Eventually the value of AH,s approaches zero and hardly changes upon further
increase of the surfactant concentration.

As shown in Fig. 7.4(a), there exists no obvious decrease for the transmittance at
450 nm T at surfactant concentrations below the CAC, indicating that aggregation
does not occur at low surfactant concentrations. In the surfactant concentration region
CAC~Cy, T*° decreases significantly with the 12-3-12-2Br concentration, indicating
that the smaller DNA/12-3-12-2Br complexes may aggregate into larger ones owing
to the gradually electrostatic neutralization of DNA and the diminishing repulsion
between DNA chains; in the surfactant concentration region C;-C', the repulsion
between DNA chains disappears, which may induce aggregation of the complexes and
formation of precipitates; when C is above C', the larger aggregates can undergo
redissolution due to the electrostatic repulsion between the positively charged
complexes, corresponding to the increase of 7% with C. However, the phase
boundaries do not coincide with the turning points of the calorimetric titration curves
exactly, emphasizing the complexity of the behavior of the mixed system of DNA and
12-3-12-2Br.

The enthalpy change associated with the aggregation process of 12-3-12:2Br
molecules (AH,g,) 1s determined by subtracting the observed enthalpy change of the
lower valley from that at CAC, as shown in Fig. 7.4(b). The values of AG,, and
TAS,g, are obtained by the method previously mentioned, assuming that the degree of
counter-ion association to the aggregate (') remains at the same value as that in the
absence of DNA although there exists some uncertainty on how exact it is [148, 150].
The aggregation process of 12-3-12:2Br molecules in the presence of DNA can be
considered to be composed of two processes: one is the formation of 12-3-12-2Br
micelles, similar to the micellization process without addition of DNA; while the
other is the binding of the micelles onto DNA [150]. Therefore, the thermodynamic
parameters associated with the binding of 12-3-12-2Br micelles on the DNA chain
(AHpg, AGrg, TASpg) are obtained by subtracting the corresponding parameters (AHpic,
AGuic, TASnic) during the micellization process from the ones (AHagg, AGagg, TASage)
in the aggregation process. The thermodynamic parameters (AHpg, AGvd, TASpa) may

be associated with the structural reorganization of the surfactant micelle upon its
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interaction with DNA. Ghirlando ef al. [153] have proposed that the CTAB micelles
elongated into rod-like aggregates induced by DNA and the two formed hexagonally
packed matrix. In addition, the 12-3-12-2Br already forms elongated micelles on its
own at higher concentrations, so changing the structure to something different in the

presence of DNA is even more probable.
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Fig. 7.4(a) Surfactant concentration dependence of ™° (%) of DNA/12-3-12 solutions (A) at
298.15 K with 10 mM NaBr and 0.10 mM DNA; Fig. 7.4(b) calorimetric titration curves of
12-3-12 into brine (m); 0.10 mM DNA (o) at 298.15 K, both in the presence of 10 mM NaBr

DLS experiments have been performed to investigate the variation of the DNA
size upon the increasing addition of 12-3-12-2Br in the presence of 10 mM NaBr. Fig.
7.5 gives the typical intensity weighted distribution functions of the DNA solutions
with increasing amount of 12-3-12-2Br. It can be seen that the size distribution of the
surfactant-free DNA solution presents two peaks with mean hydrodynamic diameters
of around 80 nm and 700 nm respectively, as shown in Fig. 7.5(a). The multiple peaks
of identical salmon sperm DNA brine was also confirmed by Wang et al. [22] using
exactly the same DLS technique. Therefore, the two populations of the DNA size may
simply arise from the DNA samples already. The hydrodynamic diameters of
12-3-12-2Br/DNA complexes vary with the 12-3-12-2Br concentration. As shown in
Fig. 7.5(b), when the concentration of 12-3-12-2Br reaches 0.03 mM, a broad peak
with a mean hydrodynamic diameter of approximately 120 nm appears, which

indicates the compaction of the DNA molecules in particles with a larger size in Fig.
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7.5(a). This peak shows little change when the surfactant concentration is further
increased to 0.05 mM, as shown in Fig. 7.5(c). Macroscopic precipitation is observed
in the surfactant concentration region of 0.10-0.15 mM, where the charge ratio of
surfactant to DNA reaches 2~3. In this region, the zeta potentials of all the
DNA/12-3-12-2Br complexes approach zero [23]. As the surfactant concentration
reaches 0.16 mM, a second peak with mean hydrodynamic diameter of around 650
nm appears, indicating the existence of large complexes just after the disassociation of

the precipitates (Fig. 7.5(d)).
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Fig. 7.5 Intensity weighted distribution functions of the DNA solutions with increasing
concentration of 12-3-12-2Br: (a) 0 mM; (b) 0.03 mM; (c) 0.05 mM; (d) 0.16 mM, all in the
presence of 10 mM NaBr and 0.10 mM DNA

Fig. 7.6 presents the morphological changes of aggregates upon addition of
12-3-12-2Br in the presence of 0.10 mM DNA and 10 mM NaBr observed by AFM
and TEM. As shown in Fig 7.6(a), loose coiled structures are observed in the absence
of 12-3-12-2Br. Then some beadlike structures appear which are likely to be the
condensed DNA due to the presence of surfactant (Fig. 7.6(b)). The existence of this
type of aggregate was also proposed by Wang et al. [146]. With the further increase of
the amount of surfactant, the increasing beadlike structures may have the tendency to
approach each other and reassemble to form more condensed aggregates with higher
order structures, shown in Fig. 7.6(c), similar to that observed in the CTAB/DNA

system according to Nakanishi ef al. [91]. When the surfactant concentration reaches
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0.35 mM, both large aggregates (50-130 nm) and small spherical structures (15-25 nm)
appear which may be due to the coexistence of the free 12-3-12-2Br micelles as well
as the 12-3-12-2Br/DNA aggregates, corresponding to the results of the

microcalorimetric analysis.

600nm

Fig. 7.6  Microstructure of aggregates of DNA/12-3-12-2Br with various 12-3-12-2Br
concentration: (a) 0 mM; (b) 0.03 mM; (c) 0.05 mM; (d) 0.35 mM, all in the presence of 10 mM
NaBr and 0.10 mM DNA. (a and b) were obtained by AFM observation, while (c and d) were
obtained by TEM method

Conformational change of DNA upon its binding with the gemini surfactant has
also been confirmed by CD spectrum previously by our group [24]. We have indicated
that DNA possess a typical B-form in the absence of 12-3-12:2Br, but it shifts to a
longer wavelength upon the addition of 12-3-12:2Br. Meanwhile, in the presence of
12-3-12-2Br, the negative band is enhanced while the positive band becomes flatter
with the appearance of a longer tail, which suggests that DNA molecules are packed

together to form highly condensed structures in these circumstances.

7.3.3  External Influences on the DNA/12-3-12-2Br interactions

In this section, we have investigated the effects of ionic strength, temperature
and DNA concentration on the DNA/12-3-12'2Br interactions with the

microcalorimetric method.
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7.3.3.1 The effect of ionic strength

The titration curves of the variations of the observed enthalpy change (AHops)
with the 12-3-12-2Br concentration (C) in the presence of various concentrations of
NaBr are presented in Fig. 7.7. At each NaBr concentration, the dilution of
concentrated 12-3-12-2Br brine into a 0.10 mM DNA solution is performed,
comparing with the dilution of concentrated 12-3-12-2Br brine into the brine. The
measured critical concentrations (CAC, C>) and the thermodynamic parameters (AH,g,
AHypg, AGagg, AGrd, TASage and TASpq) have been determined (Table 7.4).

For 12-3-12-2Br/DNA systems with different NaBr concentrations, large
deviations of the titration curves are observed, showing that ionic strength has great
influence on the binding of surfactant with DNA. It can also be seen that the
calorimetric titration curves of 12-3-12-2Br diluted into brine and DNA solution
become more and more similar with the increase of Cnagr. When Cyap: reaches 50 mM,
the two titration curves almost coincide with each other. This can be attributed to the
addition of salt weakening the electrostatic attraction between DNA and the surfactant.
When Cygp; reaches 50 mM, the interaction is almost fully screened by added salt and
the critical concentrations cannot be detectable.

As shown in Table 7.4, the CAC decreases slightly with the increase of salt
concentration when Cnag: 1S below 20 mM, however, the CAC can be considered as
infinitely high when Cngp; approaches 50 mM, at which the interaction between DNA
and 12-3-12-2Br almost disappears. Wang et al. [147] have suggested that the salt has
two contrary effects on the systems containing polyelectrolyte and negatively charged
surfactant. On the one hand, the addition of salt can weaken the electrostatic attraction
between the polyelectrolyte and surfactant. On the other hand, the added salt favors
the formation and growth of surfactant micelles. The two competing effects cause the
CAC to decrease slightly at lower Cnapr and increase at higher Cnapr. Zhu ef al. [85]
have proposed that there exists a delicate balance between the CAC, the CMC and the
ionic strength. The critical ionic strength (/) is the concentration of salt at which the
values of the CAC and the CMC are equal to each other, and when the ionic strength
is below I, the CAC is lower than the CMC; when the ionic strength is beyond I,
DNA does not complex with surfactant. From Table 7.4, we conclude that the value of
1. should be between 20 mM and 50 mM for the studied system. Table 7.4 also shows
that the saturation concentration C, decreases with Cnap;, indicating that the addition
of salt may decrease the number of surfactant molecules needed for saturating the

DNA molecules.
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The thermodynamic parameters in the aggregation process of 12-3-12:2Br in the
presence of DNA (AGage, AHage and TAS,g,) as well as the thermodynamic parameters
relevant to the binding of 12-3-12-2Br micelles onto the DNA chain (AGyp4, AHpg and
TASyq) are shown in Table 7.4. Apparently, AG,s, becomes more negative with
increasing ionic strength, indicating that the aggregation of 12-3-12-2Br tends to be
more thermodynamically favored at higher ionic strength. However, AGyq i1s much
less negative at high ionic strength (20 mM NaBr), suggesting that the
thermodynamic favorability of the binding process of DNA with 12-3-12:2Br micelles
can be weakened by the screening effect of salt. The increase of AHpq and ASyq values
with Cnapr means that the entropically-driven process is enhanced with increasing
NaBr concentration.
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Fig. 7.7 Calorimetric titration curves of 12-3-12-2Br into brine (m) and 0.10 mM DNA solutions
(o) with various NaBr concentrations: (a) 10 mM; (b) 15 mM; (c) 20 mM; (d) 50 mM at 298.15 K

Table 7.4 The measured critical aggregation concentration (CAC), saturation concentration (C)
and thermodynamic parameters for the 12-3-12-2Br diluted into DNA with different NaBr

concentrations at 298.15 K using calorimetric measurements

CAC G AHyy  AGy' TASy' — AHy'  AGy®  TASy

Cnap(mM)
mM) (mM) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
10 0012 0176 -25.15  -7081 4566  -13.36  -13.64 0.28
15 0.007 0.110  -641  -7459  68.18 3.91 1412 18.03
20 0.007 0.061 -141  -7514  73.73 9.46 -8.87 18.33

“ Calculated using AGog,=RT(142")In(2CAC)—RTIn2 assuming that #'=£[148, 150]
? Calculated from TAS,ge=AH,ge—AGag

¢ Calculated using AHbd:AHagngHmiCa Ade:AGagg*AGmic, TAde:TASagg*TASmiC
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7.3.3.2 The effect of temperature

We have performed the microcalorimetric experiments at different temperatures
to investigate the effect of temperature on the DNA/12-3-12-2Br interactions. Fig. 7.8
shows the calorimetric titration curves of the variations of the observed enthalpy
change (AH,bs) with the surfactant concentration (C) at various temperatures (298.15
K, 303.15 K and 308.15K). In these measurements, 12-3-12-2Br is diluted into 0.10
mM DNA solution in the presence of 10 mM NaBr. As seen, when C is around the
CAC region, the AH.s value decreases with temperature, while the inverse is
observed when C is higher. In the high concentration region, the variation of AHps
with temperature is similar to that in the absence of DNA, which may be due to the
gradual saturation of DNA with 12-3-12-2Br and the enhanced effect of the

12-3-12-2Br micelle disassociation.
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Fig. 7.8 Calorimetric titration curves of 12-3-12-2Br into 0.10 mM DNA solution at various
temperatures: 298.15 K (m); 303.15 K (0); 308.15 K (A), all in the presence of 10 mM NaBr.

7.3.3.3 The effect of DNA concentration

To evaluate the effect of DNA concentration (Cpna) on the interaction between
12-3-12-2Br and DNA, microcalorimetric experiments of concentrated 12-3-12-2Br
brine diluted into DNA brine with different DNA concentrations at 298.15 K were
performed. Fig. 7.9 shows the corresponding calorimetric titration curves, and the
measured critical concentrations (CAC, C>) and the thermodynamic parameters (AHjg,
AHyg, AGagg, AGpa, TAS,ee and TASpq) for solutions with different DNA concentrations

are shown in Table 7.5. It can be seen that at a given temperature, the critical
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aggregation concentration CAC is independent of DNA concentration, which is
consistent with results from the literature [24]. The saturation concentration C,
increases with DNA concentration, indicating that the appearance of free micelles in
the bulk phase is postponed by the increasing DNA concentration. The values of AHy,
AGpg and ASpq change only very slightly or not at all with the variation of DNA

concentration.
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Fig. 7.9 Calorimetric titration curves of 12-3-12-2Br into brine (m), 0.10 mM DNA solution (o),
0.17 mM DNA solution (A ), 0.30 mM DNA solution (O0) with 10 mM NaBr at 298.15 K.

Table 7.5  Critical aggregation concentration (CAC), saturation concentration (C;) and
thermodynamic parameters for the 12-3-12-2Br diluted into various concentrations of DNA in 10

mM NaBr solution and at 298.15 K from calorimetric measurements

Cona CAC G AH, g AGue  TASyy AHug AGhq TAShq
(mM) (mM) (mM) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
0.10 0012 0176 -2515  -70.81 4566  -1336  -13.64 0.28
0.17 0012 0207 -2402  -70.81 46.79  -1223  -13.64 1.41
030 0012 0284 -2618  -70.81 44.63 1440  -13.64 -0.76

Based on the experimental results obtained, a possible mechanism for interaction
between DNA and 12-3-12-2Br with increasing surfactant concentration is proposed.
When C is below CAC, 12-3-12-2Br monomers may bind with the DNA chains
through electrostatic attraction. When C is in the range CAC~C,, 12-3-12-2Br
aggregates begin to form around the DNA chains, and correspondingly, the smaller
complexes can aggregate into larger ones due to the partially weakened electrostatic

repulsion between DNA chains, followed by a redissolution of the larger aggregates
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due to the enhanced electrostatic repulsion between the complexes upon further
addition of 12-3-12-2Br. When C reaches the saturation point C,, all the DNA chains
are bound completely by 12-3-12-2Br micelles, and free 12-3-12-2Br micelles begin
to emerge in the bulk phase. The interactions between DNA and 12-3-12-2Br are very
complicated, with a cooperative mechanism involving both the electrostatic
interaction and the hydrophobic interaction which is the main reason for the formation

of mixed aggregates of DNA and 12-3-12-2Br.

7.3.4 The effect of spacer length on the micellization of 12-O-12-2Br and its
interactions with DNA

In this section, we performed measurements with several techniques
(micropolarity, zeta potential, conductivity, isothermal titration calorimetry) to study
the effect of spacer length on the micellization of 12-O-12-2Br and its interactions
with DNA.

7.3.4.1 Effect of spacer length on 12-O-12-2Br micellization

Fig. 7.10 shows the variations of the electrical conductivity (x) of 12-O-12-2Br
(O=3, 4, 6) with increasing surfactant concentration (C) in the presence of 10 mM
NaBr at 298.15 K. As indicated in Fig. 7.10, x increases linearly with C in the low
concentration range. With increasing surfactant concentration, a transition appears at a
certain concentration corresponding to the critical micelle concentration (CMC, the
subscript refers to the CMC being measured using the first method, in this case
conductivity), indicating the formation of micellar structures and the binding of
counterions. The degree of ionization of the micelles, o, was taken to be the ratio of
the values of dx/dC above and below the CMC). The degree of counter-ion association
to micelle  was obtained by the relationship f=1-a. The values of CMC,, a, f for
three gemini surfactants 12-O-12-2Br (O=3, 4, 6) measured from the conductivity
measurements are indicated in Table 7.6.

As shown in Table 7.6, with increasing spacer length, the CMC, first increases
then decreases. When the spacer length is increased, the molecular conformation of
the surfactant and the relative position of two alkyl chains are changed so that the
micellization is hindered leading to the increase of the CMC,. On the other hand, the
spacer is transferred from a polar hydrophobic environment to the micellar surface

when forming the micellar structures and this hydrophobic effect is more important
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with increasing spacer length, leading to the decrease of CMC| [145, 154]. It is shown
that the degree of ionization of the micelles « is relatively small when spacer length is
short. As the spacer length is short, the distance between the polar groups is relatively

short, causing strong binding with counterions [145, 154].
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Fig. 7.10 Variation of conductivity with increasing concentration in the 12-O-12-2Br system

(0O=3, 4, 6) in the presence of 10 mM NaBr

Table 7.6 The counterion disassociation degree ¢, counterion binding degree fand CMC values
(CMC; from conductivity, CMC, from micropolarity and CMC; from isothermal titration
calorimetry) in the 12-O-12 system (0=3, 4, 6)

0 o B CMCy(mM)  CMCy(mM)  CMCy(mM)

3 0.19 0.81 0.086 0.101 0.100
0.34 0.66 0.159 0.155 0.156

6 0.34 0.66 0.132 0.138 0.127

A second method has been used to measure the CMC is the fluorescence
technique. To use fluorescence to measure the CMC, a typical S curve of Boltzmann
type was utilized to fit the experimental data 7,/3~log(C) using the following

equation:

A] _Az

y= WJF 4, Equation 7.1

In Equation 7.1, xo representing the abscissa value of the center point on the S
curve and Ax is related to the independent variable range in the sharp decrease region

of I/I;. Typical S curves with Boltzmann type are presented in Fig. 7.11, and
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log(CMC>/M) is determined by the points of intersection of the tangent at the center
point and the line y,=4,, where log(CMC,/M)=xy+2Ax.

Fig. 7.12 shows the dependence of micropolarity in 12-O-12-2Br system on the
surfactant concentration in the presence of 10 mM NaBr. As shown, when surfactant
concentration C is very low, /;/[5 hardly changes with increasing C; when C reaches a
certain concentration, /;//; decreases sharply, indicating the existence of hydrophobic
microenvironment; finally /;/Is hardly varies with C, showing that pyrene molecules
have all transferred to the hydrophobic microenvironment.

The fitting results for the experimental data using Equation 7.1 are shown in Fig.
7.12, and the parameters derived from the fitting are shown in Table 7.7. Table 7.7
shows that the S curve with Boltzmann type can fit the experimental data /;/l3~log(C)
quite well, and the CMC, values compare well with CMC, based on the conductivity
measurements, indicating that the proposed methods to determine the critical micelle
concentration are rather accurate. It can be observed, in Fig 7.12, that /,/15 decreases at
concentrations below the critical micelle concentration, as the pyrene molecules may
induce the surfactants to form certain small complex structures before the formation

of larger micellar structures [155].

111,

|
(X, (A +A)2)

b |

Y, =00}

=A _II" .X::—-_.. -
V2% liog(CMC/M)

log(C/M)

Fig. 7.11 Typical S curve with Boltzmann type, the horizontal axis denotes the logarithmic of
surfactant concentration (10 as the base). The lines y1=4, y,=A4, are horizontal, and the line y;=f(x)
is the tangent line to the curve passing the point (xo,(4,+4,)/2). Log(CMCy/M) is determined by

the points of intersection from the lines y;=f(x) and y,=4,.
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Fig. 7.12 Dependence of micropolarity (/;/13) on 12-O-12-2Br (O=3, 4, 6) concentration in the

presence of 10 mM NaBr. The lines are the fitting results using Equation 7.1.

Table 7.7 Fitting results: X, denotes the center point of the S curve with Boltzmann type, Ax

denotes the steps and #* is the square of correlation coefficient

0 Xo Ax P ba CMC, (mM)
3 -4.12 0.063 0.992 0.00028 0.101
4 -3.98 0.087 0.994 0.00025 0.155
6 -4.00 0.071 0.994 0.00020 0.138

We have also investigated the micellisation process by calorimetry. Fig. 7.13
presents the calorimetric titration curves for three types of gemini surfactants
12-O-12-2Br (O=3, 4, 6). The solution for injection is concentrated 12-O-12-2Br
solution while the solution to be titrated is 10 mM NaBr solution. The vertical
ordinate of the curve results from the enthalpy change from each injection (AHops),
and the horizontal ordinate is the final 12-O-12-2Br concentration (C) in the sample
cell. When C reaches a certain concentration, a transition appears on the titration
curve with the rapid decrease of AH,ps, and the critical micelle concentration (CMC3)
is determined correspondingly. When C is lower than CMCj, the enthalpy change
comes from the disassociation of the added surfactant micelles and the dilution of
monomers; when C just passes CMCs, surfactant micelles and monomers coexist in
the sample cell, and AHys comes from the disassociation of some of the added

micelles, the dilution of the monomers and the remaining micelles; when C is
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sufficiently high, AH,us comes only from the dilution of micelles, which is relatively
small as seen in Fig. 7.13. The CMC3 is determined from the linear fits of two regions:
one is region where AH,ps decreases slowly and the other is the region where AHps
decreases much more rapidly. The enthalpy change for the micellization of
12-O-12-2Br (AHyic) 1s determined by the difference of AH,s from the region for the
slow variation and the flat region finally, as seen in Fig. 7.13.

Table 7.8 presents the values of the critical micelle concentration CMCs and the
thermodynamic parameters determined by the microcalorimetric method, which are
dependent on the spacer length, as indicated in Table 7.8. With increasing spacer
length, CMC; first increases and then decreases, comparing well with the previous
conductivity and micropolarity results. The -AHp;. first decreases significantly and
then increases with spacer length, similar to the literature results [154].

The dependence of -AH,i. on O can be explained as the result of two effects. For
12-O-12-2Br with spacer length shorter than 4, when the 12-O-12-2Br molecules are
transferred from the hydrophilic phase to the micelles, the two hydrophobic chains are
closer to each other, therefore the conformation of the micellar surfactant tends to be
the cis conformation, while still restricted by the steric effects from the two
hydrophobic chains, leading to the decrease of -AHyi. with spacer length. While
spacer length is further increased, this effect decreases rapidly until it disappears
finally, and the other effects on the change of -AH,,i. become more obvious, mainly
from the transfer of the spacer from the hydrophilic phase to the micellar surface and
the electrostatic interactions on the micellar surface. In the transfer process of spacer,
the microenvironment of the spacer turns from the hydrophilic water environment to
the hydrophobic micellar surface, leading to the increase of -AH,,;. with spacer length.

As indicated in Table 7.8, with the increase of spacer length, the absolute value
of Gibbs free energy change corresponding to the micellization process -AGhic 1s the
highest at O=3, and the lowest at O=4. This indicates when O is lower, the
thermodynamic favorability for the micellization of the gemini surfactant is higher.
However, literature has shown that the spacer length has no obvious effects on the
values of -AGpjc in the micellization process of 12-O-12-2Br in pure water [156]. The
different dependence of -AGni. on the spacer length can be due to the presence of
electrolyte in our case, which can screen the electrostatic interactions between the
headgroups, thus promoting the micellization of the surfactant. The effect of
electrolyte is enhanced for the gemini surfactant with shorter spacer length, for which

the distance between the hydrophilic headgroups becomes shorter and
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correspondingly the electrostatic interactions become stronger. As indicated in Table
7.8, comparing the contributions of -AH;c and -ASy;. on the value of AGp;, it can be

concluded that the micellization of 12-O-12-2Br is mainly entropically driven.
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Fig. 7.13  Calorimetric titration curves of 12-O-12-2Br (0O=3, 4, 6) into 100 mM NaBr

Table 7.8 CMC; values and thermodynamic parameters in the 12-O-12-2Br system (O=3, 4, 6)

O CMC5; (mM) AH i (kJ/mol) AGhjc (kJ/mol) TASpic (kJ/mol)
3 0.100 -11.79 -57.04 45.25
4 0.156 -5.74 -48.15 42.41
6 0.127 -6.75 -49.33 42.58

AGie=RT(14+28)In(2CMC)-RTIn2
TASmic=AH ic-AGic

7.3.4.2 The effect of spacer length on DNA/12-O-12-2Br interactions

The micropolarity in the mixed system of 12-O-12-2Br and DNA is also
investigated as shown in Fig. 7.14. In the presence of DNA, [,/I5 decreases
significantly at very low 12-O-12-2Br concentrations. Note that in the figure the
highest concentration is still almost one magnitude lower than CMC,. Induced by the
strong electrostatic interactions between DNA and 12-O-12-2Br, 12-O-12-2Br
molecules aggregate around DNA chains with the formation of a hydrophobic
microenvironment, therefore the concentration around the DNA chain is higher than
that in the bulk phase.

As in Fig. 7.14, when the spacer length is shorter (O=3, 4), the critical

concentration corresponding to the sharp decrease of the micropolarity is lower than
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that with the longer spacer length (O=6), indicating that the gemini surfactant with
shorter spacer length can form the microenvironment at lower concentrations. That is
to say, 12-O-12-2Br, with shorter spacer length, has stronger interactions with DNA.
This is because that when the spacer length is short, the two hydrophobic alkyl chains
are closer. Therefore 12-O-12-2Br can be regarded as a cationic surfactant carrying
double charges [20], which is why it has stronger interactions with DNA. When the
spacer length becomes longer, the alkyl chains on the spacer can change its
conformation flexibility in order to decrease its contact with water, leading to a
negative entropic change. This negative entropic change hinders the interactions
between the surfactant and DNA, which needs to be compensated by a positive
entropic change.

Generally the positive entropic change may come from the hydrophobic
interactions between the spacer and other hydrophobic chains, and only the spacer
sufficiently long (O is above 10) can take part in the the micellzation of surfactants
through hydrophobic interactions. Therefore, the micellization of gemini surfactant
with longer spacer length has enhanced thermodynamic favorability.

For the 12-O-12-2Br with medium spacer length (O is around 6), compared with
12-O-12-2Br with short or long spacer length, the negative entropic change caused by
the conformation change is more obvious than the positive entropic change arising
from the hydrophobic interactions. Thus 12-6-12-2Br has the weakest interactions

with DNA with the highest value of critical concentration as shown in Fig. 7.14.
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Fig. 7.14 Dependence of micropolarity in 12-O-12-2B1r/DNA system on the surfactant

concentration, where the DNA concentration is kept at 10™ M.
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Now we will focus on the change of charge carried by the 12-O-12-2Br/DNA
complex upon the increase of 12-O-12-2Br concentration. Fig. 7.15 presents the
variations of zeta potential for the 12-O-12-2Br/DNA system on the surfactant
concentration C. As shown, for 12-O-12-2Br with different O, the variations of zeta
potential with C are similar. Note that when C is relatively low, the difference in the
zeta potential for 12-O-12-2Br for various O is due to the difference of the initial
states of DNA, which may come from the preparation of DNA samples. That is to say,
when DNA molecules are completely stretched in the solution, the zeta potential may
not vary significantly with C at first, then transit from negative to positive values with
further increase of C. For the case when DNA molecules are not completely stretched
initially, the negative charges on the DNA chains become more exposed with the
increasing addition of surfactants, owing to the strong interactions between the added
surfactants and DNA [23]. Therefore, the zeta potential decreases with increasing C.
When C reaches 0.032 mM, most of the negative charges on the DNA become
exposed, and then the variations of zeta potential with C display a trend from negative
to positive values. When C reaches around 0.26 mM, zeta potential hardly changes
with C, indicating the saturation of the complexation between 12-O-12-2Br and DNA.
It can be seen that the variations of zeta potential with the surfactant concentration at

higher concentrations is hardly affected by the spacer length.
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Fig. 7.15 Dependence of zeta potential in 12-O-12:2Br/DNA system on the surfactant

concentration, where the DNA concentration is kept at 10" M

Fig. 7.16 shows the calorimetric titration curves for 12-O-12-2Br with different
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O, in which the concentrated 12-O-12-2Br brine is diluted in the DNA solution in the
presence of 10 mM NaBr. As shown, when C is relatively low, AH,, first increases
with C and then decreases with C rapidly; then with further increase of C, AH,ps first
increases and then reaches a platform value, before finally decreasing to around zero.
When C is small, a transition appears on the titration curve with the rapid
decrease of AH,,, and this transition corresponds to the critical aggregation
concentration (CAC). When C is smaller than CAC, AHys comes from the
disassociation of added micelles, the dilution of monomers and the electrostatic
interactions between monomers and DNA. When C reaches CAC, AH,,s decreases
significantly with C accompanied by the aggregation of 12-O-12:2Br molecules
around DNA, and the variation of AH,,s comes not only from the effects previously
mentioned but also from the aggregation of 12-O-12-2Br on DNA through
hydrophobic interactions. Further increase of C leads to the gradual saturation of
12-O-12-2Br/DNA interactions, and the micellization of 12-O-12-2Br in the bulk
phase gradually becomes dominating, therefore the titration curve becomes similar to
that of 12-O-12-2Br injected into NaBr. That is to say, with further increase of C,
AHps first remains constant and then decreases to around zero, and the transition
point is the critical micelle concentration of 12-O-12-2Br in the mixed system Chpjy.
The enthalpy change corresponding to the binding of 12-O-12-2Br with DNA (AH.q)
can be determined from the difference of AH,psat CAC and the platform value in the
titration curve for the 12-O-12/NaBr system, as shown in Fig. 7.16. The AHpq values
for 12-3-12-2Br, 12-4-12-2Br and 12-6-12-2Br are -14.5, -14.4 and -12.5 kJ/mol
respectively. The values of CAC, Cy,ix and AHpg have been presented in Table 7.9.
Based on the effects of spacer length on CAC, Cy,ix and AHy, it can be concluded
that CAC increases slightly with increasing S, showing that the increase of S hinders
the interactions between 12-O-12-2Br and DNA for the systems studied, emphasizing
the previous micropolarity results. Cpix first increases and then decreases with O, and
this trend is similar to the dependence of CMC on O. It has also been found that

spacer length has no obvious influences on AHpg.
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Fig. 7.16 Calorimetric titration curves of 12-O-12-2Br (O=3, 4, 6) into 100 mM NaBr (e) and
DNA/NaBr mixtures (m). The DNA concentration is kept at 10 M.

Table 7.9 Calculated values of CAC, AHyqand Cy,, in the mixed system of 12-0-12-2Br (0=3, 4,
6) and DNA

0 CAC (mM) AHyg (kJ/mol) C> (mM)
3 0.0120 -14.5 0.191
4 0.0188 -14.4 0.292
6 0.0240 -12.5 0.212

7.4 Conclusions

In this chapter, the micellization process of cationic gemini surfactant
12-3-12-2Br molecules has been investigated, and the influence of ionic strength and
temperature on the process have also been studied. The various thermodynamic
parameters of these processes are derived based on the measurements of isothermal
titration calorimetry and conductivity measurements. It has been found that the
micellization of 12-3-12-2Br is entropically driven and thermodynamically favored.
The increase of temperature slightly increases the CMC, while the increase of the
ionic strength lowers the CMC. The enthalpy change corresponding to the
micellization process of 12-3-12:2Br becomes more negative with the temperature
increase, which can be associated with destruction of the structured water around the
surfactants with increasing temperature.

The interactions of 12-3-12-2Br with DNA under different environmental
conditions were investigated using several techniques. In addition, the effects of ionic

strength, temperature and DNA concentration on their interactions have been checked.
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It was found that the DNA conformation can be modulated by the addition of
12-3-12-2Br. Loose DNA coils, condensed DNA structures including beadlike
structures, highly ordered aggregates, as well as coexistance of large aggregates and
small spherical structures in the DNA/12-3-12-2Br system were observed. The
addition of electrolyte can screen the DNA/12-3-12-2Br electrostatic attraction, while
promoting the formation of free 12-3-12:2Br micelles in the bulk phase or
12-3-12-2Br aggregates on the DNA chain. It has also been proven that the
hydrophobic effect is significant in the binding process. The CAC value is
independent of DNA concentration, due to the DNA chains behaving like a separate
phase when in contact with the surfactant molecules. The saturation concentration C,
increases with the DNA concentration, and this is owing to the postponed appearance
of free micelles in the bulk phase. Based on the experimental results, we conclude that
12-3-12:2Br/DNA interactions bear a cooperative mechanism including both the
electrostatic and hydrophobic interaction.

The effect of spacer length O on the 12-O-12-2Br micellization is investigated.
With increasing spacer length, it can be seen that the CMC first increases then
decreases. The degree of ionization of the micelles a is relatively small when the
spacer length is short. The value of -AHp;. first decreases and then increases with
spacer length. The CMC of the gemini surfactant is lowest at O=3.

The effect of spacer length on the interactions between 12-O-1212-0-12-2Br and
DNA has also been investigated. In the presence of DNA, /,/15 decreases significantly
at a much lower 12-O-12-2Br concentration than in the absence of DNA. 12-O-12-2Br
with a shorter spacer length has stronger interactions with DNA. When increasing the
spacer length, the interactions between 12-O-12-2Br and DNA can be hindered, the
critical micelle concentration in the mixed system first increases and then decreases.
The spacer length has no obvious influences on the enthalpy change corresponding to
the binding process of 12-O-12:2Br with DNA (AHq).

Our study on the micellization of the cationic gemini surfactant 12-O-12-2Br, its
interaction process with DNA and the influences on these processes are helpful in
providing more fundamental information in its interaction with DNA and improving

the understanding of oppositely charged polyelectrolyte/surfactant systems.
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Chapter 8 Interactions between cationic IL surfactant [C;;mim]Br and

DNA in the bulk

8.1 Introduction

Typical ionic liquids (ILs) consist of organic cations (imidazolium, pyridinium,
pyrrolidinium, ammonium and phosphonium efc.) and organic or inorganic anions
(acetate, trifluoroacetate, tetrafluoroborate, hexafluorophosphate or bromide anions)
[157-159]. ILs possess unique physicochemical properties including high thermal
stability, tunable viscosity, negligible vapor pressure, noninflammability as well as
excellent solubility for both organic and inorganic compounds [110, 114, 160, 161].
As a result, IL has a wide range of applications in separation and extraction
technologies [111, 162-166], electrochemistry and energy use [167-169], solvent and
catalysis in synthesis [108, 109, 170] , lubricants [171] efc.

Besides, the development of IL in biological and biomedical applications has
been increasingly emphasized in the past decades. Studies have shown that
functionalized IL has a high binding ability with DNA and could mediate the process
of gene expression without the help from any additional agent [120]. The detailed
binding characteristics and the molecular mechanism for the interaction system of a
typical IL and DNA have also been presented, showing the importance of the
electrostatic attraction between the cationic headgroups of IL and the phosphate
groups of DNA, as well as the hydrophobic interactions between the alkyl chains of
IL and the bases of DNA [94].

As expected, ILs with long hydrophobic alkyl groups can be surface active,
similar to cationic surfactants, and the aggregation behavior of these surface active
ILs has been investigated [27, 95]. In this chapter, the imidazolium-based cationic
surfactant 1-dodecyl-3-methylimidazolium bromide ([C;;mim]Br) has been chosen
for its superior surface activity and lower CMC value compared with DTAB [147] and
the potential applications in various areas [27]. In this chapter, the complexation
between [C;mim]Br and salmon sperm DNA in the presence of 10 mM NaBr was
investigated by the use of combined experimental techniques and computer
simulations. The aggregation processes of [C;omim]Br in the absence and presence of
DNA have been studied and compared. The size transition and conformational change
of the DNA chain, the complex structures formed by [Ci,mim]Br and DNA and the

thermodynamic parameters of the mixed system are presented. For comparison with
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the experimental results, Molecular dynamics (MD) simulations were performed to
investigate the oppositely charged polyelectrolyte/surfactant system. The equilibrium
properties of the system have been recorded by the computer and compared with the
results from different types of measurements. Our results may be helpful in the further
understanding the interaction mechanism for the oppositely charged
surfactant/polyelectrolyte system and in expanding the role of ILs in the biological

and biomedical applications.
8.2 Procedures

Cationic surfactant [C;;mim]Br was commercially available. 10 mM NaBr
solution was utilized as the solvent for all the samples prepared. Stock solutions of
DNA and [C;;mim]Br were prepared respectively and then mixed up together at a
certain ratio to obtain the DNA/[C;,mim]Br samples. All DNA/[C;,mim]Br samples
were prepared using this protocol unless specific methods for sample preparation
were otherwise indicated. The samples were kept overnight at 298.15 K before
measurements.

For the conductivity and microcalorimetry measurements, the sample cell was
initially loaded with the 10 mM NaBr solution or DNA brine. Then the stock brine of
[Cizmim]Br (150 mM or 10 mM) was injected into the stirred sample cell in portions
of 1-15 pL. The description of the measurements of conductivity, micropolarity,
particle size, zeta potential, UV-Vis transmittance, gel electrophoresis, AFM and CD

as well as the MD simulation can be found in Chapter 3.
8.3 Results and discussion

8.3.1 Conductivity

Fig. 8.1 shows the dependence of the electric conductivity (x) of [C;;mim]Br
solution on the [C;,mim]Br concentration (C) at 298.15 K. The degree of ionization
of the micelles, «, was determined by the intersection of two linear plots of #(C)
curve, corresponding to the ratio of dx/dC values above and below the CMC. The
degree of counterion association to micelle (f) was then calculated using the
relationship f=1-ca. It has been found that the values of CMC and f determined from
the electrical conductivity measurements were 6.80 mM and 0.688, respectively.
These values are similar to those obtained for the [C;,mim]Br/H,0O system by Wang et
al. [26, 172], showing that a small amount of salt has no significant effect on the

micellization process of [C;omim]Br. This is in agreement with Luczak et al. [172],
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who observed that the presence of low concentrations of KCI or KBr (less than 10

mM) in the [C;omim]Cl solution has no obvious effect on the values of CMC and .
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Fig. 8.1 Dependence of electrical conductivity (x) on [C;,mim]Br concentration (C) in 10 mM

NaBr solution.

8.3.2 Isothermal titration calorimetry

The microcalorimetric measurements were performed to monitor the interactions
of [Ci,mim]Br with DNA quantitatively. Concentrated [C;,mim]Br brine (150 mM)
was injected to 10 mM NaBr or 0.1 mM DNA solutions in a stepwise manner. The
variations of the observed enthalpy change per mole of the added [Ciomim]|Br (AHobs)
with the final [C;,mim]Br concentration (C) in the sample cell are presented in Fig.
8.2. It should be noted that the first few titrations may lead to high uncertainty due to
instrumental error.

Fig. 8.2 shows the titration curve of the concentrated [C;,mim]Br brine diluted
into 10 mM NaBr solution. There exists a transition region corresponding to the
sudden decrease of AHs, corresponding to the formation of [Ci,mim]Br micelles.
The CMC is obtained from the intersection of the two linear extrapolations of two
sections of the curve [148, 173], comparing well with the electrical conductivity result.
When C is below CMC, AHyps comes from the breakup of the added [C;,mim]Br
micelles and further dilution of monomers. When C is close to CMC, some of the
added micelles break up into monomers and the rest are only diluted in the sample
cell, leading to the decrease of AH,ws. When C is sufficiently high, AH,,s only results
from the dilution of the micelles and is very low. The enthalpy of micellization (AHmic)

is determined by the difference of AH,s corresponding to two sections of the plot in
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Fig. 8.2 [149].

Fig. 8.2 shows the titration curve for the dilution of the concentrated [C;;mim]Br
brine into 0.1 mM DNA solution in the presence of 10 mM NaBr. It can be observed
that the titration curve with DNA deviates much from that without DNA even in the
low concentration range, indicating that the DNA/[C;,mim]Br interaction can occur at
low C. With the increase of C, a sharp endothermic peak appears in the concentration
range 0-2.25 mM. With further increase of C, AH,s remains constant, and finally
decreases to a relatively low value.

When C is low, the added [C;mim]Br micelles are disassociated into
monomers,which may interact with DNA through electrostatic attraction. Upon
further addition of [C;,mim]Br, the [C;,mim]Br molecules begin to aggregate on the
DNA chains through the hydrophobic interactions between the alkyl chains,
accompanied by the decrease of AH,ys, also confirmed by the transmittance results
discussed below. With further increase of C, the binding sites on DNA are further
occupied, and finally the titration curve is close to that without DNA.

To obtain information on the interaction in a narrower concentration range, 10
mM [C;omim]Br is injected into 10 mM NaBr and 0.1 mM DNA brine respectively.
Fig. 8.3 shows the titration curve of 10 mM [C;omim]|Br into DNA brine. The
enthalpy changes of 10 mM [C;,mim]Br diluted into NaBr are negligible, due to the
[Ci2mim]Br concentration being close to the CMC and most [Ci,mim]Br molecules
are in the form of monomers instead of micelles. As shown in Fig. 8.3, AHps first
increases and then decreases with C, and finally AH,s approaches zero. The transition
concentration may be associated with the structural rearrangement of the complexes
formed by [C;omim]Br and DNA, and accordingly the critical aggregation
concentration (CAC) is derived [174]. Below CAC, the electrostatic interactions
between [Cimim]Br and DNA dominate. At CAC, the hydrophobic interactions
between the alkyl chains of [Ci,mim]Br may induce the aggregation of [C;,mim]Br
molecules around DNA. Correspondingly, AH,s begins to decrease. The enthalpy
change of [C;,mim]Br aggregation around the DNA chain (AH,g) is obtained from
the difference of AH,s at CAC and the final plateau region [174].

Table 8.1 shows the thermodynamic information for the aggregation of
[C1omim]Br in the presence and absence of DNA. The Gibbs free energy change for
the micellization of [C;;mim]Br (AGhy,) is determined from £ and CMC according to
a standard procedure [41]. The Gibbs free energy change for the aggregation of
[Ciomim]Br in the presence of DNA (AG,g) is calculated with the same method
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assuming that the counterion association degree £ equals to £ despite the existence of
certain uncertainty [148]. The entropy changes for the micellization and aggregation
of [Ciomim]Br respectively, ASmic and AS,.e, are obtained by the relationship,
TAS=AH—AG. As indicated, the aggregation processes of [C;;mim]Br in the presence
and absence of DNA are both thermodynamically favored, driven by enthalpy and
entropy change. Wang et al. [175] dertermined the Gibbs free energy change for the
binding of [C;omim]Br to calf thymus DNA using a fluorescence spectroscopy
technique. By separating the electrostatic and non-electrostatic Gibbs free energy
changes, they have shown that electrostatic interactions are predominant for the
compexation of IL with DNA. Although an overall AG,, is calculated in our study
and the contributions of electrostatic or non-electrostatic interactions cannot be
separated, the stepwise binding extent of [C;,mim]Br molelcules with the DNA chain
has been successfully monitored quantitatively, and contributes to the understanding

of the interaction mechanism between the cationic surfactant and DNA.
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Fig. 8.2 Calorimetric titration curves of 150 mM [C,mim|Br into 10 mM NaBr solution (m); 0.1

mM DNA solution in the presence of 10 mM NaBr (o).
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Fig. 8.3 Calorimetric titration curve of 10 mM [C;;mim]Br into 0.1 mM DNA solution.

Table 8.1 Thermodynamic properties for the aggregation process of [C;omim]|Br with and

without DNA, the first two lines correspond to the case without DNA while the lines below denote

the case with DNA
B CMC (mM) AH ;e (kJ mol™) AG i (kJ mol™) TASpmic? (kJ mol™)
0.688 9.40 -1.61 -19.53 17.92
B CAC (mM) AH,g, (kJ mol™) AG,g,° (kT mol™) TAS,ge" (kI mol™)
0.688 0.76 -1.15 -30.05 28.90

* Caculated using AGpic=RT(1+)In(CMC).

® TASumic=AHrmic=AGimic

¢ Caculated using AG,e,=RT(1+/")In(CAC) assuming that 5'=4.
$ TAS sqe=AH gq=AGogg

8.3.3 Micropolarity measurements

The variation of the /,/I; value can be used to detect the change of environmental
polarity, which can be induced by the aggregation behavior in the bulk phase [155].
We have measured the [C;;mim]Br concentration (C) dependence of the intensity
ratio (/;/;) for the [C;;mim]Br systems in the presence and absence of DNA in 10
mM NaBr, as presented in Fig. 8.4. After a plateau region with a relatively high value,
1,/15 decreases rapidly at a certain [C;,mim]Br concentration, indicating the formation
of the hydrophobic microenvironment and the solubilization of pyrene molecules in
the hydrophobic microenvironment. Finally /;//5 changes little with C, showing that

all the pyrene molecules may have transferred to the hydrophobic microenvironment.
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In the absence of DNA, /,/5 decreases rapidly at the concentration of around 1.6
mM, much lower than the CMC (9.4 mM) detected by conductivity and
microcalorimetric measurements. This may be due to formation of some premicellar
aggregates and transfer of the pyrene molecules from the polar environment to
nonpolar premicellar structures [155]. In the presence of DNA, /,/I; decreases around
0.16 mM, lower than the CAC determined by the microcalorimetric method (0.76
mM), which can also be explained by the formation of premicellar structures as
mentioned previously. This value (around 0.16 mM) is also much lower than the
transition concentration in the [C;;mim|]Br/brine system (around 1.6 mM) detected by
similar micropolarity measurements. This can be understood as a consequence of the
strong electrostatic attraction between DNA phosphate groups and [C;,mim]Br
headgroups as well as the hydrophobic interactions between [C;;mim]Br alkyl chains,
causing the local [C;,mim]Br concentration around the DNA to be higher than that in
the bulk phase. Similar behaviors have also been observed for other cationic

surfactant/DNA systems [23].
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Fig. 8.4 [C;;mim]Br concentration dependence of /1/; with (A) and without (m) DNA in 10 mM

NaBr solution.

8.3.4 UV-Vis transmittance

The variations of the transmittance (7) with the wavelength (1) in the DNA brine
with different [C;;mim]Br concentrations (C) are presented in Fig. 8.5(a). T at the
wavelength 450 nm (7*°), which is far from the absorption band of DNA, was taken
to study the effect of [C;,mim]Br concentration on the transmittance of the DNA
solution [176]. The dependence of 7%° on C is shown in Fig. 8.5(b). With the increase
of C, T™° hardly changes at the beginning followed by a sharp decrease at 0.4 mM,
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suggesting the formation of aggregates. This critical concentration on the 7*°°(C)
curve seems to compare well with the CAC value from the microcalorimetic analysis.
As the [C1,mim]Br concentration increases, the electrostatic attraction between DNA
and [C;,mim]Br, as well as the hydrophobic interactions between [C;,mim]Br tails,
lead to the binding of [C;;mim]Br on DNA chains. Accordingly, the DNA charges are
neutralized and the electrostatic repulsion between DNA chains is weakened. As a
result, larger aggregates are formed followed by precipitates. Excess of [Ci;,mim]Br
molecules can redissolve the precipitates due to the electrostatic repulsion between
the positively-charged complexes. Correspondingly, 7%° first decreases and then

increases to a higher value after the precipitation region.
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Fig. 8.5(a) Transmittance of [C;,mim]Br/DNA solutions (7) as a function of wavelength (1) at
various [Ci,mim]Br concentrations (C). The [C;;mim]Br concentrations (a-e) are 0, 0.63, 1, 6.3,
10 mM; Fig. 8.5(b) [Ci,mim]Br concentrations (C) dependence of the transmittance at 450 nm

7*° (%) of [C1,mim]Br/DNA solutions. The striped region corresponds to the precipitation region.

8.3.5 Zeta potential and gel electrophoresis analysis

Fig. 8.6 presents the variations of zeta potential of [C;;mim]Br/DNA complexes
with increasing [C;omim]Br concentration (C). With the increase of C, zeta potential
remains constant at the begining, followed by a slight decrease and then a rapid
increase to a plateau value. When C is sufficiently low, there exists almost no binding
of [C;omim]Br with DNA. With further increasing C, a few [C;omim]Br molecules
bind onto the DNA and accordingly the hidden charges of the DNA chains become
more exposed due to the complexation between [C;;mim]|Br and DNA [23]. As a

result, the zeta potential has been decreased. With the further increase of C, the DNA
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charges become gradually neutralized by the addition of [C;;mim]Br, accompanied by
the formation of [C;;mim]Br/DNA complexes. The zeta potentials of the complexes
are negative until C approaches the region 2.5-3.5 mM, where the negative charges of
DNA are neutralized completely and macroscopic precipitation occurs. As C is further
increased, the zeta potential is further increased and finally reaches a constant positive
value. This can be because the excess [C;omim]Br molecules have the tendency to
micellize in the bulk phase instead of binding onto the existing complexes. Therefore,
we have successfully shown the neutralization process of DNA charges by the
addition of [C;,mim]Br molecules with emphasis on the essential role of electrostatic
interactions, comparing well with the experimental results from UV-Vis transmittance
measurements.

The interactions between [C;,mim]Br and DNA have also been confirmed by the
use of agarose electrophoresis technique, and the result is shown in Fig. 8.6(b). In the
low C range, the electrophoresis band is close to that of pure DNA in the absence of
[Ciomim]Br, suggesting the presence of free DNA molecules. The band becomes
vague when C approaches 1.58 mM, due to that only a few free DNA molecules exist
in the bulk phase and the rest have been bound with [C;;mim]Br. Further increase of
C leads to the disappearance of the white bands, suggesting that all DNA molecules
may have combined with [Ci,mim]Br. Therefore, using the agarose electrophoresis,
we have successfully shown the existence of interactions between [C;;mim]Br and

DNA in a vivid and direct way.
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Fig. 8.6(a) [C,;,mim]Br concentration dependence of the zeta potential in [C;;mim]Br/DNA
solutions with Cpna=0.1 mM. Each point represents an average value of three experimental data
with the error bar denoted. Fig. 6.6(b) Agarose electrophoresis bands of DNA/[C;;mim]|Br
complexes at different [C;;mim]Br concentrations with Cpya=0.1 mM, and the [C;;mim]Br
concentrations from left to right (1-9) are 0, 0.04, 0.10, 0.25, 0.63, 1.58, 3.98, 10.00 and 63.10
mM.

8.3.6 Dynamic light scattering (DLS) measurements

DLS measurements have been performed to investigate the variation of DNA
size with increasing [C;;mim]Br concentration (C). Fig. 8.7 presents the intensity
weighted distribution functions of the DNA brine with increasing C. As shown in Fig.
8.7(a), two peaks with average hydrodynamic diameters of around 80 nm and 700 nm
respectively have been observed for the size distribution of the IL-free DNA brine.
These peaks hardly change at low C (Fig. 8.7(b)). However, as C reaches 0.63 mM
(Fig. 8.7(c)), a broad peak with the average hydrodynamic diameter of approximately
295 nm appears, suggesting that the DNA molecules in the particle family with larger
size have been compacted. The dependence of the DNA size on C is similar to that
observed by Wang ef al. [22] for the mixed system of cationic surfactant, lipid and the
same type of DNA in 10 mM NaBr solution. When C reaches 100 mM, in addition to
the peak corresponding to large complexes, a second peak with an average
hydrodynamic diameter of around 1.2 nm is seen (Fig. 8.7(d)). It is comparable with
that of the [C;;mim]Br brine at the same C in the absence of DNA (Fig. 8.7(¢e)) and

accordingly verifies the existence of free [C;;mim]Br micelles in the bulk phase. In

112



other words, the formation of free [C;;mim]Br micelles may occur in the mixed

system for the systems with sufficient high C.

| AN
‘w3
c 7
O
€ /\d
5/\ e
4 10 100 1000

Size (nm)
Fig. 8.7 Intensity weighted distribution functions of the solutions at different [C;;mim]Br
concentration. The surfactant concentrations (a-d) are 0, 0.25, 0.63 and 100 mM with Cpna to be

0.1 mM. The surfactant concentration in e is 100 mM in the absence of DNA.

8.3.7 AFM observation

The morphology of DNA/[C;omim]Br complexes has been observed by the use
of AFM, as shown in Fig. 8.8. In the solution which is free of [Ci,mim]Br, loosely
coiled structures are observed, due to electrostatic repulsions between the negatively
charged DNA chains. When C reaches 0.63 mM, more compact and beadlike
structures begin to appear, owing to the strong interactions between DNA and
[Ciomim]Br. As C is further increased (3.98 mM), spherical structures with the size
range 100-200 nm are observed. This concentration is just beyond the concentration
region for precipitation, thus the aggregates are probably the mutually exclusive
complexes bearing positive charges. These AFM results have shown that the complex

structure can be appropriately modulated by the concentration ratio of [Cjomim]Br to
DNA.
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Fig. 8.8 AFM images of DNA/[C12mim]Br complexes at various surfactant concentrations,

which are 0, 0.63, 3.98 mM from a to c respectively with Cpna to be 0.1 mM

8.3.8 Circular dichroism analysis

We have investigated the influence of [C;,mim]Br concentration on the DNA
conformation by the use of CD, as shown in Fig. 8.9. Without [C;;mim]Br, CD
spectrum presents a positive peak at around 274 nm corresponding to m-m base
packing and a negative peak at around 244 nm corresponding to helicity, indicating a
typical B form of DNA [94]. The CD spectrum hardly changes at low [C;;mim]Br
concentration. However, it varies significantly at the [C;;mim]Br concentrations
which are sufficiently high. It can be observed that the intensity of the negative band
is enhanced while no obvious change of intensity is observed for the positive band,
and the whole spectrum shifts slightly to the direction of the longer wavelength. This
shows that the addition of [C;;mim]Br can change the conformation of DNA to a
certain extent, especially the helicity of the DNA chains, owing to the electrostatic

attraction between DNA phosphate groups and [C;,mim]Br headgroups.
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Fig. 8.9 Circular dichroism spectrum of DNA solutions at various [C;;mim]Br concentration.

8.3.9  Results by molecular dynamics (MD) simulation

The interactions between the cationic surfactant and anionic polyelectrolyte were
also investigated by the coarse-grained MD simulation. Fig. 8.10 shows the
dependence of <Rg2> on Z, where <Rg2> represents the mean-square radius of gyration

of the polyelectrolyte, and Z denotes the charge ratio (+/—) of the cationic surfactant to
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the polyelectrolyte in the system. In Fig. 8.10, we have also presented the equilibrium
structures of polyelectrolyte/surfactant complexes at different Z to vividly describe the
conformational change of the polyelectrolyte upon its interaction with the cationic
surfactant.

At Z=0.1, it can be seen that only a few surfactant molecules bind on the
polyelectrolyte chain with a high value of <Rg2>. This is because the polyelectrolyte
chain displays an extended conformation as a result of the electrostatic repulsion
between the monomers with negative charges. At Z=0.2, there exist some spherical
surfactant aggregates binding on the polyelectrolyte chain, and therefore the
polyelectrolyte becomes more compact. With further increasing Z, <Rg2> decreases
rapidly, indicating the further collapse of the polyelectrolyte. Meanwhile, the size of
surfactant aggregates increases. As Z is above 0.75, <Rg2> hardly varies with Z. It can
be seen that the shape of the surfactant aggregates turns from spherical to rod-like at
high Z.

The conformational change of the polyelectrolyte with increasing suractant
molecules in the simulation system can compare with that observed by AFM for the
DNA/[C;;mim]Br system with increasing [C;,mim]Br concentration, indicating MD
simulations have the ability to detect the significant variations of
polyelectrolyte/surfactant complexes by fixing the polyelectrolyte concentration and
varying the surfactant concentration. Besides, the size transition of the
surfactant/polyelectrolyte complex can be compared with the results from the UV-Vis
measurements, where the transmittance decreases significantly due to the strong
surfactant/DNA complexation. In the DLS experiments, it has also been found that the
compaction of DNA occurs at a certain [C;;mim]|Br concentration, which can be
owing to the weakening of electrostatic repulsion between the DNA chains caused by
the binding of [Cimim]Br with DNA. Again the strong DNA/[C;,mim]Br
interactions have been reaffirmed.

Fig. 8.11 presents the dependence of N; on Z, where N; denotes the amount of
surfactant molecules which bind onto the polyelectrolyte. As shown, with increasing Z,
N; increases rapidly at low Z region. When Z is above 0.75, N;increases more slowly
with Z, showing that gradual saturation of surfactant/polyelectrolyte interactions. This
coincides well with Fig. 8.10, in which <R,”> remains almost constant as Z is above
0.75.

Fig. 8.12 presents Z; as a function of Z, where Z; denotes the electric charge ratio

(+/-) of the polyelectrolyte/surfactant complex, and Z is the electric charge ratio (+/-)
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in the system. It should be noted that due to the negligible binding of counterions on
the polyelectrolyte, Z. simply represents the charge ratio of the surfactant cations to
the negative charges carried by the polyelectrolyte in the complex. As shown, Z
increases gradually with Z, suggesting that the complex becomes more positively
charged due to the binding of cationic surfactants with the polyelectrolyte. In the
simulation, Z; depends on the choice of the effective cut-off length, accounting for the
polyelectrolyte/surfactant interaction range, however the simulation results can still
predict the trend for the variations of the complex charges as a function of the amount
of surfactant in the system. This has reconfirmed the results from the previous zeta
potential experiments, in which the zeta potential goes from negative values to zero,
and finally a constant positive value with increasing [Ci,mim]Br concentration.

We have noticed that there were investigations on the oppositely-charged system
of polyelectrolyte and macroions using Monte Carlo simulations [177]. The
conformational change of the polyelectrolyte (from extended to compact
conformation) was shown, induced by polyelectrolyte/macroions electrostatic
interactions. For the complexes formed by polyelectrolyte and macroion, charge
reversal occurs when the macroion concentration becomes sufficiently high. With the
increase of the macroion concentration in the system, a strong and quantitative
binding occurs at the beginning followed by slower complexation and finally the
saturation of the complexation These results can compare with our results for the
polyelectrolyte/cationic surfactant system using MD simulation. Therefore, the
importance of electrostatic interactions for the oppositely-charged systems has been

emphasized.

200

Fig. 8.10 Mean-square radius of gyration <Rg2> of polyelectrolyte (in the unit of 0'2) as a

function of (+/-) charge ratio Z in the system. At each Z, 600 equilibrium simulation steps were
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chosen to calculate the average radius of gyration with the error bar denoted. Snapshots of the

polyelectrolyte/surfactant complex with increasing Z in the system are also included.
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Fig. 8.11 The adsorption amount of surfactant molecules on the polyelectrolyte chain N; as a
function of the (+/-) charge ratio Z. Each point represents an average value of 600 equilibrium

steps with the error bar denoted.
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Fig. 8.12 Charge ratio Z, of the complex as a function of the (+/-) charge ratio Z in the system.

Each point represents an average value of 600 equilibrium steps with the error bar denoted.
8.4 Conclusions

In this chapter, the interactions between the cationic surfactant [C;;mim]Br and
the anionic DNA in the presence of 10 mM NaBr have been systematically studied by
the use of combined experimental methods and computer simulations. From the
experimental results using multiple techniques including isothermal titration
calorimetry, micropolarity, UV-Vis transmittance, we have proposed an interaction

mechanism for the studied system. The strong complexation occurs due to the strong
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electrostatic attraction between DNA phosphate groups and [C;,mim]Br headgroups,
as well as the hydrophobic interactions between the alkyl chains of [C;,mim]Br.

Based on the microcalorimetic methods, the aggregation processes of
[C1omim]Br in the presence and absence of DNA are found to be thermodynamically
favored driven by both enthalpy and entropy change. From the DLS, CD and zeta
potential measurements, we have found that DNA chain is compacted and the helical
structure is altered upon the addition of [C;,mim]Br, accompanied by the change of
net charges carried by the complexes of DNA and [C;;mim]Br. By the use of AFM,
the DNA with different conformations have been observed, including the loose coil
conformation in nature state, DNA condensed structures, showing the effect of the
[C12mim]Br concentration on the structure of the DNA/[C;;mim]Br complexes.

In addition, molecular dynamics simulation has shown the collapse process of
the polyelectrolyte chain and the neutralization of the negatively charges carried by
the polyelectrolyte induced by the addition of surfactant, and reconfirmed the
aggregation of surfactant molecules around the polyelectrolyte chain, thereby
coinciding well with the experimental results.

Our work helps in understanding the binding characteristics between cationic
surfactants and biomacromolecules, showing that ionic liquid surfactants have

promising and important roles in biological systems.
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Chapter 9 Conclusions

The dissertation is focused on the studies on the interfacial properties of different
surfactant solutions and the interactions between oppositely-charged systems of
surfactant and DNA.

First, we have looked at the adsorption at equilibrium and adsorption kinetics of
surfactant molecules onto the air/water interface, as well as the desorption kinetics of
surfactant molecules from the air/water interface mainly by the use of a bubble
compression method. The equations of state for different surfactant systems can be
obtained and the controlling steps for the adsorption and desorption kinetics of
surfactants onto the air/water interface are studied. The detailed conclusions are
summarised below:

1. Equilibrium interfacial properties and adsorption kinetics of various surfactant
systems (non-ionic surfactant Ci,E¢and ionic surfactant CTAB with sufficient NaBr)
have been investigated. The equation of state (the dependence of the surface tension
on the surface concentration) has been determined from a single bubble compression
measurement by calibrating with a known value of equilibrium surface tension. Our
results are comparable and more complete than the results from the traditional
methods, combining the equilibrium surface tension data with the Gibbs adsorption
equation.

The time-dependent surface concentrations for Cj;E¢ and CTAB/NaBr systems
are determined by the proposed bubble compression method. It is shown that the
adsorption is diffusion controlled at short times in both cases. The bulk diffusion
coefficients for Cj2E¢ and CTAB have also been calculated and found to agree with

literature values.

2. The desorption process of surfactant molecules from the air/water interface
has been investigated by using a bubble compression method. Non-ionic surfactant
C12E¢, ionic surfactant CTAB and TTAB with sufficient NaBr and ionic surfactant
AOT in the presence of different types of counterions are studied. We have shown that
the desorption process is not purely diffusion-limited by comparing the
time-dependent surface concentration derived from experiments and theoretical
predictions respectively.

It has been confirmed that the model for the kinetically controlled desorption can

better explain the data derived from the measurements, especially for CTAB, showing
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that the desorption is nearly controlled by the transfer of surfactant molecules from
the air/water interface onto the subsurface. In other words, we have confirmed the
presence of a energy barrier in the desorption process.

The influence of the alkyl chain length on the desorption kinetics has been
studied by comparing the desorption behaviors of TTAB and CTAB. It has been found
that TTAB desorbs faster than CTAB, indicating that the strong mutual interactions
between surfactant chains may influence the energy barrier for desorption. It has been
also found that the counterion type has no significant effects on the desorption

processes for the systems studied.

3. The equilibrium and kinetic behaviors of the cationic gemini surfactant
12-2-12-2Br at the air/water interface were studied. It has been found that for the
12-2-12-2Br system in the absence of electrolyte, there exists an electrostatic barrier
for adsorption at longer times. The effect of NaBr concentration on the dynamic
surface tensions for the 12-2-12-2Br system has been investigated. Addition of NaBr
hardly affects the adsorption kinetics at times shorter than the lag time z, when the
adsorption is diffusive. For the surfactant systems at equilibrium, the cationic gemini
surfactant 12-2-12-2Br is more sensitive to the presence of NaBr than CTAB. In the
presence of 100 mM NaBr, the adsorption of 12-2-12-2Br is proven to be
diffusion-limited at short times. The desorption process of surfactant molecules in the
12-2-12-2Br/100 mM NaBr system has also been investigated and characteristic times
for the desorption are obtained, which are comparable for those found with CTAB.

Second, the micellization process of cationic surfactants, the interactions
between the cationic surfactants and anionic polyelectrolyte and the influences which
affect these processes have been systematically investigated. The interaction

mechanisms are proposed correspondingly, the detailed conclusions are shown as:

4. Micellization of cationic gemini surfactant 12-3-12-2Br is investigated, and
effects of ionic strength and temperature are studied. Micellization of 12-3-12-2Br is
entropically driven and thermodynamically favored. Increasing temperature increases
the CMC slightly while increasing the ionic strength lowers the CMC. The enthalpy
change for the micellization of 12-3-12-2Br is more negative with increasing
temperature, as the structured water around the surfactants is destroyed.

The 12-3-12:2Br/DNA interactions bear a cooperative mechanism involving the

electrostatic and hydrophobic interaction. We have observed coil structures of DNA,
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and DNA condensates upon the addition of surfactants, and finally coexistence of
large aggregates and spherical structures with increasing 12-3-12-2Br concentration.
Salt can screen the DNA/12-3-12-2Br electrostatic attraction and promote the
micellization or aggregation of 12-3-12-2Br. CAC is independent of DNA
concentration, while the saturation concentration C, increases with the DNA
concentration.

The effects of spacer length O (O=3, 4, 6) on the micellization of 12-O-12-2Br
and its interactions with DNA have been investigated. With increasing O, CMC first
increases then decreases. The degree of ionization of the micelles « is low at low O.
The value of -AHy,. first decreases and then increases with spacer length. The CMC
for the 12-O-12-2Br lowest at O=3. With increasing spacer length, the interaction
between 12-O-12-2Br and DNA is weakened, and the CMC value in the mixed
12-O-12-2B1r/DNA system first increases and then decreases. The spacer length hardly
affects the enthalpy change for the binding process of 12-O-12-2Br with DNA (AHyq).

5. Interactions between the cationic surfactant [C;mim]Br and the anionic DNA
in the presence of 10 mM NaBr have been systematically studied. Based on the
experimental results using a range of techniques, an interaction mechanism for the
studied system was proposed. Strong complexation occurs owing to the electrostatic
attraction between DNA and [C;,mim]Br, and the hydrophobic interactions between
the alkyl chains of [C;,mim]Br.

The aggregation processes of [Ciomim]Br with and without DNA are
thermodynamically favored driven by enthalpy and entropy change. The DNA chain
is compacted and the helical structure is altered by [C;,mim]Br, accompanied by the
change of net charges carried by the DNA/[C;;mim]Br complexes. The structure of
these complexes suggests the effect of the [Ci;mim]Br concentration on the
conformation of DNA.

Molecular dynamics simulation shows the collapse process of the polyelectrolyte
chain and the neutralization of the negatively charges carried by the polyelectrolyte
induced by the addition of surfactant, and reconfirms the aggregation of surfactant
molecules around the polyelectrolyte chain, thereby coinciding well with the
experimental results.

The thesis has shed light on the research on the interfacial properties of
surfactants, especially the adsorption/desorption kinetics of surfactant molecules onto

the air/water interface, and also on the oppositely-charged DNA/surfactant systems.
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List of symbols

A Surfactant monomer
As.1, A1 Surfactant micelles

S Counterion binding degree of micelles
f Counterion binding degree of aggregates
a Degree of ionization of the micelles

AGhri. Gibbs free energy change of micellization

AG,, Gibbs free energy change of aggregation
AGpg Gibbs free energy change of binding

AHpic Enthalpy change of micellization
AH,s, Enthalpy change of aggregation
AH,q Enthalpy change of binding

AHq,s Observed enthalpy change per mole of solution

ASnic  Entropy change of micellization

AS.s Entropy change of aggregation

ASpg  Entropy change of binding

V' Volume

dV  Differential of the volume change in the bulk

7' Volume of phase 1

72 Volume of phase 2

C Surfactant concentration

C; Concentration of component i

C/' Concentration of component i in phase 1

C? Concentration of component i in phase 2

Cy or C  Sufactant concentration in the bulk

Cs Surfactant concentration in the sub-surface region

Cmix Critical micelle concentration in the mixed system

Cpna  DNA concentration

C, Saturation concentration

C; Contentration when formation of precipitates begins to occur
C' Contentration when formation of precipitates begins to redissolve
CMC Critical micelle concentration

CAC Critical aggregation concentration

Cnapr NaBr concentration
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C(Z),, Water concentration at height Z

C

solution,H,0

Water concentration in the solution phase

C Water concentration in the vapor phase

vapor,H,0
AC(Z),, Difference of water concentration at height Z

n; Total amount of component i in the system
n° Quantity of component i at the interface
A Surface area

d4 Difterential of surface area

I" Surface concentration

I'; Surface concentration of component i

Iy Initial surface concentration

I'eq Equilibrium surface concentration

I, Surface concentration at saturation

I" (H,O) Surface concentration of water
Iiticat  Surface concentration at the lag time 7
T'average  Average surface concentration

T'cyc  Surface concentration at CMC

¢ Fitting constant using the equation log(r)=-2logC +c

k. Adsorption constant

ks Desorption constant

k Effective desorption rate

71 Characteristic time in the kinetically-controlled desorption
7. Characteristic time in the kinetically-controlled adsorption
7 Lag time corresponding to the slow decrease of y

E, Adsorption energy

Eq Desorption energy

ks Boltzmann constant

T Temperature

dT Differential of temperature

P Pressure

S Entropy

dS Diffential of the entropy energy in the bulk
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S° Entropy at the interface

dS° Diffential of the entropy energy at the interface

U Internal energy

dU Diffential of the internal energy in the bulk

U° Internal energy at the interface

dU° Diffential of the internal energy at the interface

4 Chemical potential of component i

dy; Differential of chemical potential

Me Chemical potential of component i at standard conditions
R Molar gas constant

y Surface tension

yo Initial surface tension

Yeq Equilibrium surface tension

dy Differential of surface tension

dV; Differential of the quantity of component 7 in the bulk
dN;° Differential of the quantity of component i at the interface
Zy Height between the plane and the bulk bottom where the surface concentration of
water is zero

Z Height between the plane and the bulk bottom

RM Molecular formula for the surfactant

XM Molecular formula for the electrolyte

R*orR* Surfactant ion of the surfactant

M*,M*orM~ Counter-ion of the surfactant or the electrolyte

X* orx* Co-ion of the electrolyte

vy Number of surfactant ion in a surfactant molecule
v. Number of counter-ions in a surfactant molecule
v*+ Number of co-ions in the electrolyte

V", Number of counter-ions in the electrolyte

z+  Number of charges carried by a surfactant ion

z. Number of charges carried by a counter-ion

z."  Number of charges carried by the co-ion

z® Number of charges carried by the counter-ion

D Diffusion constant of surfactant molecules

b Bubble radius
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h  Adsorption depth 4=I".(/Cy,

K Normalized term g — &\/;
eq
t; Time at state 1
Ai Area of bubble surface at state i
Aeq Area of bubble surface at the equilibrium state

ro, r'1, 2 and 3 Fitting parameters in the p(Cy) plot using the equation

y=r1,+rxInC+r,x(InC)* +r,x(InC)’

ap, a1 Fitting parameters in the y(Cy) plot using the equation y =a,+a,InC

o, ai, az Fitting parameters in the y(Cyp) plot using the equation
y=a,+a,InC+a,(InC)’

a Fitting constant using kinetically limited adsorption model

s Number of carbon atoms of the spacer
ds Stretched length of the spacer
dt Equilibrium distribution of the distance between the headgroups

I,/I; Intensity ratio of the first peak (at wavelength 373 nm) to the third peak (at
wavelength 397 nm)
x Electrical conductivity

7"°  Transmittance of solutions at the wavelength of 450 nm
I. Critical ionic strength
Xo Center point of the S curve with Boltzmann type

Ax calculation steps
¥ Square of correlation coefficient
m  Mass of particle
o Diameter of particle
r. Cut-off length for particles
ks Spring constant Ry=2c
Length of the cubic box
7, Integral time step
¢ Well depth
As  Bjerrum length
e Elementary charge
¢ Product ofrelative dielectric constant of the medium and vacuum permittivity

Ns  Adsorption amount of surfactants onto the polyelectrolyte
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<Rg2> Mean-square radius of gyration
A Wavelength
Z Charge ratio (+/-) of cationic surfactant to polyelectrolyte in the system

Z. Electric charge ratio (+/—) of polyelectrolyte/surfactant complex
Co Preferred curvature of monolayer
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