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SYNOPSIS

This thesis describes studies on the self assembly, phase behaviour, struc-
ture and stability of ionic surfactant-water systems in the presence of op-
positely charged linear polyelectrolytes and deoxyribonucleic acid (DNA).
Using a variety of experimental techniques, such as small angle x-ray scat-
tering (SAXS), polarizing optical microscopy (POM) and cryogenic scanning
electron microscopy (Cryo-SEM), we probe diverse phases formed by these
systems and the underlying interactions. Research work presented in this
thesis can be broadly divided into two parts: (i) Interaction of a linear an-
ionic polyelectrolyte with the lamellar phase of a cationic surfactant, and

(ii)Interaction of cationic surfactants with DNA

Interaction of a linear anionic polyelectrolyte with the

lamellar phase of a cationic surfactant

Polyelectrolytes are polymers which acquire a charge when dispersed in an
aqueous solution. They form complexes with oppositely charged macro-

L2 In this work, we have

ions, by releasing the condensed counterions
studied the interaction of the linear anionic polyelectrolyte, polyacrylic acid
(sodium salt) (PAANa), with the lamellar phase formed by the cationic sur-
factant, didodecyldimethyl ammonium chloride (DDAC). The phase be-

haviour of the system was studied, by varying various parameters, such
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as the water content, molecular weight of the polyelectrolyte, concentration

of the polyelectrolyte and the ionic strength of the solution.

Cryo-SEM and POM images of complexes of DDAC and PAANa (fig.1 (a))
indicate that these complexes have a lamellar structure. SAXS data collected
from these samples (fig. 1(b)) show a collapsed (Leh) — swollen (L) — col-
lapsed (L$?) transition of the lamellar complex with decreasing water con-
tent. The lamellar periodicity of the L! phase is ~ 3.5 nm, whereas that of
the L§ phase ~ 36 nm. The L? phase has a slightly lower periodicity of ~
2.8 nm, compared to that of the LS! phase (fig. 2(a)).

Since decreasing the water content at fixed PAANa/DDAC weight ratio is
equivalent to increasing the concentration of Na™ and Cl~ ions in the so-
lution, the observed swelling transition must be driven by the increasing
ionic strength of the solution. To confirm this, the effect of salt on the struc-
ture of the complex was studied (fig. 2(b)). As expected, it is found that
the transitions occur on increasing salt concentration. A similar behaviour
is observed for polyelectrolyte molecular weight M,,=5100 (fig. 3(a)). How-
ever, the swelling transition is not observed when the molecular weight is

increased to 8000 (tig. 3(b)).

We have also studied the effect of salt on the lamellar phase of the DDAC-
water system. Figure 4(a) shows the variation of the lamellar periodicity of a
20 wt% solution of DDAC in water as a function of NaCl concentration. The
lamellar periodicity of this system is around 12 nm and does not vary sig-
nificantly as the salt concentration is increased up to around 350 mM. How-
ever, the diffraction patterns show significant changes over this range of salt
concentration. At very low salt concentrations the diffraction patterns show
a set of sharp peaks, as expected from a lamellar phase stabilized by electro-

static repulsion®. At higher salt concentrations only one or two broad peaks
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FIGURE 1: (a) Cryo-SEM images of the DDAC-PAANa system
at ¢=30, 40, 50, 60 and R=7, showing multilamellar vesicles
and layered morphology, typical of a lamellar phase. (b) SAXS
profiles of the DDAC-PAANa system at concentrations vary-
ing from ¢=20 to 70 at R=7 and T=25°C. ¢ is the total weight
percentage of DDAC & PAANa and R is the polyelectrolyte to
surfactant weight ratio. The molecular weight of PAANa used
was 2100.
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are observed in the diffraction pattern, indicating that this phase is stabi-
lized by steric repulsion arising from thermal undulations of the bilayers®.
The large periodicity of this phase is consistent with a value of K of the order
of a few kT. We have analyzed the diffraction data® and the Caillé parame-
ter 77 is found to increase from 0.06 to 0.51 as the salt concentration is varied
from 0 to 200 mM, confirming that the electrostatically stabilized lamellar
phase in the absence of salt gets transformed into an undulation stabilized
phase at high salt concentration. At very high NaCl concentrations a col-
lapsed lamellar phase with a periodicity of 3.1 nm is observed, indicating
the dominance of van der Waals attraction between the bilayers when the
electrostatic repulsion is strongly screened out. The swelling transition is
not observed when DDAC is replaced with the cationic lipid 1,2-dioleoyl-
3-trimethylammonium-propane (chloride salt) (DOTAP), which has a much

higher value of the bilayer bending rigidity, K.

Based on our observations, we propose the following mechanism for the
swelling transitions of the DDAC-PAANa complexes demonstrated in fig.
4(b). At low salt concentrations, the adsorbed polyelectrolyte forms a lat-
erally heterogeneous layer on the bilayer surface due to interchain electro-
static repulsion. This leads to a patch-charge attraction between the bilay-

°, resulting in the collapsed lamellar phase LS!. Bridging interaction is

ers
yet another possibility for the formation of this collapsed phase. Increasing
the salt concentration leads to the screening of the inter-chain repulsion and
an increased adsorption of the polyelectrolyte®. The patch-charge attrac-
tion is absent in this situation and the Lj is formed due to steric repulsion
between the polymer adsorbed-bilayers due to thermal undulations if the
bilayer bending rigidity is sufficiently small. At still higher salt concentra-

tions the polyelectrolyte desorbs from the bilayer surface. Since electrostatic

repulsion is heavily screened, the van der Waals attraction is dominant” at
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FIGURE 2: Lamellar periodicity (d) of the DDAC-PAANa2100
system at R=7 in (a) water and in (b) NaCl solution. Both the
figures show the sudden transition from an initial collapsed
lamellar phase (L¢!) to a swollen lamellar phase (L$) with very
large d-spacing. At very high values of ¢ or salt concentration,
a second collapsed lamellar phase (L¢?) is observed at T=25°C.
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FIGURE 3: Lamellar periodicity (d) of the (a) DDAC-PAANa

system with M;,=5100 as a function of ¢ at R = 7, showing

a similar swelling transition as that of the M;=2100 system

and (b) DDAC-PAANa system with M;,=8000 as a function of

NaCl concentration at R = 7. No swelling is observed in the
case of M,,=8000. T=25°C.
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these salt concentrations and the collapsed L¢? phase is formed. The absence
of any adsorbed polyelectrolyte results in the lower periodicity of this phase
compared to that of the L! phase observed at low salt concentrations. The
absence of the swelling transition in the case of My,=8000 can be explained
in terms of an increase in the strength of the patch-charge attraction with

the molecular weight of the polyelectrolyte or bridging interaction.

Interaction of cationic surfactants with DNA

In the second part of the thesis we present studies on the structural poly-
morphism of surfactant micelle-DNA complexes. DNA, the carrier of hered-
itary information in living organisms, is an anionic polyelectrolyte. Double
stranded DNA is much more rigid than PAANa and in the presence of op-
positely charged surfactant micelles, self-assemble into 2-dimensional crys-
talline structures in water, which mimic 2-dimensional ionic crystals. This
self-assembly is driven mainly by the release of counterions that are initially
condensed on the two types of macro-ions, namely, DNA and the surfac-
tant micelle. These complexes exhibit various structures and their stability
has been studied in the past by varying several factors, such as the rela-
tive DNA concentration, salt concentration, and type of surfactant counte-
rion. It has been shown that complexes of DNA with the cationic surfactant,
cetyltrimethyl ammonium bromide (CTAB), exhibits only an intercalated

hexagonal structure®

. On the other hand, replacing the bromine counte-
rion with the strongly binding tosylate counterion leads to the formation of
three different structures, depending on the relative surfactant/DNA con-

centration and salt concentration’. In the present work we have studied the

influence of the micellar size and salt concentration on the structure of the
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FIGURE 4: (a) The SAXS data obtained for DDAC-NaCl sys-

tem at ¢ppac=20, showing the transition from an electro-

statically stabilised lamellar phase at low ionic strength to

an undulation stabilised phase at higher ionic strength. (b)

Schematic representation of proposed mechanisms involved
in the swelling transitions of the DDAC-PAANa system.
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complexes. The surfactants used were myristyltrimethyl ammonium bro-
mide (MTAB) and dodecyltrimethyl ammonium bromide (DTAB) and their
mixtures. Complexes were probed using SAXS and cryo-SEM techniques.
Their structures were deduced from electron density maps calculated from
the SAXS data. Elemental analysis of the complexes were carried out to

obtain additional structural information.

MTAB-DNA complexes are found to exhibit only a hexagonal phase, ir-
respective of the relative MTAB/DNA concentration as shown in Fig. 5.
Thus reducing the chain length from CTAB to MTAB does not change the
structure of their complexes with DNA. The addition of NaCl is found to
swell the complex gradually, with the crystalline complex melting into an
isotropic phase at higher salt concentration. On the other hand, the addi-
tion of sodium tosylate is found to transform the hexagonal phase into a

square phase, as depicted in Fig. 6(a).

In the case of DTAB-DNA complexes, the SAXS patterns exhibit only a
broad peak. However, the addition of salt results in patterns with sharp
peaks. Two different structures are observed in this system; a square phase
at high DTAB/DNA concentration and a super hexagonal phase at low
DTAB/DNA concentration. The lattice parameters of these two structures
are around 4.06 nm and 8.24 nm, respectively. In order to understand the
formation of different structures in MTAB-DNA and DTAB-DNA complexes,
micelles were prepared with binary mixtures of DTAB and MTAB, with
the amount of DTAB ranging from 10% to 98% by weight, and their com-
plexes with DNA were studied. SAXS data for low and high values sur-
factant/DNA molar ratio are given in Fig. 7(a) and Fig. 7 (b), respectively.
These samples were prepared at [NaCl] = 300 mM, in order to obtain sharp
SAXS patterns. At low surfactant/DNA ratio, the hexagonal phase is found

at low DTAB concentrations. At [DTAB]=33%, the lattice parameter has a
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FIGURE 5: SAXS data obtained from MTAB-DNA complexes

for different MTAB/DNA molar ratios (p) in (a) water and (b)

NaCl solutions with different ionic strengths. MTAB concen-
tration in the solution was 50 mM.
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value of 5.43 nm. As the DTAB concentration is increased beyond 75% the
hexagonal phase transforms into the super hexagonal phase with a much

higher value (9.02 nm) of the lattice parameter (Fig. 7(a)).

At high surfactant/DNA concentrations, the hexagonal phase is again ob-
served at low DTAB concentrations. At [DTAB]=10%, the system has a lat-
tice parameter of 5.27 nm. On increasing the concentration of DTAB, tran-

sition from a hexagonal to a square phase is observed. The square phase at

[DTAB]= 60% has a lattice parameter of 4.26 nm (Fig. 7(b)).

The changes in the SAXS patterns of DTAB-DNA complexes with NaCl
concentration can be understood in terms of salt-induced growth of DTAB
micelles. At low salt the DTAB micelles are known to have an ellipsoidal
shape!’. These micelles cross-link the DNA strands forming the complex.
Since the DNA-DNA separation would depend on the orientation of the mi-
celles, we can expect these complexes to have only short-range orientational
order, resulting in broad SAXS peaks. The addition of NaCl would result in
the growth of these micelles into rod-like objects, which can pack better be-
tween the DNA strands, resulting in long-range translational order of these
complexes. MTAB can form rod like micelles and can therefore pack bet-
ter than DTAB and arrange themselves in a hexagonal lattice. Therefore the
SAXS data show sharp peaks in the case of MTAB-DNA complexes. In the
presence of a strongly binding counterion, transition from a hexagonal to
a square phase is observed. This can be understood from the fact that, for
forming the square phase the amount of counterion needed to be released is
only half as compared to the case of hexagonal phase. Therefore the tosylate
counterion being strongly bound to the surfactant micelle favours square

phase.
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FIGURE 7: SAXS data obtained from MTAB-DTAB-DNA com-

plexes at [NaCl]=300 mM with increasing DTAB concentration

at (a) p=1 and (b) p=5. At p=1, a transition from an hexagonal

phase to a super-hexagonal phase is observed, and at p=5, an

hexagonal phase to a square phase transition is observed on
increasing DTAB concentration.
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However, in the case of MTAB-DTAB complexes, as the relative concen-
tration of DTAB is slowly increased, the diameter of the micelle reduces.
This is due to the smaller chain length of DTAB compared to MTAB. As can
be seen from the electron density map of the hexagonal phase (Fig. 6(b)),
each micelle in this structure is surrounded by 6 DNA strands. Decreasing
the micellar diameter, decreases the DN A-DNA separation, thereby increas-
ing the mutual repulsion between the DNA strands. On the other hand in
the square phase, there are only 4 DNA strands surrounding each micelle’.
Hence for the same micellar size, DNA-DNA repulsion can be expected to
be much higher in the hexagonal phase compared to the square phase, re-
sulting in a hexagon to square transition. At low surfactant/DNA molar ra-
tios, hexagonal phase transforms into a super hexagonal phase with a much
higher value of the lattice parameter. The super hexagonal phase is the v/3

x /3 super lattice of the hexagonal phase.

The main results of the thesis are summarised in the last chapter, which also

discusses a few directions for further studies.
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Chapter 1

Introduction

This thesis describes studies on the structure and interactions in surfactant
- polyelectrolyte complexes. In water, surfactant molecules spontaneously
self assemble to form different kinds of aggregates. The phase behaviour
of such self assembled structures in the presence of a macromolecule, a
strongly biding counterion etc. has a lot of interest in various fields. In
this chapter, we give an introduction to surfactants, polyelectrolytes and
an overview of self assembly of soft matter systems. Then we will discuss
the associative interaction of oppositely charged macroions, leading to the
formation of complexes, which is the theme of this thesis. The underlying
interactions driving these processes, experimental techniques for identifica-
tion of the structure and phase behaviour and SAXS data analysis are also

discussed.

1.1 Surfactants

Amphiphilic molecules are those which contain both, a hydrophilic part and
a hydrophobic part. Surfactant molecules are amphiphilic molecules, which
possess the property of reducing the surface tension of water. They contain

hydrophobic hydrocarbon chain(s) and a hydrophilic head group which can
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FIGURE 1.1: Chemical structures of (a)non-ionic, (b)cationic,
(c)anionic and (d)zwitterionic amphiphilic molecules®.
be non-ionic, cationic or anionic. In water, these molecules can self-assemble
to form aggregates, with the hydrophobic part oriented away from water

and the head group close to water '™

Polyoxyethylene alkyl ethers (C,E;;), are a common example of nonionic
surfactants which contain ‘m’ number of hydrophilic oxyethylene units and
'n’ methyl groups in the hydrophobic part®. Surfactants which acquire a
positive charge in aqueous solution are cationic (eg. cetyltrimethylammo-
nium bromide (CTAB)) and which acquire a negative charge are anionic
(eg. Sodiumdodecyl sulfate (SDS), Sodium bis(2-ethylhexyl) sulfosuccinate
(AOT))?. Phospholipids are zwitterionic molecules containing both cationic
and anionic centres attached to the same molecule (eg. phosphatidylcholine
(PC))°. As the concentration of monomer in the solution is increased above
the critical micellar concentration (CMC), they self assemble to form mi-

celles. This phenomenon is further discussed in the upcoming sections.
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1.1.1 Hydrophobic Effect

/

Tetrahedrally
coordinated
water molecules

Dodecahedron

FIGURE 1.2: Water molecules form Clathrate cages and gas hy-
drates around small nonpolar (hydrophobic) solute molecules,
leading to a reduction in entropy .

Water is a polar molecule which has the ability to form inter-molecular hy-
drogen bonds. In water, non-polar solute is unable to create any hydrogen
bond with water molecules. In the presence of such a non-polar solute, the
water molecules can pack around by re-ordering themselves, without break-
ing any of its hydrogen bonds. This solution is energetically less costly. In
the liquid state, water molecules on an average can participate in 3 to 3.5
hydrogen bonds. However, in the presence of the solute, they have a co-
ordination number of around 4, which results in a reduction in entropy.
Since the entropy loss is more that the energy gain, this configuration is
unfavourable. Therefore non-polar solutes are sparingly soluble in water.
This phenomenon is referred to as the hydrophobic effect'=. Thus the hy-
drophobic effect plays an important role in self-aggregation of non-polar

(hydrophobic) molecules in many soft matter systems.

1.1.2 Self Assembly

One of the most important properties of soft matter systems is their ability

to self assemble. Let us consider a dilute solution of self-assembled micelles,
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FIGURE 1.3: The amphiphile volume fraction in monomers X;
and micelles X as a function of total volume fraction of am-
phiphiles, when all the micelles have an aggregation number
~ M taken from 2.
with aggregation number varying from 1 to N. From the equilibrium con-
siderations, the chemical potential of a monomer in each aggregate should

be the same. This can be represented by the equation

ud' + (1/N)kTlog(Xn/N) = uy + kTlogX; (1.1)

where N=1, 2, 3,...., yé\] is the mean interaction free energy per molecule. The
total concentration of surfactant in the solution, C is given by C = ) y Xy

The concentration of aggregate of size N is given by

Xy = N[X;elto—#0)/KT|N (1.2)

Xn = N[Xie"]V (1.3)

where & = (u} — ulY) /kT is a positive constant .
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FIGURE 1.4: Critical packing papameter C,, of amphiphile
molecules and the corresponding possible aggregate struc-
tures that can be predicted. .
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When the concentration of monomers in the solution X; is small, then Xy
is also small, C ~ Xj. As the value of X; approaches (Xi)iy = 7%, XN
increases, resulting in the formation of aggregates. This critical concen-
tration of monomers (Xj).i;, above which aggregation occurs is defined
as critical micellar concentration (CMC). Therefore above CMC, monomer
concentration remain more or less unchanged and further addition of so-
lute molecules results in the formation of more aggregates'. Fig. 1.3 shows
that below CMC, the amphiphilic molecules exist as monomers and above
CMC, they exist as micelles with the monomer concentration increasing

very slowly.

In aqueous solution these amphiphilic molecules can self-assemble to form
several kinds of aggregates like spherical micelles, cylindrical micelles, bi-
layers etc'™. The shape of the aggregates can be classified depending on
the geometry of the molecule. Based on the geometry, one can define a pa-
rameter called the critical packing parameter (Cp, = v/aolc), where v is the
volume of the hydrocarbon chain, a4 is the optimal head group area and [,
is the hydrocarbon chain length!. The optimum head group area is deter-

mined by various interactions present in the system.

In case of a spherical micelle, the packing parameter of the amphiphile can
be found to be Cp, < 1/3'. For cylindrical micelles, 1/3 < Cp, < 1/2°.
For Cpp ~ 1, the favoured configuration is a bilayerl. In the last case a
typical example is a phospholipid molecule containing two hydrocarbon
chains. Fig. 1.4, shows different kinds of aggregates that can be formed by

the surfactant or lipid molecules. Surfactants with smaller head group areas

or large Cpp can form inverted micellar phases.
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FIGURE 1.5: Typical phase diagram of surfactant - water sys-
tem?®.

1.1.3 Phase behaviour of the self assembled aggregates

A typical phase diagram of a surfactant solution is depicted in Fig. 1.5. Be-
low CMC, the surfactant molecules exists as free monomers. Krafft point,
shown in the figure is the temperature below which the surfactant molecules
are insoluble in water. As the concentration increases above CMC, micelles
start forming. Initially at low surfactant concentrations above CMC, an
isotropic dispersion of micelles form. As the concentration is gradually
increased, a hexagonal phase made up of cylindrical micelles arranged in
a hexagonal lattice is observed. At yet higher surfactant concentrations,
lamellar phase made up of stacks of bilayers is observed. At very high
concentrations of surfactant, inverted phases with negative curvature is ob-
served. It is also possible to observe several complex phases like bicontinu-

ous cubic in a narrow range of concentrations.
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H
3C N OH
H

(a) (b)

FIGURE 1.6: Examples of (a) anionic polyelectrolyte Poly-
acrylic acid (sodium salt) and (b) cationic polyelectrolyte
Polyethylene imine (linear).

1.2 Polyelectrolytes

Polyelectrolytes (PE) are polymers having charged groups, which ionise in
water by releasing ions (counterions). Broadly, polyelectrolyte can be clas-
sified into strong or weak, based on its ionisation properties. A strong poly-
electrolyte dissociates completely in solution where as, the dissociation of
a weak polyelectrolyte depends on the solution pH, counter-ion concentra-
tion etc. Many biomolecules like DNA, RNA, polysaccharides etc. are poly-
electrolytes. Due to the charges present on them, long range repulsive elec-
trostatic interactions exists between polymer chains. Oppositely charged

polyelectrolytes can associate to form complex.

When the charge density on a polyelectrolyte is high, the electrostatic inter-
actions become stronger and as a result the counterions stay near the vicinity
of the polyelectrolyte. This phenomenon, which arises from the competition
between entropy and energy is called counterion condensation. The effec-
tive separation between two adjacent charges in such a polyelectrolyte is
given by Bjerrum length (I, = ¢?/€9KpT). Bjerrum length is the length for

which the thermal energy is equal to the Coulombic energy between two
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unit charges. At room temperature this distance is around 0.70 nm in wa-
ter’. The correlations of tangent vectors along a polymer chain decay expo-
nentially, and the characteristic length of this decay is called the persistence

length, 1,,°. It is a measure of the flexibility of a polymer.
gt Lp y poly

Salt is yet another factor playing an important role in these systems. At
very low ionic strengths the screening length is much larger than the chain
dimensions, so the polyion can be regarded as unscreened. As long as the
screening length remains large compared to the chain size, increasing the
salt concentration does not affect the intramolecular interactions and the
chain extension is constant, corresponding to its maximum value depend-
ing on the charge on the chain. When the screening length becomes com-
parable to the chain dimensions, the interactions within the chain start to
be screened and the flexibility increases'’. The extent of screening in these
cases is given by the Debye length x~!, which will be discussed later in this

chapter.

In the presence of oppositely charged self assembled surfactant molecules,
polyelectrolytes can form complexes releasing their condensed counterions.
As already mentioned, DNA is an anionic polyelectrolyte. The persistence

length of DNA is around 30 - 50 nm, even at very high salt concentrations '°.

1.3 Interaction forces

Most of the interaction forces, present in soft matter systems have an elec-
trostatic origin, though their manifestations are very diverse. In this section

we discuss these interaction forces briefly.
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FIGURE 1.7: Two media of dielectric constants €jand e, sepa-

rated by a medium of dielectric constant €3 .

1.3.1 Van der Waals Interaction

Van der Waals force is an attractive force which exists between any pair of
atoms or molecules. This force exists even in the absence of any charge or
dipole moment. It arises from the interaction between fluctuating dipoles

of each atom /!0

. The interaction between two objects can be understood as
the sum of all interactions between pairs of atoms. For a pair of atoms the
Van der Waals potential can be written in the form W(r) = —C/°. In the

case of two infinite planar surfaces, separated by a distance D, the Van der

Waals interaction energy per unit area can be written as

W(D) = —A/12nD? (1.4)

where A is the Hamaker constant. An expression for Hamaker constant, A

in terms of dielectric constants is given by Lifshitz theory as follows'

A

_ 3kT (e1 —€3) (€2 — €3) N 3h /°° (e1(iv) — e3(iv))(ex(iv) — e3(iv))
4 (e1+e€3)(ex+e3) 4m)n (e1(iv) +e3(iv))(ex(iv) + eg(ivz) |
1.5
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FIGURE 1.8: Two negatively charged surfaces separated by a
distance D in water .

where €1, € and €3 are the static dielectric constants of media 1, 2 and 3
respectively (Fig. 1.7), e(iv) are the values of € at imaginary frequencies.
This is the interaction energy per unit area of one of the surfaces, interacting
with the infinite area of the opposite surface. Even though the interaction
energy between a pair of atoms is very weak, due to the additive property,

this energy increases, as the macroscopic size of the body increases "°.

1.3.2 Electrostatic Double Layer Interaction

Ionic surfactants have ionisable groups which can release ions (counteri-
ons) into the aqueous solution thereby acquiring a charge. In the case of
a cationic surfactant like didodecyldimethyl ammonium bromide (DDAB),

the molecule ionises to give negatively charged Br~ (counterion), and the
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DDA™ forms the positively charged bilayer. In these systems and also in
other charged soft matter systems, electrostatic interaction play an impor-
tant role. The system on the whole is electrically neutral, due to the presence
of equal number of oppositely charged ions. These counterions screen the
electrostatic interaction in these systems. Some of them may bind to the
charged surface strongly, giving rise to a Stern layer and the rest form a dif-

1,10

fuse electric double layer*”. An expression for this concentration profile is

calculated below.

In the absence of added electrolyte:

Consider two charged surfaces separated by a distance D, where ¢ is the
electrostatic potential and p is the number density of ions of valency z at
any point x between two surfaces (Fig. 1.8). The chemical potential of an

ion can be written as’

u = zeyp +kTlogp (1.6)

Using the condition that at equilibrium the chemical potential is the same
everywhere in the solution, we obtain the Boltzmann distribution of coun-

terions at any point x, from Eqn. 1.6!

o =poexp(—2L), 17)

where pg is the number density of ions at zero potential. Then the Poisson’s

equation can be written as'

2y —zep
dx?2 €€

(1.8)
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FIGURE 1.9: A charged surface with its electric double layer
and its corresponding charge density and electric potentialg.

where €p and € are the permittivity of free space and relative permittivity
of the medium respectively. Combining the above equations, we obtain the

Poisson-Boltzman equation, which can be written as'

Y —zepg —zey
dx2? €0€ exp( kT ) (19)

In the presence of added electrolyte:

In practice, we deal with cases where a surface is in contact with an elec-
trolyte solution (Fig.1.9). In such cases both positive and negative ions are
present. Let us consider a charged surface, in an electrolyte solution. Let
us denote the ionic species present as i, with corresponding valencies z;.
The fundamental equations we derived above are true for the ionic species

present in the solution. In this case, we can rewrite the equation 1.9 as'

€0€

dZ
Yo = Lpe + (0 (1.10)

1
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where p; is the ionic concentration of ions i in the bulk. For 1:1 electrolyte,

the potential at a distance x can be written as',

P(x) = HL/C o (1.11)
i
where,
_ Tann %0
v = Tanh4kT (1.12)

At high potentials oy ~1. At potentials less than 25mV, the exponential in
Eqn. 1.11 can be expanded, keeping only the leading terms. Then ¢ (x)

reduces to the Debye-Huckel approximation, given by Eqn. 1.13},

P(x) = Poe 5, (1.13)

where k71, is the Debye screening length, where « is given by "'V

| 2620022
= 1.14
. eeokT ( )

The counterion concentration decay exponentially from the charged surface.

This characteristic decay length is called the Debye length . The magni-
tude of k! solely depends on the property of the solution and not on the
property of the charged surface'’. For monovalent salts, the Debye length

in terms of the molar concentration of salt, C is given by

304
k1= 0.304 nm (1.15)

VC

Between two planar surfaces of constant potential, the electric double layer

interaction free energy per unit area W(D) is given by
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2
_ 647T€0;SfT/8) Tanhz(%)KfKD (1.16)

From the equation 1.16, it is clear that the electrostatic interaction decay

exponentially, with characteristic decay length, Debye length x 11,

1.3.3 Undulation Repulsion Interaction

Two undulating membranes

FIGURE 1.10: The thermal undulations of elastic bilayer mem-

branes’.

Helfrich said in his paper “A special feature of planar fluid layers is their
freedom to escape into the third dimension, e.g. by thermal undulations” '".
For example, bilayer membranes can be compared to elastic sheets, prone
to thermal fluctuations or undulations (Fig. 1.10) 1. When these membrane
fluctuations are confined by another membrane or a boundary the thermal
undulations of the membrane try to push the neighbouring membrane'. So

they feel repulsive pressure'. This long range repulsive interaction is called

the Helfrich undulation repulsion interaction "!!. This repulsive interaction
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is very sensitive to the membrane’s bending rigidity. The interaction en-
ergy of two undulating membranes of bending modulus K, separated by a

distance D, at a temperature T is given by the expression'

37%(kT)?

(1.17)

Bending rigidity of charged bilayers also has a significant contribution from
electrostatic interactions. Therefore in water (absence of electrolyte screen-
ing), charged membranes remain flat and rigid, because they have large
elastic constants. Addition of electrolyte, screen charges on the membrane

thereby reducing the bending modulus”.

1.4 Experimental Techniques

1.4.1 X-Ray diffraction

X-rays are electromagnetic radiation whose wavelength ranges from 0.01
nm to 10 nm. When x-rays fall on a material, they are scattered by the
electrons present in it. As a result the amount of scattering encountered
by the x-rays depends on the electron density distribution of the irradiated
material. The scattered radiation from the material interferes to form the

observed diffraction pattern.

The theory of x-ray diffraction'*'?

is briefly discussed in this section. Fig.
1.11 shows a plane wave of amplitude ¢, and wave vector «, incident on a

point scatterer. Then the incident wave can be written as

Pin = Poe™T (1.18)
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FIGURE 1.11: Figure depicting scattermg from two scattering

centres separated by a distance 7. ko and kj are the incident
and scattered wave vector respectively.

The scattered wave amplitude ¢s; at a distance R where R >> |7| is given

by the equation

Psct = (Pos/R)e!FR=T7) (1.19)

where s is the scattering length density and § = &7 — ,, is the scattering vec-
tor. &} is the scattering vector in the direction of R. For a sample consisting

of N scatterers, the total scattering amplitude can be given by

. N - o
Prot = (Pos/R)e™ Y =117 (1.20)

n=1

For a sample with an electron density p(¥) = Y, (7 — 7,), the scattering

amplitude can be written as

Prot = (cpos/R)ei"R/p(?)e_iﬁ'?dr . (1.21)

This on the other hand is the Fourier transform of the electron density of



18 Chapter 1. Introduction

the scattering medium. Multiple scattering is assumed to be negligible. The

scattered intensity is the square of the above equation and is given by

1(0) = I9rarl® = [[(gos/R)e*™ [ p(F)elT7aF]

= AlF(q)|?

(1.22)

where F(q) = [ p(7)e"1” and A is a constant independent of g. A crystal
has a periodic arrangement, which can be represented as the convolution of

a lattice function p; and a basis function p,.

p(7) = p1 ® pyp (1.23)

The lattice structure can be defined as a set of delta functions given by,

o1(F) =YY ) 6(r —wi — tb — pc) (1.24)
K 1 m

where, 4, E, C are the basis vectors and w, ¢, p are integers. Taking the Fourier

transform of 1.23, we get

F(q) = F(q)Fy(q)
1(q) = A%|Fi(9)1?| R (q)?

(1.25)

where,
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X-ray Monochromator L
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FIGURE 1.12: Schematic of the experimental set up used for
x-ray diffraction study.

oy (P)d7 (1.26)

Fi(q) is the Fourier transform of the lattice and F,(q) is the Fourier transform
of the basis. The square of the function Fy(g) decides the intensity of the

peaks of the diffraction pattern.

The observed intensity I, is then corrected for factors like polarization and
geometry. A polarization factor P = (1 + Cos?26)/2 arises from the un-
polarised nature of the incident beam. Yet another factor is related to the
geometry of the detector and nature of the sample, which can be denoted
as m. For unaligned samples, the intensity of peaks will be distributed in a

shell of radius g. If the detector which collects the data is one dimensional,
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then the observed intensity is multiplied by g2 and if the detector is two di-
mensional (the spherical shell is cut along a plane, resulting in a ring), the
observed intensity is obtained by circular integration of the intensity of the
rings and then further multiplied by 4. Thus the corrected intensity Icor ()

can be given by,

Leorr(q) = APml,(q) (1.27)

where m = g2 in the case of 1D detectors and m = g in the case of 2D

detectors.

For our studies, we used the Hecus S3-Micro small angle x-ray scattering
system. Schematic diagram of a typical SAXS setup is given in Fig. 1.12.
A one dimensional position sensitive detector (PSD) was used to collect the
scattered rays. The sample to detector distance (D) was fixed at ~ 26.6 cm
and the beam path in the sample chamber is evaluated. Calibration was
done using silver behanate which has a lamellar structure with a spacing
of 5.84 nm. This system has a built-in temperature controller, which has
a range from -20°C to 120°C. Typical exposure time was 30 to 90 minutes,

depending on the scattering strength of the sample.

1.4.2 Polarising Optical Microscopy

Polarising optical microscope (POM) is used to identify several liquid crys-
talline phases. Since liquid crystals are anisotropic, they exhibit birefrin-
gence. The samples are generally taken in between a coverslip and glass

slide or in a rectangular capillary. When such liquid crystal samples are
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FIGURE 1.13: The schematic of a polarising optical micro-
scope.

Polariser

observed between crossed polarisers using POM, they exhibit characteris-
tic textures. This arises from several defects present in the samples. This is

discussed in detail in section 1.5.

POM is very useful to study optically anisotropic materials. Fig. 1.13 shows
the schematic of a POM. The light from the bottom of the microscope, passes
through a polariser above it. This linearly polarised light is then focused by
the condenser onto the anisotropic liquid crystal material kept in the sample
stage. The sample stage is connected to a temperature controller, enabling
us to study phase transitions in the samples. The extraordinary and the
ordinary waves emanating from the sample then pass through the objective,
analyser and then an eye piece. For the study of liquid crystals, the polariser
and analyser are kept in such a way that their optic axis is perpendicular to
each other, or in other words, in crossed position as can be seen from Fig.

1.13. The microscope is equipped with objectives of different magnifications
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(10X, 20X and 50X).

1.4.3 Cryogenic Scanning Electron Microscopy

Cryogenic scanning electron microscopy (cryo-SEM) is used for the charac-

1415 "which are ordi-

terisation of several soft matter and biological systems
narily unstable in the high vacuum of the electron microscope. The cryo-
genic fixation (generally done by quenching in liquid nitrogen), preserves

the sample in its fully hydrated and chemically unmodified state.

For the study, sample is transferred to a cuvette, attached to the sample
holder and then quenched in nitrogen slush. This evacuated sample is then
transferred to the preparation chamber. The sample is then sublimated to
remove any ice and then fractured with a cold knife. The fractured sample
is then sputter-coated with platinum and then transferred to the cold stage
of the SEM chamber, which is cooled by nitrogen. The temperature is main-
tained below -170°C at all stages of sample preparation and at -190°C, in the
SEM chamber.

The electron beam scans over the object and interacts with the surface of
the object, inducing emission of secondary electrons from the surface of the
specimen. A secondary electron detector collects the scattered electrons.
The brightness of the image obtained, depends on the number of electrons
that reach the detector. Additional sensors detect backscattered electrons
(electrons that reflect off the specimen’s surface) and X-rays (emitted from

beneath the specimen’s surface).

For our experiments, samples were quenched in liquid nitrogen for cryo-
genic scanning electron microscopy (cryo-SEM) studies. The frozen sam-

ples were then transferred to a PP3000T cryo unit (Quorum Technologies),
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maintained at a temperature of -180°C, where they were fractured with a
cold knife. The fractured samples were sublimated at -90°C for 5 min and
then sputtered with platinum for 90 s to form a few nm thick coating on the

fractured surface. Samples were imaged using a Zeiss Ultra Plus Cryo-SEM.

1.4.4 CHNS Elemental Analysis

CHNS elemental analyser helps in determining relative amounts of carbon,
hydrogen, nitrogen and sulphur in organic and inorganic materials'®. A
CHNS analyser works in an oxygen-rich environment, based on the classi-
cal Pregl-Dumas method. This combustion can be carried out in two ways,
static or dynamic. Under static conditions a fixed volume of oxygen is intro-
duced in the combustion tube before the sample is placed in the chamber. In
dynamic conditions, oxygen is allowed to flow continuously for a set period

of time, while the sample is placed in the chamber.

During the process of combustion (~ 1100°C), carbon is converted to carbon
dioxide, hydrogen to water, nitrogen to nitrogen gas/ oxides of nitrogen
and sulphur to sulphur dioxide. Several kinds of absorbents are used to re-
move any additional combustion products or any of the principal elements,
sulphur for example, whose determination is not required at the time. All
these gases are then taken to a heated copper chamber using an inert gas
medium, to remove any extra oxygen and also convert nitrogen oxides to
nitrogen. The next set of absorbents allow passage of only carbon dioxide,
water, nitrogen and sulphur dioxide. The gases are then detected using a
gas chromatography separation technique. The amount of gas is quantified

using thermal conductivity.
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1.5 Identification of Lyotropic Liquid Crystalline

(LLC) Phases

Liquid crystals are intermediate states of matter observed between the solid
crystal phase and isotropic liquid phase, characterised by long range ori-
entational order. Liquid crystals are anisotropic, because they exhibit dif-
ferent physical properties in different directions!”. In the case of surfac-
tants, they exhibit liquid crystalline phases when mixed in water. They are
called Lyotropic Liquid Crystals (LLC). In the case of LLC, several phases
are found. Some of the common phases exhibited by LLC materials are
hexagonal phase, lamellar phase, inverted hexagonal phase etc. In certain
cases they also exhibit nematic, sponge, cubic phases etc. These phases can
be identified using several techniques like polarising optical microscopy, x-

ray diffraction, cryo-SEM etc. as discussed in the previous section.

Nematic phase : They are characterised by long range orientational order
but short range positional order. Fig. 1.14(a)!” shows the 2 dimensional
x-ray scattering data of an oriented nematic sample. If 2, and ¢,, are two
length scales present in the system (as shown in Fig. 1.14(a)) ", the scatter-
ing data will have peaks corresponding to both of them. The corresponding
scattering vectors are g1 = 27t/a, and g2 = 271/¢,. In POM they exhibit the

typical Schlieren texture as shown in Fig. 1.141%.

Hexagonal phase : Also called columnar phase, they are made up of cylin-
drical micelles in LLC systems. It has long range translational order in two
dimensions and also long range orientational order. In POM they are op-
tically birefringent and often exhibit no sharp features in its texture (Fig.

1.15(b)). The hexagonal phases can be the regular hexagonal phase (Hj)
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(b)

FIGURE 1.14: (a) SAXS data' and (b) POM texture of a ne-
matic liquid crystal sample '®.
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(positive curvature) or the inverted hexagonal phase (Hjj) (negative cur-
vature). In both the cases, x-ray scattering data show that the chains are
molten with a broad wide angle peak, and the small-angle x-ray scattering

contain Bragg peaks with magnitude of the scattering vector (g) in the ratio

1:+/3:2 (Fig. 1.15(a)).

Lamellar phase : These phases have long range translational order along
one direction. The SAXS spectrum has peaks in the g ratio 1 : 2 : 3 (Fig.
1.16(a)), and a broad peak in the wide angle region with a spacing of around
0.45 nm~!, which correspond to the molten hydrophobic chains. Under
crossed polarisers they exhibit birefringence with typical oily streak texture
(Fig. 1.16(b)). The lamellar sheets can also curl up to form multilamellar
vesicles (MLV) as shown in Fig.1.17, eradicating its edges. These MLVs ex-
hibit Maltese cross texture. Cryo-SEM can reveal these structures and thus

help identify the phases (Fig. 1.18).

Sponge phase : The sponge phase is optically isotropic and therefore doesn’t
exhibit any birefringence. The SAXS data can be modelled to that of scatter-
ing from randomly oriented discs. Fig. 1.19, shows a schematic and SAXS
data from a sponge phase. The phase has a broad peak at small angles,
whose value L, depends on the cell to cell distance. The details of the anal-

ysis will be discussed in section 1.6.2

1.6 Analysis of the scattering data of several soft

matter phases

The SAXS data was analysed to obtain the structural parameters of the cor-

responding phases.
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FIGURE 1.15: (a) SAXS data and (b) POM texture of a hexago-
nal phase .
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FIGURE 1.16: (a) SAXS data and (b) oily streak texture ob-

tained from the POM for a lyotropic lamellar phase. (c) The

maltese cross texture of multi lamellar vesicle dispersion .

FIGURE 1.17: The structure of a bilayer, the building blocks of
lamellar phase (left) and a cross section of a multilamellar vesi-
cle (right) made up of alternate layers of bilayers and water.
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FIGURE 1.18: Cryo-SEM image showing the layered morphol-

ogy of (a) a lyotropic lamellar phase and (b) the multi-lamellar
vesicles.
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FIGURE 1.19: The (a) schematic and (b) SAXS data of a sponge

1.6.1 Analysis of Lamellar (L,) phase

The scattering data of the lamellar (L) phase was analysed using the proce-

dure described by Pabst et al’!. They expressed the electron density of the

bilayer p(z) in terms of three Gaussians, two representing the head-group,

with width 0y, centred at z = +z;, and the third one representing the methyl

region of the bilayer with a width of . at the bilayer centre, z = 02! (Fig.

1.20).
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FIGURE 1.20: The three Gaussian model of the electron den-
sity profile of a bilayer?!.

_ )2 2 2
0(z) = pcn, -|—p‘h[exp(—%) +exp(——(22::2h) )] +ﬁc[exp(—2;2)]
(1.28)

where the electron densities of the head group p; and hydrocarbon region
pc are defined relative to the electron density of the methyl group, pcp,. The

form factor F(q) is obtained by taking the Fourier transform?!

) 024 i 02
F(q) = vahph[exp(— )]Cos(qzy,) + \/Eacpc[exp(— 5 )] (1.29)

2

According to modified Caillé theory, the structure factor S(q) is given by ??

N-1
S(q) = N+2 Y (N —k)Cos(kqd) x e~ (@270 01 mje=(@/277¢%1 (1 30)
k=1
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where N is the mean number of coherent scattering bilayers, -y is the Eu-
ler’s constant, and d the lamellar periodicity. The Caillé parameter, =
quB T/ (871\/@), where K and B are the bending and bulk moduli of the
lamellar stack, respectively. The model parameters such as oc, o, pc/ pn, zn,
1, N & Nj are adjusted to get the best fit between the observed and calcu-
lated intensity. Nj is the fraction of uncorrelated bilayers, which give rise to

diffuse scattering. The scattered intensity is given by

o) - 5@ Li(q)\z . Ndu;gqﬂz .

where S(g) is the structure factor and F(q) is the form factor of the bilayers.
The last term in eqn. 1.31 arises from the diffuse scattering from uncorre-

lated bilayers?'.

1.6.2 Analysis of Sponge phase

The analysis of the sponge phase was performed following the method of
Porcar et al.”>. The observed scattering intensity from a sponge phase can

be expressed as,

I(q) = NS(q)P(q), (1.32)

where S(gq) is the structure factor and P(g) is the form factor of the bilayer
discoids and N is the effective density of these discoids. These terms are
detailed in the rest of this section. Diffraction data of the sponge (L3) phase
were analysed using the procedure described by Porcar?’. The Structure

factor of a sponge phase can be expressed as?’,
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arctan(%) C

" §%+ (9 —9c)?

S(g)=1+C; (1.33)

g1 is the correlation length associated with the in-out order parameter®’.
Third term describes the cell-cell correlation with correlation length ¢, and
an average cell-cell distance L = 271/g.. The scattering data from the L3
phase is characterised by a broad peak, whose position is given by the scat-

tering vector g..

We have used the form factor P(q) for scattering from membrane discoids
of thickness (w) with a Gaussian distribution of transverse scattering length
density characterised by a radius of gyration 0?*. An analytical approxima-

tion for P(g) of these discoids averaged over random orientations is given

by23,

2,02

1 — Cos(qu)exp(—55-)/9°

g202 + 2exp( —q6<72)

[€8]

P(q) ~ 4(rto>Nm)? (1.34)

N

The model parameters such as Cy, ¢1, Cy, ¢2, w & o are adjusted to get the

best fit between the observed and calculated intensity.
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Polyelectrolyte with the Lamellar

Phase of a Cationic Surfactant
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Chapter 2

Swelling Transition of a Lamellar
Amphiphile - Polyelectrolyte

Complex

2.1 Introduction

Amphiphilic molecules self-assemble in water into diverse structures due
to the hydrophobicity of their hydrocarbon chains?. The shape of these ag-
gregates is determined by the packing parameter of the amphiphile, which
is discussed in the previous chapter. In the case of ionic amphiphiles the
aggregates formed are charged and the spatial distribution of dissociated
counterions is well described by the Poisson-Boltzmann theory?. In a sim-
ilar fashion, polyelectrolytes, which are ionic macromolecules, also attain
a charge in aqueous solutions by releasing their counterions. Strong poly-
electrolytes dissociate completely in solution, whereas the degree of disso-
ciation of weak polyelectrolytes depends on the pH of the solvent’. If the
linear charge density of these polyions is more than one elementary charge
(e) per Bjerrum length?, I, = ¢?/(4me,e,kT), then a fraction of the coun-

4

terions condense back on the polymer backbone®. The Bjerrum length is
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the separation between two elementary charges in a medium of dielectric
constant €,, at which their electrostatic interaction energy is equal to the
thermal energy kT, where k is the Boltzmann constant and T the absolute
temperature. In water at room temperature, [, = 0.7 nm. When dispersed in
water, ionic amphiphiles associate with oppositely charged polyelectrolytes

to form complexes by releasing the condensed counterions.

2.2 Earlier Studies

The amphiphile - polyelectrolyte complex formation can be understood as
a consequence of the gain in the translational entropy of the counterions re-
leased on complexation®®. This complexation process is similar to coacer-
vate formation, where a colloidal/polymer dispersion phase separates into
two immiscible liquid phases, one of them being dense in colloidal /polymer
components and the other a dilute aqueous phase. The coacervation process
is often classified as simple or complex depending on whether the phase
separation is induced by the addition of a simple salt or a macroion, re-
spectively”'2. The resulting coacervates are usually disordered and hence
optically isotropic. On the other hand, the amphiphile - polyelectrolyte com-
plexes mentioned above are often characterised by long-range orientational

order and hence exhibit birefringence.

Adsorption of polyelectrolyte chains onto oppositely charged surfaces is a
related process that has been widely studied '°. It is known to depend sig-
nificantly on the charge density of the polymer chain, which influences not
only the polyelectrolyte-surface interaction but also the mutual repulsion

14,15

between the polymer chains'*'°. Attraction between the polyelectrolyte

and the adsorbing surface increases with increasing polyelectrolyte charge



2.2. Earlier Studies 41

density. However, higher charge density also leads to stronger lateral repul-
sion between the chains adsorbed on the surface. As a result, in the case of
highly charged polyelectrolytes, adsorption saturates at very low adsorbed
polyelectrolyte mass, resulting in the formation of a thin adsorbed layer /1,
The adsorption process often results in overcharging of the substrate by the
polymer chains'’~'. Salt is known to affect the adsorption process signif-
icantly. At low salt concentrations the electrostatic repulsion between the
polyelectrolyte chains results in the adsorption process saturating at very
low amounts of the adsorbed polyelectrolyte. As the salt concentration is
gradually increased, more and more polyelectrolyte chains get adsorbed on
the bilayer, due to the screening of the electrostatic repulsion between the
chains 72923, This results in an abrupt increase in the adsorbed amount of
the polyelectrolyte as its bulk concentration is increased '>?*. These observa-
tions are well described by the DLVO theory which takes into account Van
der Waals and electrostatic double layer interactions'®. The importance of
non-DLVO forces, such as steric and bridging interactions, in these systems

has also been extensively studied >>*°.

In this chapter we discuss experiments on the influence of the anionic poly-
electrolyte, sodium polyacrylate (PAANa), on the lamellar (L,) phase of the
cationic amphiphile, didodecyldimethyl ammonium chloride (DDAC), con-
sisting of a stack of fluid bilayers?”’. Decreasing the water content at con-
stant PAANa/DDAC ratio is found to lead to a collapsed — swollen —
collapsed transition of the lamellar phase. We have studied the influence
of several factors, such as the bulk salt concentration, molecular weight of
the polyelectrolyte and the bending rigidity of the bilayers, on the phase
behaviour of this system, using small angle x-ray scattering, polarising op-

tical microscopy and cryogenic scanning electron microscopy. The phase



Chapter 2. Swelling Transition of a Lamellar
42
Amphiphile - Polyelectrolyte Complex

CH3(CHy)10CH coo”

AN N+/ cl Na
CHJ(CHz)wCHZ / \
CHg n
CHy(CHa)1oCH,

\ N/
CH; CHQ 1QCH2 / \ Hs n
ch /

HC:J\
HCHC (H2C) )J\
3C(H2C) 2U)7 CH27

Cl-

FIGURE 2.1: Chemical structures of (a) DDAC, (b) PAANa, (c)
DDAB and (d) DOTAP.
behaviour of some other systems, such as the cationic amphiphile, didode-
cyldimethylammonium bromide (DDAB) and also a cationic phospholipid

in the presence of PAANa, was also studied.

2.3 Materials and Methods

Sodium salt of poly acrylic acid (PAANa) (M, = 2100, 5100 and 8000), DDAB,
sodium bromide (NaBr) and sodium chloride (NaCl) were purchased from
Sigma-Aldrich and were used without further purification. 1,2-dioleoyl-3-
trimethylammonium-propane (chloride salt) (DOTAP) was obtained from
Avanti Polar Lipids. For the preparation of DDAC, N,N dimethyldodecy-
lamine (NND) and 1-chlorododecane (CDD) were obtained from TCI Chem-
icals and were used as received. DDAC was prepared by following the pro-
cedure discussed by A. Cipiciani et al.?®. It was prepared by quarternizing

NND with CDD in ethanol under reflux for four days and was recrystallised
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from hexane?®. Its purity was checked using elemental analysis. Samples
were prepared in Millipore water. The polyelectrolyte/amphiphile weight
ratio in the sample is denoted by R and the combined weight percentage of
DDAC and PAANa in the solution by ¢. The isoelectric point of the system
was calculated to be around R~0.2, above which the sample is in excess
polyelectrolyte regime. To study the effect of dilution, DDAC and PAANa
were added to a vial, at a fixed ratio R. Millipore water was added to ob-
tain the desired concentration. To study the effect of salt, samples were
prepared in NaCl solutions of varying ionic strengths, at ¢ = 20 and R =
7. DDAB-PAANa2100 samples were also prepared without excess polyelec-
trolyte in NaCl solutions of varying ionic strengths at ¢=20, where ¢ is the
weight percentage of DDAB+PAANa. DOTAP samples were prepared at
¢ =20 and R = 7 in the presence of polyelectrolyte and were studied as a
function of NaCl concentration. In this case ¢ is the weight percentage of
DOTAP+PAANa2100. Vials containing the samples were sealed and equili-
brated at 40°C for at least a month. POM, cryo-SEM and SAXS studies were

done. The results are discussed in the next section.

2.4 Results

2.4.1 Effect of dilution

DDAC - PAANa2100 mixtures were prepared with ¢ ranging from 20 to
70 at R =7. At ¢ = 20 the sample contains a white precipitate floating on
top of a dilute aqueous solution. A turbid dispersion with a precipitate is
observed at ¢ = 25. Samples are also turbid at ¢ = 30 and 40, but without any
precipitate. At ¢ =50 and 60 the samples are phase separated with a clear

viscous liquid on top and an aqueous layer at the bottom. The viscosity of
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FIGURE 2.2: Cryo-SEM images of DDAC-PAANa2100 com-
plexes, showing layered morphology typical of a lamellar
phase at ¢ = 30 (a), 40 (b), 50 (c) and 60 (d).
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FIGURE 2.3: POM images of DDAC-PAANa2100 complexes
showing Maltese cross and oily streak textures, typical of the
lamellar phase, at ¢ = 30 (a), 40 (b), 50 (c) and 60 (d).
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the top layer is seen to increase with increasing ¢. At ¢ =70 there is a whitish
viscous layer (on top) and a viscous aqueous solution of polyelectrolyte at
the bottom. The aqueous solution seen in the bottom of the samples consists
of excess polyelectrolyte in water (and devoid of any surfactant), since our

samples are prepared in the excess polyelectrolyte regime.

Figs. 2.2 and 2.3 show cryo-SEM and POM images of DDAC - PAANa 2100
complexes at different values of ¢ for R = 7. Cryo-SEM images of all the
complexes reveal a layered morphology. Their POM images exhibit either
a Maltese cross or an oily streak texture, which are typical of the lamellar
phase. From these observations we can conclude that the complexes possess

a lamellar structure over the range of ¢ studied.

SAXS patterns of these complexes, presented in Fig. 2.4(a), are consistent
with a lamellar structure. Values of the lamellar periodicity (d) of the com-
plexes determined from these patterns are given in Fig. 2.5(a). At ¢ =20
a lamellar phase with d= 3.48 nm is observed. Periodicity of this phase is
only slightly higher than the bilayer thickness of DDAC membranes, which
is about 2.35 nm?’. We refer to this as the collapsed lamellar phase LS!. At
¢ = 25 a highly swollen lamellar (L}) phase with d= 27.25 nm is found to
coexist with the L¢! phase. At ¢ = 30 the LS! phase is not observed and the
periodicity of the L phase is beyond the range accessible with our SAXS
system. With further increase in ¢, dgradually decreases from 36.30 nm at
¢ =40 to 9.89 nm at ¢ = 60. A second collapsed phase (L$?) with a slightly
smaller periodicity of about 2.9 nm compared to that of the L¢! phase is ob-
served to coexist with the L} phase at ¢ = 70. These results clearly show the
occurrence of a swelling transition of the complexes at ¢ ~ 25 followed by a

de-swelling transition at ¢ ~ 70.

The samples, especially at low ¢, are found to have an equilibration time
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FIGURE 2.6: Time evolution of SAXS patterns of the DDAC-
PAANa2100 complexes at R = 7 for ¢=40 at T = 25 °C.
of around a month. Before the sample reaches equilibrium, the SAXS data
of the L} phase evolve slowly, with the peaks gradually becoming sharper
(Fig. 2.6). Peak positions are also found to shift slightly over many days.
The samples were therefore equilibrated for at least a month before data

were collected.

Almost identical behaviour is observed at R = 14 (Fig. 2.4(b)). Variation of
dwith ¢ for these samples is shown in Fig. 2.5(b). Periodicities of some of
the samples could not be determined, since the corresponding peaks were

inaccessible with our SAXS system.

2.4.2 Effect of salt

As mentioned in the introduction, formation of DDAC-PAANa complexes
is accompanied by the release of Na™ and Cl~ counterions into the solution.

Therefore, increasing ¢ at fixed R is essentially equivalent to increasing the
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salt concentration in the solution. This suggests that the observed L' —
L$ swelling transition and the L{ — L& de-swelling transition are conse-
quences of increasing bulk salt concentration in the solution. In order to
understand the influence of salt concentration on the swelling behaviour of

the complexes two sets of experiments were carried out.

In the absence of excess polyelectrolyte:

In the first set of experiments, DDAC-PAANa complexes were prepared at
R =7 and ¢ = 20 in Millipore water and the precipitate formed was then
transferred to NaCl solutions of ionic strength varying from 100 to 1000 mM.
This protocol ensures that the salt solution has a negligible concentration
of excess uncomplexed polyelectrolyte. SAXS studies were carried out on
these samples (Fig. 2.7(a)) after equilibration and their lamellar periodicities
are given in Fig. 2.8(a). As can be seen from the figure, the complexes exhibit

the L¢! phase at all salt concentrations, with a periodicity of about 3.5 nm.

In the presence of excess polyelectrolyte:

In the second set of experiments, complexes were prepared in NaCl solu-
tions of ionic strength varying from 75 to 500 mM at R = 7 and ¢ = 20.
These samples, therefore, contain excess uncomplexed polyelectrolytes in
the bulk. SAXS data is given in Fig. 2.7(b) and the corresponding lamellar
periodicities of these samples are shown in Fig. 2.8(b). At 75 mM the L¢!
phase, with d= 3.54 nm, is observed, which suddenly swells at 150 mM to
form the L; phase. At 300 mM, the sample is still swollen but we were not
able to measure the d-spacing with our SAXS setup. As the NaCl concen-
tration is increased to 400 mM, the complex transforms into the (LE2) phase,

with d= 3.39 nm.
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2.4.3 Effect of molecular weight

In order to check the effect of molecular weight of the polyelectrolyte on
the swelling behaviour, studies were carried out with PAANa of molecular
weights 5100 and 8000. In the case of PAANa5100, samples were prepared
in water with ¢ varying from 20 to 70 at R = 7. SAXS studies of the system
(Fig.2.9(a)) show a swelling behaviour similar to that seen with PAANa2100.
Lamellar periodicities of the samples obtained from SAXS are given in Fig.
2.10(a). In the case of PAANa8000, the polyelectrolyte was obtained as a 45
wt% solution in water, and hence samples were prepared in NaCl solutions
of ionic strength varying from 0 mM to 900 mM at ¢ = 20 and R = 7. In-
terestingly, these samples exhibit only a collapsed lamellar phase at all salt
concentrations as observed from SAXS studies (Fig.2.9(b)). The correspond-

ing lamellar periodicity is depicted in Fig. 2.10(b).

2.4.4 Effect of variation of R

The isoelectric point of the DDAC-PAANa2100 system is estimated to be
around around R = 0.2. In order to understand the influence of relative
PAANa to DDAC concentration, the structure of DDAC-PAANa complexes
was probed as a function of R at ¢ = 20 and 30. At ¢ = 20, SAXS patterns
show that the complex remains in a collapsed lamellar phase, irrespective
of the value of R. The d-spacing is found to vary from 3.48 nm to 3.68 nm,
as R is increased from 7 to 20 (Fig. 2.11(a)). At ¢ = 30 the system is seen to
evolve from a collapsed lamellar phase to a swollen lamellar phase as R is
increased above the isoelectric point (Fig. 2.11(b)). AtR =0.18, the d-spacing
is found to be 3.38 nm. The swollen and collapsed phases, with spacings of
10.44 nm and 3.43 nm, respectively, coexist as R is increased to 0.5. Since the

concentration of counterions (Na™* and C1 ) released on complexation at ¢ =
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20 is less than that at ¢ = 30, these observations once again demonstrate the

important role of bulk salt concentration in driving the swelling transition.

2.5 Other systems

2.51 DOTAP-PAANa2100 system

Studies were also performed on the complexes of charged phospholipid,
DOTAP and PAANa2100. The samples were prepared in NaCl solutions
whose concentration ranged from 0 mM to 1 M for R=7 and their SAXS data
were obtained at room temperature. Fig 2.12(a) and 2.12(b) show the ob-
tained SAXS data and the corresponding d-spacing. The lipid-polyelectrolyte
complex doesn’t show any swelling in the d-spacing. The isoelectric point
for this system was found to be R ~ 3.0. At 0 mM, the peak position is
around 5.15 nm. As the NaCl concentration is gradually increased from 100
mM to 300 mM, the d-spacing is found to increase from 5.08 nm to 5.22
nm. At 400 mM, the d-spacing slightly decrease to 5.11 nm. At very high

concentration of NaCl of 1 M, the d-spacing is found to decrease to 4.85 nm.

2.5.2 Effect of salt in DDAB-PAANa2100 complexes: In the

absence of excess polyelectrolyte

Studies were done previously on DDAB-PAANa complexes'. A phase di-
agram' from the study is given in Fig. 2.13. At molecular weights 2100
and 5100 of the polyelectrolyte, the complex exhibit a collapsed lamellar
phase at high dilution and a swollen sponge phase at low dilution. We
have already discussed the importance of excess polyelectrolyte in induc-

ing swelling in the case of DDAC-PAANa complexes. To study the same
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in DDAB-PAANa2100 case, samples were made in NaBr solutions of vary-
ing concentrations. The SAXS data and the corresponding variation in the
lamellar phase d-spacings are given in Figs. 2.14(a) and (b) respectively. A
collapsed lamellar phase of d-spacing of around 3.4 nm is observed at low
ionic strengths. At 200 mM, the d-spacing is found to increase to around 3.6
nm. On further increase of salt, the d-spacing is found to reduce gradually
and at very high ionic strength of 1 M, the d-spacing is found to be around
2.95 nm. This phase behaviour is similar to the DDAC-PAANa2100 case.
It is also interesting to note that the d-spacing at very high salt is slightly

lower than that at low salt concentrations.

2.6 Discussion

The DDAC - water system is known to exhibit a highly swollen lamellar
phase over a very wide range of compositions, which is stabilised by electro-
static repulsion between the bilayers’. When an oppositely charged poly-
electrolyte, such as PAANa, is added to the system, a complex is formed,
as described in the introduction. In most of the studies reported here the
PAANa to DDAC weight ratio (R) was fixed at either 7 or 14. Since the
isoelectric point of the system is around R = 0.2, these complexes are in
equilibrium with excess polyelectrolyte in the solution. All the complexes
are found to exhibit a collapsed lamellar phase LS in very dilute solutions,
irrespective of the molecular weight of the PAANa used. In this case the sep-
aration between the bilayers is sufficient to accommodate a very thin layer
of the polyelectrolyte. As mentioned in the introduction, strong polyelec-
trolytes are known to adsorb on oppositely charged surfaces, forming thin
adsorption layers. At complete dissociation, PAANa and DDAC bilayers

have one unit charge per 0.25 nm*®! and 0.68 nm?%’, respectively. Therefore,
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even if the polyelectrolyte chains are fully stretched out on the bilayer sur-
tace, the charges on them cannot be fully neutralised by those on the bilayer.
This can result in patch-charge attraction between adjacent bilayers??, sta-
bilizing the L¢! phase. Under these conditions bridging of adjacent bilayers

by polyelectrolyte chains3***

can also give rise to an attractive interaction
between the bilayers. Detailed experiments on the dependence of the at-
tractive interaction on the separation between the surfaces are required to

distinguish between these two possibilities.

Data presented in Figs. 2.8(a) and 2.8(b) confirm that the L' — LS swelling
transition is related to an abrupt increase in the amount of adsorbed poly-
electrolyte on increasing the salt concentration. This behaviour is reminis-
cent of adsorption of strong polyelectrolytes on oppositely charged surfaces,
where the amount of adsorbed polyelectrolyte is known to show a rather
abrupt increase on increasing the ionic strength of the solution'*?’. Accord-

ing to the random sequential adsorption (RSA) model '**°

, strong polyelec-
trolytes adsorbed on an oppositely charged surface form a very thin hetero-
geneous layer at low salt concentration. Further adsorption is prevented by
inter-chain repulsion. Increasing the salt concentration results in the screen-
ing of this repulsion and leads to enhanced adsorption. The increase in
the adsorption takes place over a rather narrow range of salt concentration
and results in a much thicker and more homogeneous adsorbed layer. The
swelling transition observed in DDAC-PA ANa complexes can be attributed
to a similar enhanced adsorption on increasing the ionic strength of the so-
lution. Our studies with DDAC-PAANa2100 and DDAB-PAANa2100 com-
plexes at ¢=20, in the absence of excess polyelectrolyte do not show any

swelling behaviour. This confirms that excess polyelectrolyte is a necessary

criterion to induce the observed swelling transition.

Having established the fact that the LS — LS swelling transition is driven
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FIGURE 2.15: Schematic of the swelling behaviour of DDAC-
PAANa complexes at low molecular weight of PAANa.

by salt-induced enhancement in the amount of adsorbed polyelectrolyte,
let us consider possible interactions stabilizing the swollen lamellar phase.
Electrostatic repulsion can be ruled out due to the high salt concentration in
the solution; the resulting Debye screening length being very much smaller
than the thickness of the water layer separating the bilayers. Steric repul-
sion between polymer brushes adsorbed on adjacent bilayers can also be
discounted, since the water layer thickness is larger than twice the contour
length ( ~7 nm for M;,=2100 ) of the polyelectrolyte chains. Another possi-
bility is steric repulsion due to thermal undulations of the bilayers®°. Bend-
ing rigidity modulus K of charged bilayers has a significant contribution
from electrostatic interactions®. In order to estimate the bare value of K,
the electrostatic contribution has to be eliminated by screening the electro-
static repulsion between the head groups. This study is discussed in detail
in Chapter 3, for the lamellar phase of DDAC. A brief description is given
here. Fig. 3.4(b) shows variation of the lamellar periodicity of a ¢s = 20 wt%

solution of DDAC in water as a function of NaCl concentration. At very low
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salt concentrations the diffraction patterns show a set of sharp peaks, as ex-
pected from a lamellar phase stabilised by electrostatic repulsion®. Sharp-
ness of the peaks is a reflection of negligible thermal undulations of the bi-
layers, due to their high bending rigidity. At higher salt concentrations only
one or two broad peaks are observed in the diffraction pattern, indicating
that this phase is stabilised by steric repulsion arising from thermal undu-
lations of the bilayers®”’. The large periodicity of this phase is consistent
with a value of K of the order of a few kT. We have analysed the diffrac-
tion data using the protocol described in Chapter 1, following ref. 38. The
Caillé parameter, 7 which is related to both bending rigidity modulus and
bulk modulus (7 o<1/ v/KB) is found to increase from 0.06 to 0.51 as the salt
concentration is varied from 0 to 200 mM, confirming that the electrostati-
cally stabilised lamellar phase in the absence of salt gets transformed into an
undulation stabilised phase at high salt concentration. Adsorption of poly-
mers on a bilayer is expected to decrease the value of K*. Hence a swollen
lamellar phase can be stabilised by thermal undulations even in the case of
DDAC bilayers with adsorbed polyelectrolytes, consistent with our obser-
vations. This conclusion is also supported by the fact that the swelling tran-
sition is not observed in complexes of PAANa2100 with the cationic lipid
DOTAP (Fig. 2.12), which has a much higher value of bare K, as follows
from the observation that the lamellar periodicity of this system at high salt

concentrations is only slightly higher than its bilayer thickness.

In addition to the swelling transition at intermediate salt concentration,
DDAC-PAANa2100 and DDAC-PAANa5100 complexes also show a L; —
L2 de-swelling transition at very high salt concentrations. Interestingly,
even in complexes that do not exhibit the swelling transition, such as DDAC-

PAANa 8000 and DOTAP-PAANa2100, the lamellar periodicity decreases



2.6. Discussion 65

slightly at very high salt concentrations. Studies on the adsorption of poly-
electrolytes on oppositely charged surfaces indicate that the polyelectrolyte
chains desorb from the surface at very high salt concentrations of ~ 1.0 M.
A similar behaviour can be expected in the present case. Further, at these
high salt concentrations the interbilayer interactions are dominated by the
Van der Waals attraction, leading to the de-swelling transition and the for-
mation of the collapsed L¢? phase. The absence of adsorbed polyelectrolytes
result in the slightly lower lamellar periodicity of this phase compared to
that of the L¢! phase. This proposal is supported by the observation of a de-
swelling transition in the DDAC-water system, in the absence of PAANa, at
around 400 mM (Fig. 3.4). A schematic of the proposed mechanism for the

observed swelling behaviour is given in Fig. 2.15.

DDAC-PA ANa8000 complexes do not exhibit the swelling transitions. How-
ever, the lamellar periodicity shows a slight increase over an intermedi-
ate range of salt concentration, over which both DDAC-PAANa2100 and
DDAC-PAANa5100 complexes show the swollen phase. This observation
suggests a salt-induced increase in the adsorbed amount of the polyelec-
trolyte is present in the case of PAANa8000 also, but without resulting in a
swelling transition. This might point to a substantial increase in the strength
of the patch-charge attraction with the molecular weight of the polyelec-
trolyte*!2. Interestingly, in conformity with such a scenario, the lamellar
periodicity of the L! phase at ¢ = 20 is found to decrease monotonically
with increasing molecular weight of PAANa; d= 3.48 nm, 3.32 nm and 3.19
nm for PAANa2100, PAANa5100 and PAANa8000, respectively. Yet another
candidate is bridging interaction. The above observation can also result
from increased attractive bridging interaction with increase in the molec-

33,43

ular weight of the polyelectrolyte””*°. Further work is needed to unam-

biguously establish this possibility.
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Although we have provided a qualitative explanation for some aspects of
the observed swelling behaviour of DDAC-PAANa complexes, certain oth-
ers remain not fully addressed. As mentioned earlier, the lamellar period-
icity of the swollen L; phase is found to evolve over time and also shows a
large scatter. This is most probably a consequence of osmotic pressure ap-
plied by small vesicles in the solution, whose concentration will vary from
sample to sample and also over time, as reported in some other systems™**,
Therefore the samples were equilibrated at least for a month. The value
of d-spacing initially increases sharply with salt concentration, reaching a
maximum at around 300 mM, and then decreases gradually at higher salt
concentrations. As discussed earlier, the only long-range repulsion that sta-
bilises the swollen L phase arises from thermal undulations of the bilayers.
Hence the observed non-monotonic dependence of d on salt concentration
is consistent with a non-monotonic dependence of K on salt concentration.
Interestingly, the change in K due to adsorption of polymers has been pre-
dicted to depend on the morphology of the adsorbed layer. In the case of

3945 whereas

polymers forming a thin adsorbed layer, K is found to decrease
for anchored polymers forming a thick brush, it is expected to increase“°. It
is conceivable that such a change, from a thin adsorbed layer to a brush-
like morphology, takes place in the present system as the polyelectrolyte
chains become gradually detached from the bilayer surface with increasing
salt concentration. A detailed study of the dependence of the structure of

the absorbed layer on salt concentration is required to establish such a sce-

nario.

In the case of DOTAP-PAANa2100 complexes, no swelling behaviour is ob-
served. The complex always remains in a collapsed lamellar phase. This is
expected from the fact that the charged lipid bilayer is more rigid than the

bilayers formed by the ionic amphiphiles*’. Further studies on the DOTAP
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lamellar phase in the presence of NaCl solutions show a gradual decrease
in d-spacing (which in turn imply a gradual decrease in Debye length), with

increase in ionic strength. This is discussed in detail in Chapter 3.

As already mentioned the swelling transition requires excess polyelectrolyte
in the system. Studies on DDAB-PAANa2100 complexes confirm the im-
portance of excess polyelectrolyte in the swelling transition. Further, the
formation of a swollen sponge phase in this system, indicates that both the
bending rigidity modulus (K) and the Gaussian rigidity modulus (K) are af-
fected by the adsorbed layer. In fact theories predict that K should become
more positive in the presence of an adsorption layer® which is in agreement

with the formation of the sponge phase.

2.7 Conclusions

DDAC-PAANa complexes are found to exhibit consecutive swelling and
de-swelling transitions with decreasing water content for low molecular
weights of the polyelectrolyte. This behaviour is shown to result from in-
creasing bulk concentration of the counterions released during the complex-
ation process, with decreasing water content. Our observations suggest that
the L¢! at low salt content is stabilised by either patch-charge attraction or
polyelectrolyte bridging between the bilayers due to the presence of a thin
heterogeneous adsorption layer of the polyelectrolyte on the bilayer surface.
The L¢? phase is formed at high salt regime due to Van der Waals attraction.
The swelling transition reported is driven by the abrupt uptake of polyelec-
trolyte chains from the aqueous solution by the complex above a threshold

salt concentration.
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Chapter 3

Effect of Salt on the Lamellar Phase
of Some Cationic Surfactants and

Lipids

3.1 Introduction

In the previous chapter, we saw the anomalous swelling behaviour of the
lamellar phase of DDAC, in the presence of a polyelectrolyte. Several pa-
rameters like counterion concentration (salt), degree of adsorption of the
polyelectrolyte can contribute to this swelling transition. In this chapter we
study the effect of salt on the bending rigidity of the lamellar bilayers and
try to understand the swelling transition observed for the DDAC-PAANa
system. The influence of salt on some other lamellar phase forming systems

are also studied.
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FIGURE 3.1: The energy versus distance profiles of the DLVO
interaction®.

3.2 Earlier Studies

Double tailed cationic surfactants such as DDAC can form lamellar phase
over a wide range of concentrations'?. The equilibrium spacing in these
lamellar phases is determined by the balance of several forces, such as elec-
tric double layer repulsion, Van der Waals attraction, undulation repulsion
and hydration repulsion. The first three interactions are discussed in detail
in the introduction. The DLVO (Derjaguin, Landau, Verwey and Overbeek)
theory describes interaction between two surfaces through electric double
layer repulsion and Van der Waals attraction in the presence and absence
of added electrolytes®. The hydration force is short-ranged and arises from
the ordering of water molecules at the bilayer surface and from thermally
excited protrusion of molecules out of the bilayer®. As the water content
in a lamellar phase forming system is gradually increased, the thickness of
the water layer increases. Once it reaches the maximum swelling, any ex-

cess water separates out. This d-spacing corresponds to the minimum of the
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interaction energy.

In the presence of electrolytes, screening by the counterions also comes into
picture. In this context it is worthwhile to discuss briefly the DLVO the-
ory®. Fig. 3.1, shows the behaviour of interaction energy with distance, as
the electrolyte concentration is gradually increased. In the absence of any
electrolyte, there is a strong long-range repulsion that peaks at short dis-
tances (1-5 nm). This also implies that the Debye length is very large. As the
electrolyte concentration is gradually increased, a secondary minima devel-
ops (> 3 nm), which becomes more and more significant with increasing
electrolyte concentration. The primary minimum as shown in the figure is
where the particles are touching each other. But approaching it is difficult
because of the high energy barrier. In this case the charged particles may
either be in the secondary minima or be dispersed in the solution. At very
high electrolyte concentration, the energy barrier disappears and only Van

der Waals attraction remains.

The phase behaviour of double tailed cationic surfactants didodecyldimethyl
ammonium bromide (DDAB) and didodecyldimethyl ammonium chloride
(DDAC) has been studied extensively. Phase diagrams of DDAB and DDAC
obtained from these studies” are given in Fig. 3.2. In the case of DDAB, we
can see that at very low concentrations and very high temperatures, there
is an isotropic phase L;. As the DDAB concentration is gradually increased
transition to a lamellar phase, L, is found. At yet higher concentrations
there is a region where a coexistence of L,, with a collapsed lamellar phase,
L, is found. In the case of DDAC, only a single lamellar phase L, is found
throughout a large range of concentrations. The effect of addition of some
organic and inorganic salts on the lamellar phase of DDAB was also studied
by Ghosh et al®. They discuss in detail the lamellar - lamellar coexistense,

present in the DDAB - water system and also the effect of addition of salt.
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FIGURE 3.2: The partial phase diagrams of DDAB and DDAC
surfactants in water .

Roux and Safinya have studied in detail the competing electrostatic and un-
dulation forces in SDS - pentanol - dodecane water/brine system”. The
lamellar phase was found to be stable over a large dilution range. Also
the structure factor was seen to follow a power law behaviour, with a char-
acteristic exponent value 7, called the Caillé parameter. The asymptotic be-
haviour of the structure factor in the directions parallel (||) and perpendic-

ular (L) to the layer normal is given by simple power laws

S(0,q;) < 1/|q; — gm[> ™
0,9 9| — Gm| 31)

S(q.,qm) < 1/q5 2™

where g, is the position of the m"* harmonic of the structure factor (g, =
mqo, m = 1,2,... and qo = 27t/d, d being lamellar periodicity). The Caillé
parameter, 1, is related to the membrane bending modulus (K) and com-
pressibility modulus (B) through the relation 17, = mg3KT/ 871v/KB. They

also show that, in the case of water dilution, 7 saturates at a value of 0.3 and
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that in the brine dilution case, it increases and saturates at a value ~1.0 (Fig.
3.3). From the above relation, it is clear that the value of 7 is high when the
membranes are flexible and is less when the membranes are rigid. In case of
charged membranes, the # value is small, because of the high rigidity. From
Fig. 3.3 it can be seen that as the water concentration is gradually increased,
1 saturates at ~0.3”. In the case of brine dilution, as the salt concentra-
tion is gradually increased, the counterions screen the charges, reducing the
charges on the surface. This makes the membrane more flexible and results

in a large 1 value as shown in the Fig. 3.3.
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3.3 Materials and Methods

For the studies we have used surfactants, didodecyldimethyl ammonium
bromide (DDAB) and didodecyldimethyl ammonium chloride (DDAC). DDAB
along with NaCl and NaBr were obtained from Sigma. N,N dimethyldo-
decylamine (NND) and 1-chlorododecane (CDD) were obtained from TCI
Chemicals and were used as received, for the preparation of DDAC. 1,2
dioleoyl-3-trimethylammonium propane (chloride salt) (DOTAP) was ob-
tained from Avanti Polar Lipids. DDAC was prepared following the proce-
dure discussed by Cipiciani et al.®. Samples were prepared in Millipore wa-
ter. For sample preparation, DDAC and DDAB samples at weight percent-
age, =20 were made in NaCl/ NaBr solutions of different ionic strengths.
In the case of charged lipid, DOTAP samples were prepared at a weight
percentage ¢=20 in NaCl solutions with varying ionic strengths. In both the
cases, ¢ is the weight percentage of the surfactant or lipid and is defined
as W;/(Ws+Wy,), where Ws and W), are the weights of surfactant (lipid) and

brine respectively. All studies were done at room temperature.

3.4 Results

3.4.1 Effect of salt on the lamellar phase of DDAC

DDAC forms lamellar phase in water over a wide range of concentrations.
DDAC samples for the study were prepared at ¢=20 in NaCl solutions whose
concentrations varied from 0 mM to 700 mM. The SAXS data of the samples
at ¢=20, is shown in Fig. 3.4(a). In water and at very low ionic strengths, the
SAXS data show a set of sharp peaks corresponding to a lamellar L, phase.

In water the L, phase has a d-spacing of 11.9 nm, which reduces to 10.8 nm
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at 50 mM and to 11.0 nm at 100 mM NaCl (Fig. 3.4(b)). As the ionic strength
of the sample is gradually increased, the peaks are seen to broaden and the
number of peaks reduce. It is also observed that the peak position remains
the same at low ionic strengths. The phase has a spacing of 10.6 nm in 200
mM and 12.29 nm in 300 mM solutions. As the ionic strength is further in-
creased to 400 mM, a collapsed lamellar phase with a d-spacing of 3.13 nm

is observed.

3.4.2 Effect of salt on the lamellar phase of DDAB

DDAB samples were prepared at ¢=20 with the NaCl concentration rang-
ing from 15 mM to 2M. The SAXS data of the DDAB-NaCl system show
a similar behaviour as the DDAC-NaCl system. In the absence of salt, the
sample showed a set of sharp peaks corresponding to a lamellar phase with
d-spacing, 12.1 nm as shown in Fig. 3.5(a). As the ionic strength of the sam-
ple is increased to 30mM, peaks broaden and higher orders disappear. The
sample has a d-spacing of 13.1 nm. However at 100 mM, the d-spacing re-
duces drastically and the sample is seen to form a collapsed lamellar phase,
with much smaller d-spacing of 3.1 nm. The d-spacings obtained from the
SAXS studies are depicted in Fig. 3.5(b). The d-spacings at higher concen-

trations of NaCl, remain unchanged at around 3.1 nm.

In the case of DDAB-NaBr system, the SAXS data and the corresponding d-
spacings are shown in Fig. 3.6(a) and 3.6(b). At low ionic strengths of NaBr,
the system show L, phase. At [NaBr]= 15 mM, the sample has a d-spacing
of 11.5 nm which increases to 12.29 nm at 30 mM. At 100 mM, the sample
shows a collapsed lamellar phase with much lower d-spacing of 3.0 nm. The

collapsed lamellar phase is seen to exist upto an ionic strength of 1 M.
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Chapter 3. Effect of Salt on the Lamellar Phase

of Some Cationic Surfactants and Lipids

d-spacing [nm]

7 T T T T T T T T T T T T T
DDAB-NaBr
6 -]
— @=20
2 \_.J-//\\\’\/\—v"v:iooomvf
S5l i
- 00mM
£ v\,_//\\«_“,\___,w\smmwf
L4ar W—J\\M’V\/zwmm_
= 0omM ]
(2]
S 3T 200mM |
< 00mM1
D2 .
g /\/\_\w_—zsomvl
-l i
omM
1t /\/\\M—Bmm
0 1 2 3 4 5 6
g [nm]
(a)
14 T T T T T T
2 ¢ .
I DDAB-NaBr
10 - ¢ .
I =20
8+ -
6 | -
4 i
- ® & 6 o o o *
2L -
0 I | 1 | 1 | 1 | 1 | 1 |
0 200 400 600 800 1000

Concentration of NaBr[mM]
(b)

FIGURE 3.6: (a) SAXS data and (b) the corresponding d-
spacing obtained for the DDAB-NaBr system.



3.4. Results 87

Log Intensity [Arb. Units]

OmM

0 1 2 3 4 5
g [nm™]

FIGURE 3.7: SAXS diffraction data for the DOTAP system in
NaCl solutions of varying ionic strengths.

3.4.3 Effect of salt on a charged lipid (DOTAP) system

DOTAP is a charged lipid. In aqueous medium, it releases the chloride ion
and the positively charged lipid molecule self assemble to form bilayers. In
the absence of any added salt, SAXS data is as shown in Fig. 3.7, which cor-
responds to a lamellar phase. This arises from the long range translational
order present in the system due to the long range electrostatic repulsion. As
the ionic concentration is gradually increased, the d-spacing is seen to de-
crease gradually (Fig. 3.8). In water, the sample shows a d-spacing of 19.5

nm, which reduces to 7.1 nm at 100 mM to 5.1 nm at 500 mM.
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3.5 Discussion

Effect of salt on the lamellar phase of DDAC

DDAC shows lamellar phase in water over a wide range of concentrations.
Bending rigidity of charged bilayers has a significant contribution from elec-
trostatic interactions’. As the ionic concentration is gradually increased, the
counterions screen the charges on the bilayer and therefore the electrostatic
repulsion interaction is screened. This in turn reduces the Debye length in
the sample and therefore we expect a gradual decrease in the d-spacing.
As can be seen from Fig. 3.4(a) and 3.4(b), the lamellar periodicity of this
system is around 12 nm, and does not vary significantly as the salt concen-
tration is increased up to around 350 mM. However, the diffraction patterns

show significant changes over this range of salt concentration (Fig. 3.4a).

At very low salt concentrations the diffraction patterns show a set of sharp
peaks, as expected from a lamellar phase stabilised by electrostatic repul-

sion’. Sharpness of the peak is a reflection of negligible thermal undulations
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of the bilayers, due to their high bending rigidity. At higher salt concentra-
tions only one or two broad peaks are observed in the diffraction pattern,
indicating that this phase is stabilised by steric repulsion arising from ther-
mal undulations of the bilayers®’. We have analysed the diffraction data
using the protocol described in ref. 10, which is discussed in Chapter 1, and
the obtained fits are given in Fig. 3.9. The Caillé parameter 7 is found to in-
crease from 0.06 to 0.51 as the salt concentration is varied from 0 to 200 mM,
confirming that the electrostatically stabilised lamellar phase in the absence
of salt gets transformed into an undulation stabilised phase at high salt con-

centration.

At much higher ionic concentrations, a collapsed lamellar phase with a d-
spacing of around 3.1 nm is observed. At such high concentrations of salt,
the Debye length reduces significantly due to the screening of the surface
charges by counterions. So the appearance of this collapsed lamellar phase

can be attributed to Van der Waals attraction.
Effect of salt on the lamellar phase of DDAB

The SAXS data of DDAB-NaBr/NaCl system is very similar to the DDAC-
NaCl system discussed above. However the swollen phase is seen to ex-
ist only at low ionic strengths. At 100 mM, both the samples show a col-
lapsed lamellar phase. At low ionic strengths the samples show a set of

sharp peaks, corresponding to an electrostatically stabilised lamellar phase.

With increasing ionic strength, it is observed that the peaks broaden and
higher order reflections disappear. However no significant change in d-
spacing is observed. The sample undergoes a transition from an electrostat-
ically stabilised regime to an undulation stabilised regime. At still higher
ionic concentration, a collapsed lamellar phase is observed. Transition from

the swollen lamellar to collapsed lamellar phase is seen at around 100 mM.
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FIGURE 3.9: Fits obtained for the SAXS data of DDAC-NaCl
system at ¢=20. T=25°C
Unlike DDAC, a coexistence of collapsed and swollen lamellar phases are
seen in the case of DDAB in the absence of salt. A detailed comparison
of these systems is given in section 3.2. DDAB-PAANa complexes with
PAANa2100 and PAANa5100 show a swollen sponge phase’ (instead of
a swollen lamellar phase in the DDAC case). Clearly the lamellar phase
formed by DDA™ ion in the presence of Br~ and CI~ counterion show very

different phase behaviour in the presence of low molecular weight PAANa.
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Effect of salt on the lamellar phase of DOTAP

If the phospholipid membrane is not electro-neutral, then its bilayer bend-
ing rigidity will have contributions from the surface charges. Bilayers formed
by charged lipids form lamellar phase, stabilised by electrostatic interaction.
They have very high bending rigidity of 100kT*®, in comparison to an un-
charged fluid lipid bilayer ( 30kT)!!. SAXS data shows a gradual decrease in
the d-spacing with increasing ionic strength. As the ionic strength is grad-
ually increased, the Debye length decreases due to the screening of charges
by the counterions. Bing-Sui Lu et al.® have reported that, in the case of a
charged lipid, dipalmitoylphosphatidyl glycerol (DPPG) the bending rigid-
ity decreases with increase in the ionic concentration of the salt solution.
They show that at [NaCl]~100 mM, the bending rigidity is around 100kT
and at 500 mM it is around 50kT®. This implies that, as the concentration of

salt in the system is increased, the membranes soften.

DOTAP is a charged lipid, just like DPPG. With increase in the ionic strength,
Debye length steadily reduces due to the screening thereby reducing the ex-
tent of electrostatic repulsion®. Also in this case, K is very high and therefore
the undulation amplitude is very low. This explains the absence of undula-
tion repulsion and therefore the absence of swelling in the DOTAP-PAANa
system previously discussed in Chapter 2. The complexes show a d-spacing
of around 5.0 nm, irrespective of the ionic concentration, which is similar to

the DOTAP-NaCl system.

3.6 Conclusions

In this chapter we study the effect of salt in several lamellar phase form-

ing surfactants. DDAC exhibits lamellar phase over a wide range of salt
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concentrations. As the ionic strength of the brine solution is gradually in-
creased lamellar phase is observed to undergo transition from an electro-
statically stabilised (large d-spacing and high bending rigidity) — undula-
tion stabilised (large d-spacing and low bending rigidity) — Van der Waals
stabilised (low d-spacing) phase. The DDAB-NaCl system also shows a sim-
ilar behaviour, though the transition to the Van der Waals stabilised phase
happens at a much lower ionic strength. However in the case of a charged
phospholipid DOTADP, the d-spacing steadily decreases with salt. Though a
softening of the membranes might be occurring, the bare rigidity of these

bilayers is high, as in the case of zwitterionic double chain lipids .

From the above studies we can conclude that the swelling behaviour of
DDAC-PAANa complexes at low molecular weight of polyelectrolyte arises
from the long range undulation repulsion interaction. This repulsive inter-
action arises from the thermally fluctuating bilayers of very low bending
rigidity. Screening of charges by the counterions present in the system leads

to the low bending rigidity of the membranes.
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Chapter 4

MTAB-DNA Complexes

4.1 Introduction

In the second part of the thesis we present studies on the structural polymor-
phism of surfactant micelle-DNA complexes. DNA, the carrier of hereditary
information in living organisms, is an anionic polyelectrolyte. DNA and op-
positely charged surfactant micelles can self-assemble into 2-dimensional
crystalline structures in water, which mimic 2-dimensional ionic crystals.
This self-assembly is driven mainly by the release of counterions that are ini-
tially condensed on DNA and the surfactant micelles' . These complexes
exhibit various structures and their stability has been studied in the past by
varying several factors, such as the relative DNA concentration, salt concen-

tration, and type of surfactant counterion.

4.2 Earlier Studies

Surfactant-DNA complexes®™'!, show several kinds of phases like interca-
lated hexagonal phase, inverted hexagonal phase, lamellar phase etc. Radler

et al.'? and Safinya'® have discussed how DNA intercalates in between the
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FIGURE 4.1: (a) Schematic of lipid-DNA complexes forming

lamellar phase®.(b) Diffraction patterns of cationic lipid-DNA

complexes as a function of different lipid (L) to DNA (D)
weight ratio (L/D)*.



4.2. Earlier Studies 101

multimembrane lamellar stack made up of binary mixture of a neutral lipid
and a charged lipid. Safinya et al.* studied lamellar complexes formed
by the lipid mixtures DOPC/DOTAP or DOPE/DOTAP, in the presence of
DNA. They observed a DNA-DNA correlation peak present in the SAXS
data, arising from the DNA monolayer intercalated in the lamellar phase

(Fig. 4.1a and b).

Bruinsma has proposed a Poisson - Boltzmann theory for the lipid-DNA
complexes.’. There are also several other studies discussing the structure
of cationic lipid - DNA complexes, because of its relevance in gene ther-
apy '“~'°. Harries et al'” developed a model to understand the phase be-
haviour of complexes of DNA with cationic lipids, as a function of charged
to neutral lipid ratio and charged lipid to DNA ratio. They have discussed
in detail the self assembly and electrostatics of intercalated DNA- lamellar
complex. They found that at low p (excess DNA) and high p (excess lipo-
some) the DNA-DNA spacing (d) was a constant. Over the intermediate

region, d was found to increase linearly with p.

Cylindrical micelle forming surfactants can also form complexes with DNA,
which mimic 2D ionic crystals. Fig. 4.2 is a figurative representation of such
an intercalated hexagonal Hf and inverted hexagonal Hf; phase formed by
surfactant micelles and DNA. These phases have been studied by several

41118 Krishnaswamy et al.” showed the transition between hexag-

groups
onal, lamellar and inverted hexagonal phases in CTAB-DNA complex by

tuning the concentration of hexanol (cosurfactant) in the system.

In the following part of this section, structures formed by single chained
surfactants of different alkyl chain lengths and counterions such as, cetyl
trimethylammonium bromide (CTAB - with 16 carbons in the hydropho-

bic part), cetyltrimethylammonium tosylate (CTAT - with 16 carbons in the
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FIGURE 4.2: The inverted hexagonal phase (Hj;) (left) and in-
tercalated hexagonal phase (HY) (right) 18.

hydrophobic part), dodecyltrimethylammonium bromide (DTAB) (with 12
carbons in the hydrophobic part) etc. with DNA, which are relevant to our

present study are discussed briefly.

Fig. 4.3 shows the SAXS data obtained for CTAB-DNA complexes in water”.
CTAB-DNA complexes were found to form an intercalated hexagonal (Hf)
phase, with the scattering vectors of the peaks in the ratio 1 : /3 : 27.
Fig. 4.4a shows the polymorphic phase behaviour of the complexes of CTAT
with DNA in water®. At low values of surfactant to DNA base molar ratio,
p<1.5, as the [CTAT] is gradually increased, transition from an intercalated
hexagonal (Hj) phase to a super hexagonal (Hj,) phase is observed, the
structures of which are discussed in detail in ref 6. At higher values of p
and for [CTAT] > 50 mM, a square (S%) phase is observed. The SAXS data of
the above phases from ref. 6 is given in Fig. 4.4b. The Hj phase is the V3
x /3 super lattice of the hexagonal phase, with the first order i.e. the (10)
peak absent. The structure of the C, phase shown in the phase diagram, is

unknown.
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Phase Diagram of CTAT-DNA Complex in thep-Cs Plane
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FIGURE 4.5: The (a) Hj, (b) S7 and (c) Hj structures devel-
oped from the electron density model of CTAT-DNA com-
plexes in water®”.

NaCl can induce the growth of CTAB cylindrical micelle to worm like mi-
celles (WLMs). The complex is found to be stable in the H} phase, even
on addition of NaCl. Unlike NaCl, KBr which is more efficient for micel-
lar growth was able to induce a phase transition from Hj phase to a Hj

phase”’

. At low p, in the presence of a strongly binding counterion con-
taining salt like sodium tosylate (NaT) with concentrations ranging from 20
mM to 80 mM, a H; — Hf_, — S} is observed. However, only a S phase is

observed for a similar concentration of salt at high p”.

Tosylate counterion can strongly adsorb on to surfactant micelle. In the case

of a Hf phase, there are two DNA corresponding to one micelle. In the case
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FIGURE 4.6: SAXS data of DTAB-DNA complexes at p=0.5 and
[DTAB]=10 mM at different temperatures taken from ref. 7.
of S} there is one DNA corresponding to one micelle. At low p and low
values of CTAT concentration the complex forms an intercalated hexagonal
phase (Hf). As the CTAT concentration is gradually increased, more tosy-
late counterions get adsorbed on the micelle. The DNA and the tosylate
counterion compete to adsorb on the micelle. Since the square phase (5%)
demand release of only half the number of counterions in comparison to
the hexagonal phase, at high CTAT concentrations S is observed. However
an intermediate CTAT concentrations, Hj ; phase is seen. Its structure cor-
respond the V3 x V3 superlattice of the Hf structure, as shown in Fig. 4.5.
Osmotic pressure studies on the samples prepared in the Hj phase of the
CTAT-DNA complexes in water showed that the complex undergo phase
transition to an H¢ phase on increasing the PEG8000 concentration'!, which

confirms the proposed structure of the Hyf , phase.

In case of DTAB-DNA complexes in water, SAXS data has broad peaks for
different values of p and POM studies show birefringent textures”. The

broad peaks indicate a short range translational order in the system, whereas
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FIGURE 4.7: Chemical structure of surfactants, (A)
myristyltrimethylammonium bromide (MTAB) and (B)
sodium tosylate (NaT).

optical birefringence implies long range orientational order. Fig. 4.6, shows
the SAXS pattern of this phase. The effect of addition of strongly binding
tosylate counterion was also studied for the above complexes’. At p=0.5,
a transition from Hj ¢ phase to S phase is observed. Similar to the case of
CTAT and CTAB, this Hj; phase also has a missing (10) reflection. On ad-
dition of NaCl to the complex at [DTAB]=10 mM, Hf/s is observed at low

values of p. At higher values of p an S¢ phase is observed .

In this chapter, our motivation is to see the effect of surfactant chain length
on the structure of the complex. Towards this end we study the structural
polymorphism exhibited by the complexes of surfactant myristyltrimethy-
lammonium bromide (MTAB) with DNA.

4.3 Materials and Methods

Myristyltrimethylammonium bromide (MTAB), deoxyribonucleic acid sodium

salt (DNA) from calf thymus, sodium chloride (NaCl) and sodium tosylate
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(NaT) shown in Fig. 4.7, were obtained from Sigma Aldrich and used with-

out any further purification.

For sample preparation, DNA fibres were added to surfactant solutions of
desired concentrations. The molar ratio of MTAB, to that of DNA base,
ns/ny is defined as p. DNA fibres(wpn4=5 mg), are added to MTAB samples
prepared at 20 mM and 50 mM and left for equilibration (T= 40°C). Various
techniques like polarising optical microscopy (POM), small angle x-ray scat-
tering (SAXS), cryogenic scanning electron microscopy (cryo-SEM), elemen-
tal analysis (Carbon Hydrogen Nitrogen Sulphur (CHNS)) were performed
to understand the structure of the complexes. For a square (S%) phase, the
peaks follow the ratio 1:4/2:v/4:4/5 and for a hexagonal (Hf) phase, the
peaks follow the ratio 1:4/3:/4.

The samples for CHNS analysis were prepared the same way as for SAXS
and POM. For the study, complex from the sample was transferred to tin
cups and left to dry in a desiccator overnight. The weight of the dried sam-
ples were determined and placed into the carousel of the automatic sample
feeder. The weight of the dried sample was around 1-5 mg after drying.
The obtained percentages of carbon and nitrogen were used to determine

the molar ratio of surfactant to base, i.e. n;/ny, in the complex.

4.4 Results

4.4.1 SAXS studies
Effect of surfactant concentration on the structure of complexes

DNA was added to MTAB solutions of concentration 50 mM, prepared at

different p varying from 0.5 to 5 in Millipore water. At p=0.5, SAXS data
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correspond to a hexagonal phase. The lattice parameter was found to be
5.01 nm. Fig. 4.8a, shows the SAXS data of these complexes at different
values of p. Further, as we increase the value to p=5, the lattice parameter
increased to 5.30 nm. This shift in the lattice parameter is a consequence of
increase in the micellar size with increase in MTAB concentration. Table 4.1,
shows the variation of d-spacing with p in water. The system continues to

remain in the hexagonal phase on increasing p from 0.5 to 5.0.

TABLE 4.1: The lattice parameters of MTAB-DNA complexes
in water obtained from SAXS data at [MTAB]=50 mM and 20
mM.

| [MTAB]=50mM | [MTAB]=20 mM |
p a[nm] Phase |p
05 5.01 H |- - -
1 5.21 Hf |1 494 H¢
3
5

a[nm] Phase

3 527  HS 521 HE
5 530  HS 518  HE

To study the effect of surfactant concentration, a series of MTAB samples
were also prepared at [MTAB]=20 mM. SAXS data correspond to a hexag-
onal phase similar to [MTAB]=50 mM, indicating that hexagonal phase is
stable at different MTAB concentrations (Fig. 4.8b). Since the system shows
similar phase behaviour at high and low values of MTAB concentrations,
turther experiments are done with [MTAB]=50 mM, unless mentioned oth-

erwise.

Effect of salt on the structure of complexes

To study the effect of salt on the MTAB-DNA complexes, samples were
made in NaCl solutions of varying concentrations, fixing [MTAB]=50 mM.
NaCl concentration varied from 0 to 500 mM, with p = 0.5, 1, 3 and 5. The

SAXS data correspond to a hexagonal phase. The sharpness of the peak



4.4. Results 111

TABLE 4.2: The lattice parameters obtained for the MTAB-
DNA-NaCl complexes from SAXS data at different p for
[MTAB]=50 mM.

| p=0.5 | p=5 |
NaCl [mM] a[nm] Phase | NaCl [ mM] a[nm] Phase
0 5.01 H¢ 0 5.30 H¢
200 510  HS 200 527  HE
400 5.38 HY 400 5.43 HY

is also increasing with increase in the salt concentration. As concentration
of NaCl is gradually increased, initially a translucent complex is observed
with SAXS study showing a broad peak. However at very high concen-
tration of salt the system forms an isotropic phase. A similar behaviour is
also observed at higher values of p i.e. at 1, 3 and 5. Figs. 4.9a, 4.9b, 4.10a
and 4.10b show the SAXS data obtained for p=0.5, 1, 3 and 5 respectively,
at different NaCl concentrations. Table. 4.2 shows the variation in lattice
parameter at p=0.5 and 5. The lattice spacings of complexes at p=0.5, 1, 3

and 5 are depicted in Fig. 4.11.

The effect of addition of a strongly binding counterion (NaT) on the struc-

ture of complexes

At p=0.5, the samples were prepared with NaT solutions, whose concentra-
tion varied from 40 mM to 100 mM. As the [NaT] is gradually increased,
transition from a hexagonal phase to a square phase was observed, with lat-
tice parameters 5.64 nm and 5.05 nm respectively. In the square phase only
the first order and the fourth order peaks are observed. They correspond to
the (hk) planes (10) and (21). The phase behaviour of the sample is given in
Fig. 4.12a. However, at higher concentrations of NaT, the system goes to an

isotropic phase.
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FIGURE 4.9: SAXS data of MTAB-DNA-NaCl complexes with
[MTAB]=50 mM at (a) p=0.5 and (b) p=1. T=30°C.
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FIGURE 4.10: SAXS data of MTAB-DNA-NaCl complexes
with [MTAB]=50 mM at (a) p=3 and (b) p=5. T=30°C.
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FIGURE 4.11: The lattice parameter of MTAB-DNA-NaCl
complexes obtained from the SAXS data. [MTAB]=50 mM,
0=0.5,1, 3 and 5. T=30°C.

We also studied the phase behaviour at p=4, which also behaved similar to
p=0.5. The SAXS data is depicted in Fig. 4.12b. In this case the hexagon to
square phase transition was observed as the [NaT] was increased from 20
mM to 40 mM, with lattice parameters 5.43 nm and 4.7 nm respectively. At
60 mM, the square phase has a lattice parameter of 4.82 nm. As the NaT
concentration is gradually increased, peaks broaden. At 150 mM the system

is isotropic.

4.4.2 POM and Cryo-SEM studies of MTAB-DNA complexes

Optical microscopy studies of the MTAB-DNA complexes at [MTAB] = 50
mM were also performed. The complex in the hexagonal phase is a white,
opaque precipitate. As the salt concentration is increased, the complex be-
come translucent, which corresponds to nematic phase. The hexagonal and

nematic phases show birefringence, indicating order in the system.
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FIGURE 4.12: SAXS data of MTAB-DNA-NaT complexes at

3.0

2.5
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[MTAB]=50 mM, (a) p = 0.5 and (b) p=4. T=30°C.
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Fig. 4.13a, shows the hexagonal phase of the complex at p=1 and [NaCl]=
400 mM. A highly birefringent coloured mosaic texture is obtained, typical
of a hexagonal phase. Fig. 4.13b, shows the nematic phase of the complex
obtained at p=5 and [NaCl] = 550 mM. A less birefringent texture indicating
the nematic phase is observed. In this case, though long range translational
order is lost, long range orientational order is still present which gives rise

to the birefringent textures.

Fig. 4.14 and Fig. 4.15, show the cryo-SEM images at high and low DNA
regimes. Both show bundles of rod like structures. In the case of p=0.5 and

p = 5.0, each bundle has a diameter of around 44 &+ 2 nm.

4.4.3 Cryo-SEM studies of complexes of CTAB and CTAT

with DNA

CTAB forms 2D hexagonal lattice with DNA in water as discussed in sec-
tion 4.2. On addition of salts, it can either stay in the hexagonal phase or
can form super hexagonal phase depending on the kind of counterion. In
the case of CTAT, it can form a square, hexagon or a super hexagon lattice

under various conditions®

. In this section, direct imaging of these struc-
tures are done by using cryo-SEM. In figures Fig. 4.16 and 4.17, we show
the cryo-SEM images of these complexes. CTAB-DNA complexes show a
large number of bundles. The bundle diameter is around 57 £ 5 nm for p=1
(Fig. 4.16(a)) and around 43 + 5 nm for p=4 (Fig. 4.16(b)). Similarly, cryo-
SEM images of CTAT-DNA complexes also show identical morphology. At

p=1, the bundle size in this case is found to be around 64 + 5 nm and at p=4,

the size is around 56 & 3 nm.
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(b)

FIGURE 4.13: POM textures of MTAB-DNA complexes in (a)
hexagonal phase (p = 1 [NaCl]=400 mM) and (b) nematic
phase (p = 5 [NaCl]=550 mM) at [MTAB]=50 mM. T=30°C.
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(b)

FIGURE 4.14: Cryo-SEM images of MTAB-DNA complexes in
the hexagonal phase at p=1 and [MTAB]=50 mM. T=30°C.
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FIGURE 4.15: Cryo-SEM images of MTAB-DNA sample in the
hexagonal phase at p=5 and [MTAB]=50 mM. T=30°C.
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FIGURE 4.16: Cryo-SEM images of CTAB-DNA complex in
the hexagonal phase at (a) p = 1 and (b) p = 4. [CTAB]= 20
mM. T=30°C.
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(b)

FIGURE 4.17: Cryo-SEM images of CTAT-DNA complex in the
hexagonal phase at (a) p = 1 and (b) p = 4 at [CTAT]= 50 mM.
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4.4.4 CHNS Analysis

In the previous section we found from small angle x-ray scattering and po-
larising microscopy studies that, the MTAB - DNA complexes form a 2 di-
mensional hexagonal lattice. CHNS analysis can provide us a quantitative
information regarding the amount of surfactant and DNA (ns/n; ) in the

complex. This can then be compared with p in the bulk.

MTAB-DNA-Water: Samples with p ranging from 0.5 to 5, were used for the
study. For the analysis, the complex was weighed and dried in the tin cups
used in CHNS analysis. From the CHNS data we obtained the composition

of Carbon and Nitrogen in the complex. We have the following relations,

1n,Cp + nsCs = Cy wn

where n;, is the number of DNA bases, 7, is the number of surfactant molecules,
Cp is number of carbons per base, Cs is number of carbons per surfactant
molecule, Nj, is number of nitrogen molecules per base, N; number of ni-
trogen molecules per surfactant. C; and N; are the total number of carbon
and nitrogen molecules present in the sample. The unknowns are 1, and ;.

Solving the above equations, the value of ns/ny, is found.

From the CHNS data depicted in Fig. 4.18a, it can be seen that as p is grad-
ually increased from 0.5 to 3, the corresponding /1, also increases to 1.5.
However on further increasing p from 3 to 5, the n;/n;, ratio remains un-
changed and is saturated at the value 1.5. SAXS data (Fig. 4.8a) has shown
that the system remain in a hexagonal phase at p values ranging from 0.5 to

5.
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FIGURE 4.18: ns/n;, of the MTAB-DNA complexes obtained
from CHNS analysis in (a) water and (b) [NaCl] with p varying
from 0.5 to 5.0. [MTAB]=50 mM. T=30°C.
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Therefore from the CHNS experiment, it becomes evident that in a hexago-
nal phase, the maximum value of the molar ratio of MTAB to DNA, in the
complex is 1.5. The CHNS data obtained is therefore in agreement with the
theoretical value of the hexagonal phase as discussed below. The obtained

result is shown in Fig. 4.18a.

MTAB-DNA-NaCl: CHNS analysis was also done with MTAB-DNA com-
plexes in NaCl solutions with concentrations ranging from 200 mM to 400
mM and for p =1, 3 and 5. The CHNS analysis depicted in Fig. 4.18b shows
similar behaviour as the water samples. At p=0.5, as the ionic strength of
NaCl is increased from 0 to 400 mM, n¢/n; ratio is found to be around 0.5.
At p=1, ns/ny is around 0.9 to 1.1 approximately. At p=3 and 5, ns/ny is
around 1.5. From SAXS, it is found that the micelles and DNA arrange
themselves in a 2D hexagonal lattice. The obtained value of 15 /1y, is similar
to that in water, with its maximum value at 1.5, which is what is expected
for well packed cylindrical micelles with DNA, the calculation of which is

given below 1.

The head group area of the alkyltrimethylammonium surfactant in the mi-
cellar phase is about 0.65nm??. For the calculation we assume DNA and
micelle to be infinitely long. In hexagonal phase, corresponding to every
micelle there are two DNA. The corresponding stoichiometric ratio is there-
fore 1:2. Taking the micellar radius to be ~2.0 nm?3, the micellar surface
area corresponding to the height of a base pair along the DNA strand (0.332
nm?*) is ~4.17 nm?. This corresponds to 3.2 surfactant molecules for every

DNA base. Hence ng/n;, = 1.6.
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4.5 Discussion

MTAB-DNA-water: MTAB-DNA complexes form a 2D hexagonal lattice. It
is evident from the studies that this lattice structure is stable over a large
range of surfactant concentrations. Figs. 4.8a and 4.8b, show the SAXS data
of MTAB-DNA complexes. The studies were done for p=0.5, 1, 3 and 5. It
can be seen that as the surfactant concentration is gradually increased (i.e. p
is increasing), the peaks become sharper (eg. in Fig. 4.8(b)). As p is increased
from 1 to 5, the higher order peaks grow from broad to sharp ones. CHNS
data also show that as the value of p is gradually increased from 0.5 to 5, the
ns/ny ratio also increase gradually and saturates at a value of 1.5. Up to p =
1.5, the global p and the 15 /1y, in the complex are the same. This is consistent
with increasing length of the micelles with increasing p. Hence, there is no

excess DNA in the solution. At higher global p, the ns/n; saturates at 1.5.

MTAB-DNA-NaCl system: The Na® and Cl~ ions present in the sample
screen the charges on the DNA and MTAB micelles. The head group of
MTARB carries a positive charge. As a result, the head groups repel each
other. Addition of a monovalent salt like NaCl, reduces the strong elec-
trostatic repulsion between the head groups reducing the spontaneous cur-
vature and favouring micellar growth'”=?!. The long cylindrical micelles
induce cross-linking with DNA more efficiently, thereby developing long
range translational correlations across the system. The evidence can be seen

in the increase of the sharpness of the peaks on addition of salt.

MTAB-DNA-NaT system: At low p and high p, the MTAB-DNA-NaT com-
plexes show a hexagonal to square transition. In the case of a hexagonal
lattice, there is 1 micelle corresponding to 2 DNA. In the case of a square

lattice, there is 1 micelle corresponding to 1 DNA. So for the complex to
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FIGURE 4.19: The twisting of bundles arising from micro-
scopic chirality 25.
form a hexagonal phase, twice the number of counterions need to be re-
leased, in comparison to that of that of square phase. In the case of MTAB
in water or NaCl solution, the counterions are not strongly adsorbing. So
they release easily for the complex formation, leading to the formation of
hexagonal phase. However, in the case of tosylate counterion, due to its
strong adsorption in comparison to the Cl™~ ions, a competition arises with
DNA during the complex formation. On the other hand, for the formation
of square phase, the amount of counterions needed to be released is only
half as that required for the formation of a hexagonal phase as discussed
already. So as the tosylate concentration is increased, more and more tosy-
late counterions strongly absorb into the micelle. Due to their reluctance to
release into the solution, i.e. to reduce the amount of counterions released,
the system undergoes a phase transition from a hexagon to a square phase.
Thus a hexagon to a square phase transition is observed as we increase the

NaT concentration in the case of MTAB-DNA-NaT system.

Cryo-SEM and POM studies: The POM of the MTAB-DNA complexes show
birefringence. The cryo-SEM studies show bundles of rod like structures,

with a preferential orientation. DNA is a chiral molecule. When it forms
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complex with MTAB, the microscopic chirality can manifest macroscopi-
cally by inducing a twist as shown in Fig. 4.19. This may be the reason for

the formation of bundles as discussed in 25 and shown in Fig. 4.19.

4.6 Conclusions

The SAXS and POM studies of MTAB-DNA complexes show an interca-
lated 2 dimensional hexagonal phase made up of MTAB micelles and DNA
in water and also NaCl solutions. On addition of strongly binding salts like
sodium tosylate, a hexagon to a square phase transition is observed. Cryo-
SEM images revealed interesting bundle like morphology in these com-
plexes. CHN studies indicate the growth of micelles with increasing sur-

factant concentration.
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Chapter 5

Electron Density Map of
MTAB-DNA Complexes

5.1 Introduction

As discussed in Chapter 4, MTAB-DNA complexes form a two-dimensional
(2D) hexagonal phase. In this chapter we generate the electron density map
of the above hexagonal lattice from the scattering data and by intelligent
guessing of phases of the diffraction peaks. An idea about the relative po-
sitions of micelles and DNA can be obtained from the generated map. On

this basis, we further model the lattice to obtain several system parameters.

5.2 Construction of electron density maps

In this section we discuss how we generate the electron density map ' for
the MTAB-DNA complex, from the data obtained from SAXS. The MTAB-
DNA complexes in water at [MTAB]=50 mM, self assemble into a 2 D hexag-
onal phase. SAXS data contain three peaks corresponding to this phase as

shown in Fig.5.1. A 2D real space hexagonal lattice is shown in Fig. 5.2. We
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FIGURE 5.1: SAXS data of MTAB-DNA complexes in water at
different values of p.

consider a centred rectangular unit cell with translational vectors 4 and b,

with b = v/3a. Then any point in this lattice can be written as

The reciprocal lattice vectors, gy for this centred rectangular lattice are given

by

FIGURE 5.2: Translational lattice vectors @ and b of a centred
rectangular unit cell.
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Toe = ha* + kb* (5.2)

where, a* and b* form the translational vectors of the reciprocal lattice,

which can be written as

(5.3)

In the case of a hexagonal phase the peak positions in terms of scattering
vector g, follow the ratio 1 : V3:2, corresponding to the (hk) planes (10),
(11) and (20). By integrating area under each peak, corresponding intensi-
ties are obtained. Since the detector used for data collection in our case is
1 dimensional, each peak area is multiplied by ¢?, to take care of the ge-
ometry of the unoriented sample!~. Since we are interested in the relative
intensities, the obtained intensity values were normalised, the square root
of which give the amplitude of reflection, A(gx). Thus we obtain the cor-
rected intensity and the corrected amplitude'™. Then the electron density

can be written as

onk(7) = Y pieA (i) Cos (G - 7) (5.4)

In the above equation, py; defines the phase of the reflection. Since the struc-
ture is centro-symmetric, and taking the origin at the centre of symmetry,
Pk can take values +1 or —1. In our case the SAXS data has 3 prominent
peaks. Keeping one of the phases fixed, all 22 = 4 combinations are calcu-

lated (the remaining being just the inverse) and the corresponding electron
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FIGURE 5.3: The relative electron density map of intercalated
hexagonal phase obtained for MTAB-DNA complex.
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FIGURE 5.4: The relative positions of micelles (green core with
red annular region) and DNA (pink disc) (left) and the repeat-
ing unit (right) of the intercalated hexagonal phase formed by
MTAB-DNA complex.
densities are plotted. Fig. 5.3, gives the relative electron density map of
the MTAB-DNA complex at [MTAB]=50 mM and p=5, which clearly shows
the intercalated hexagonal phase of MTAB-DNA complex (Fig. 5.4). Now

a model is constructed based on this map to obtain the relative intensity of

the peaks and therefore understand its physical validity.

5.2.1 Modelling of the hexagonal phase

From the electron density map, we have a model of the arrangement of mi-
celles and DNA in the hexagonal lattice. Fig. 5.4, shows the relative posi-
tions of the MTAB micelles whose hydrocarbon chain regions are denoted
by the green inner core (of radius r.) with the surface head group region

denoted by the red outer shell(of thickness J) and DNA solid discs in pink
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(radius r;). The repeating unit of the lattice is given in Fig. 5.4. For mod-
elling of the structure, we follow the procedure described in references, 14,
which is discussed below. To model the 2 dimensional structure, DNA are
considered to be discs of radius r; and electron density p;. The micelles are
modelled as discs with the hydrocarbon core of radius 7. and electron den-
sity p., surrounded by an annular region of width § and electron density
pn’. rqg = 1.25nm and pg = 400e/nm?>. Values of p. and the electron density
of water p,, were taken from the literature to be 280 e/ nm? and 330 e/nm?,

respectively®.

The electron density of the 2 dimensional lattice formed by DNA and mi-
celles, p.(7) can be written as convolution of a lattice function p;(¥) with
a basis function p(7). The lattice function is a set of delta functions which
describes the lattice and basis function is the repeating unit, which when

repeated generate the crystal (Fig. 5.4).

pc(7) = pi(7) ® p(¥) (5.5)

the Fourier transform of which is given by,

fe(d@) = f1(§) < f(q) (5.6)

In case of the 2 dimensional intercalated hexagonal lattice (H}) formed by
the MTAB micelle and DNA, each repeating unit contains two DNA and

one MTAB micelle. For our case then the electron density can be written as,

0(F) = Pana(F) ® [3(r — b)3(0 — 7/2) + 6(r — B)3(0 + /2)] +pu(F) (5.7)
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where b is the separation between the centres of micelle and DNA (Fig. 5.4).
Since the structure is assumed to be close-packed, b = r. + 6 + r;. By doing
Fourier transform of Eqn. 5.7, we obtain the form factor of the repeating

unit which is given by,

fHi(q,¢) = 2Cos(qbSin(¢)) f4(q) + fu(q) (5.8)

where f; and f;, are the form factors of the DNA and micelle respectively,

given by

fa(q) = —[(oa — pw)ral1(qra)]

fm(q) =

7
1 (5.9)

J1 is the Bessel function of first kind of order 1 defined as

Ji(x) = (1/m) /On Cos6 Sin(xCost)do

The data was fitted to the model with p, and ¢ as adjustable parameters.
The fits were obtained by constraining the value of p; and § between 280 to

400 e/nm> and 0.5 to 1.2 nm respectively.

The best fit parameters to the model are given in the Tab. 5.1. The calculated
(I;;) and observed (I}, ) values of intensities is given in Tab. 5.2. A parameter
Ris defined as }_ |(If, — Ip.)|/ ¥ I}, to evaluate the goodness of the fit. The
quality of fit is very good as indicated by the low value of R. This confirms

the validity of the proposed model for the structure of these complexes.
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| pn(e/nm®) | 6(nm) | b(nm) | re(nm) | ry(nm) | R |
| 33049 | 066 | 3.01 | 1.09 | 1.76 [0.06 |

TABLE 5.1: The best fit parameters obtained for the MTAB-
DNA complexes at p=3 and [MTAB]=50mM

(m,k[1,0] 112021 ]
I, 1100 [ 6.09 [ 7.71 | 0.41
I, [100 [6.02[7.65| 0
pne | -1 | +1 | -1 -1

TABLE 5.2: The relative peak intensities obtained from the best
fit parameters (I};) and from SAXS (I}},) for MTAB-DNA com-
plex at p=3 and [MTAB]=50 mM. py is the phase of reflection

5.3 Conclusions

In this chapter we have constructed electron density map of the 2 dimen-
sional lattice formed by MTAB-DNA complexes. We also modelled it to an
intercalated hexagonal phase and obtained the best fit parameters. We also
checked the goodness of the fit by comparing the relative intensity values

from experiment and model.
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Chapter 6

MTAB - DTAB - DNA Complexes

6.1 Introduction

In Chapter 4, we have seen the polymorphic behaviour of MTAB-DNA com-
plexes with different counterions. From earlier studies, we also know the
structural polymorphism of Dodecyltrimethylammonium bromide (DTAB)-
DNA complexes . The only difference between the two surfactant molecules
is the number of carbons in the hydrophobic chain, with MTAB having 14
carbons and DTAB having 12 carbons. In this chapter we try to understand
the vast difference in the phase behaviour of these two systems, by studying

complexes of binary mixtures of MTAB-DTAB with DNA.

6.2 Earlier Studies

In Chapter 4 section 4.2, we have discussed in detail the structural poly-
morphism of complexes formed by CTAB, CTAT, MTAB and DTAB with
DNA, based on several previous studies . From our studies we know that
MTAB-DNA complexes exhibit hexagonal phase in water, irrespective of

the surfactant concentration, MTAB to DNA base molar ratio, etc. which is
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FIGURE 6.1: The figure shows partial phase diagram of DTAB-
DNA complexes in NaCl solutions?.
discussed in Chapter 4. In NaCl solutions, the complex swells and at very
high salt forms an isotropic phase. In the presence of a strongly binding

counterion like NaT, it forms a square phase.

Fig. 6.1, shows the partial phase diagram of DTAB-DNA complexes in the
presence of NaCl?. Atlow p = 0.5 (0 = n/ny, as defined in Chapter 4),
and at low NaCl concentrations, SAXS data show broad peaks. This phase
is referred to as the nematic gel I, which has long range orientational order
and short range translational order’. At [NaCl]=150mM, sample exhibits
a super hexagonal phase, whose (10) peak is absent”. At still higher con-
centrations of NaCl, the sample undergoes transition to nematic gel I1. At
p = 4, they again observed a nematic gel I, in the absence of salt. As the
salt concentration is gradually increased, system undergoes transition to a
square S} phase At yet higher concentrations of salt, sample transforms to

nematic gel I1. A detailed phase diagram of the above is given in Fig. 6.1°.

In order to understand the formation of different structures in MTAB-DNA

and DTAB-DNA complexes, surfactant solutions were prepared with binary
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FIGURE 6.2: Chemical structure of (A) dodecyltrimethylam-
monium bromide (DTAB), (B) myristyltrimethylammonium

bromide (MTAB).
mixtures of DTAB and MTAB. In each case the DTAB concentration was in-
creased from around 10% to 98%, fixing the total [MTAB+DTAB] concentra-
tion. Studies were performed in water and also by varying several factors

like, surfactant to DNA base ratio, external salt concentration etc.

6.3 Materials and Methods

Myristyltrimethylammonium bromide (MTAB), dodecyltrimethylammonium
bromide (DTAB), sodium chloride (NaCl) and deoxyribonucleic acid sodium
salt from calf thymus (DNA) were purchased from Sigma and used without
any further purification. The chemical structures of these are depicted in
Fig. 6.2. The surfactant samples of desired concentration in water or salt
solution are prepared. The molar ratio of surfactants (MTAB and DTAB), to
that of DNA base, n5/n; is defined as p.

For sample preparation, DNA strands were added to the surfactant solu-

tions prepared at desired concentrations in water and salt solutions. For our
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studies, the concentration of [MTAB+DTAB] is fixed at 50mM. These sam-
ples are then left for equilibration (T= 40°C) for around 5 days. Small an-
gle x-ray scattering (SAXS), Cryogenic scanning electron microscopy (cryo-
SEM) were used to study the structure and phase behaviour of the com-
plexes. Different phases were identified from their SAXS patterns. For a
square (S$) phase g values of the peaks follow the ratio 1:v/2: V/4:1/5 and for
a hexagonal (H$) phase, g values of the peaks follow the ratio 1:v/3:v/4.

6.4 Results

6.41 MTAB-DTAB-DNA complexes in water

At low molar ratio p=1

Samples were prepared as discussed in section 6.3. The complex, made up
of surfactant and DNA form a white precipitate. The complexes from the
equilibrated samples were used for the SAXS study. Depending on the value
of p, excess aqueous solution contains excess surfactant or excess DNA. For
SAXS the complexes were filled in glass capillaries along with the excess

aqueous solution and flame sealed.

The samples were prepared with DTAB concentration in the surfactant mix-
ture Wprap, increasing from 33% to 98% and [MTAB+DTAB]=50mM. At
WpTap=33%, the SAXS data show 2 peaks, the second peak being much
broader than the first. As the DTAB concentration is increased gradually,
the peaks (both first and second) become broader. These peaks are very
broad and cannot be fitted to a hexagonal or a square lattice. The SAXS data

of the same is given in Fig. 6.3. The position of g is seen to shift as Wprap is



6.4. Results 149

22 MTAB-DTAB-DNA 7

201}k / P=1, Water 4

1.6

Log Intesity [Arb. Units]

FIGURE 6.3: MTAB-DTAB-DNA complexes at p=1 in wa-
ter with increasing [DTAB] concentrations. [MTAB+DTAB] =
50mM and T=30°C.

increased from 33% to 98%. The corresponding variation in d-spacings are

given in Tab. 6.1

| [DTAB|% | d=271/q [nm] |

33 4.28
50 4.35
66 4.26
90 3.97
98 3.87

TABLE 6.1: The lattice spacings obtained from SAXS data of
the MTAB-DTAB-DNA complexes in water at [MTAB+DTAB]
=50mM and p=1.

At high molar ratio p=5

In this case the samples were made at a molar ratio of p=5. SAXS data with
increasing DTAB concentration is shown in Fig. 6.4. At Wpr4p=10% and

30%, the complex show diffraction data corresponding to hexagonal phase
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FIGURE 6.4: MTAB-DTAB-DNA complexes at p=5
in water with increasing [DTAB] concentrations.
[MTAB+DTAB]=50mM and T =30°C.
(Hf), with lattice parameters 5.18 nm and 5.03 nm respectively. However, as
Wprap was further increased, peaks became broader and shifted towards
higher g values. Broad higher orders are also visible. However they do not

tit to a hexagonal phase.

6.42 MTAB-DTAB-DNA complexes in salt solution

At low molar ratio of p=1

To study the influence of salt in these complexes, the samples were pre-
pared in [NaCl]=300mM. At Wprap = 33% and 66%, the complex exists in
a Hf phase, as shown in Fig. 6.5. The corresponding lattice parameters are
around 5.4 nm. As the concentration of DTAB is increased to 75%, a set of

peaks which can be fitted to a hexagonal phase, with a missing 1st order is
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FIGURE 6.5: MTAB-DTAB-DNA complexes at p=1 in the pres-
ence of salt ([NaCl]=300mM) with increasing [DTAB] concen-
trations. T=30°C.

observed. The (10) peak of this phase, which we refer to as the super hexag-
onal (HS) phase is absent in the SAXS data. Higher orders are visible in the
scattering data. The lattice parameters are given in Table 6.2. From Figs. 6.5
and 6.3 we can observe the following : (i) at low DTAB concentrations, on
addition of NaCl the broad peaks develop into a hexagonal Hf phase and

(ii) at high DTAB concentrations, the complex undergo transition to a super

hexagonal (Hj ;) phase.

TABLE 6.2: The lattice parameters obtained from SAXS at p=1
and [NaCl]=300mM. [MTAB+DTAB]=50mM and T =30°C.

| Wprap% | Lattice parameter [nm] | Phase |

33 543 HS
66 5.43 H¢
75 9.02 He
90 9.02 HE
98 8.91 He
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At high molar ratio of p=5

To study the influence of salt, samples were made in [NaCl]= 200mM and
300mM. In the case of [NaCl]=300mM and low DTAB concentrations, Wpr45=10%,
30% and 40%, the complex exist in a hexagonal (Hf) phase as shown in Fig.

6.6a.

At high Wpr4p=60% and above the sample shows a S{ phase. At an inter-
mediate DTAB concentration of 50%, there is a coexistence of Hf and SY.
The lattice parameters in this case are given in Table 6.3. The SAXS data
at [NaCl]= 200mM, also shows a similar behaviour, which is shown in Fig.
6.6b. In this case the H} phase is seen at Wp4p=10%, 30% and 40% with lat-
tice parameters 5.27 nm, 5.14 nm and 5.43 nm respectively. There is a wide
coexistence region ranging from 50 to 70%. At Wprap=90% a S} phase is

observed with a lattice parameter of 4.16 nm.

=5 [NaCl]=300mM

Wprap% | Lattice parameter (nm) | Phase
10 527 30
30 5.21 HE
40 5.30 HE
50 i HE+5¢
60 462 5¢
70 440 s
90 4.26 S5

TABLE 6.3: The lattice parameters of MTAB-DTAB-DNA
complexes obtained from SAXS data, with p=5 and
[NaCl]=300mM. [MTAB+DTAB] = 50mM. T =30°C.

6.4.3 Cryo-SEM studies of the super hexagonal phase

Fig. 6.7, shows cryo-SEM images of the super hexagonal structure formed

by MTAB-DTAB-DNA complexes. Samples are prepared in the same way as
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FIGURE 6.6: The SAXS data of MTAB-DTAB-DNA complexes
at [MTAB+DTAB]=50mM and [NaCl]=200mM for (a) p=5 and
(b) p=1. T=30°C.
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for SAXS. For the study the complex formed at high DNA content (0=1) and
[MTAB-DTAB]=50mM, WpT4p=75% and [NaCl] = 300mM was used (Fig.

6.7). They show bundle like morphology similar to MTAB-DNA complexes.

6.5 Discussion

In this study we have used the surfactant mixture of MTAB and DTAB, with
the [MTAB+DTAB] concentration fixed at 50mM, which implies a gradual
reduction in MTAB concentration on gradual increase of the DTAB concen-
tration. Studies show that in water and at very low concentrations of DTAB,
it forms ellipsoidal micelles”. Addition of salt leads to growth of the micelle.
In case of DTAB, on addition of NaBr, micelles grow in length7. In the pre-
vious chapter we have already discussed the structural polymorphism of

complexes of cylindrical MTAB micelles with DNA.

In water and at low p (p=1), Fig. 6.3 shows the scattering profile with in-
creasing concentration of DTAB. It was seen in the previous chapter that,
under the same conditions when the system is made up of MTAB, there are
sharp peaks corresponding to a hexagonal phase. On addition of DTAB,
SAXS show broad peaks. This arises from the short range order resulting

from the presence of short ellipsoidal DTAB micelles”.

However in the presence of NaCl and p=1 (low p), the complexes behave
differently. As DTAB concentration is increased from 33% to 66%, the scat-
tering profiles have sharp peaks, corresponding to hexagonal lattice (H7) as
shown in Fig. 6.5. It is known from the literature that, on addition of salt,
the counterion screen the charges on the head group reducing their mutual

repulsion®. Therefore the micelles grow’®. Such long cylindrical micelles
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(b)

FIGURE 6.7: Cryo-SEM images obtained for the MTAB-
DTAB-DNA complexes in the presence of [NaCl]=300mM at
WDTAB:750/° and p=1.
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can pack well with DNA thereby increasing translational order in the sys-
tem. At low DTAB concentration the system arrange in a Hj phase and at
high DTAB concentration in a Hf,s phase which corresponds to a \/5 x /3
super lattice of H{ . In the presence of salt the complex swells, which re-
sults in the loss of their hexagonal close packing. As a result they arrange
themselves in a /3 X /3 super lattice of H{ in order to retain some of the

oppositely charged species in proximity.

For p =5 in water, we obtained the scattering profile as shown in Fig. 6.4. As
evident from the figure, at low DTAB concentrations the complex exists in
a hexagonal phase. As the DTAB concentration is increased, peaks become
broader and cannot be fitted on to any lattice. In the presence of salt, and
at low DTAB concentrations, the complex has a hexagonal phase. For ex-
ample, at [NaCl]=300mM, the complex exists in a hexagonal phase at DTAB
concentrations from 10% to 40%, with much sharper peaks (Fig. 6.6), indi-
cating long range order in the system. We already mentioned the growth of
micelle in the presence of salt®, which leads to better packing of micelle with
DNA. At higher DTAB concentrations, this Hf is seen to transform into S.
In Hf, each micelle is surrounded by 6 DNA strands and in 5S¢, each micelle
is surrounded by 4 DNA strands. Hence for the same micellar size, DNA-
DNA repulsion can be expected to be much higher in the Hf compared to
the S¢.

It is observed in our case that, as the DTAB concentration is increased, the
complex undergo a transition from Hj to S{. When the DTAB concentration
in the sample is gradually increased, it implies an increase in the DTAB
concentration in the micelle. Or in other words the number of C14 chains
are replaced gradually by C12 chains which ultimately result in a smaller
micellar size. This consequent reduction in the size of the micelle force the

DNA cylinders to be closer, which is energetically unfavourable. As a result
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this favours a Hf — Sf transition.

6.6 Conclusions

Due to the presence of ellipsoidal micelles of DTAB, the MTAB-DTAB-DNA
complexes in water has short range translational order. At very low DTAB
concentrations in the presence of salt, a hexagonal phase (Hj) is seen. On
addition of salt and at high DTAB concentrations the complex shows a super
hexagonal phase (Hj ;) at low p and a square phase (59) at high p. The Hj
to Hj transition at low p can be attributed to the effect of salt that swells
the complex, whereas the Hf to S transition at high p can be understood in
terms of increasing DN A-DNA repulsion due to the gradual decrease in the

micellar diameter on increasing DTAB concentration.
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Chapter 7

Conclusions

This thesis describes studies on the structure and interactions in surfactant
- polyelectrolyte complexes. In the first part of the thesis we have presented
detailed experiments on the interaction of a linear anionic polyelectrolyte
with the lamellar phase of a cationic surfactant. In the second part, we de-

scribe the interaction of a cationic surfactant with DNA.

We have investigated the interaction of the fluid lamellar L, phase formed
by a cationic surfactant, DDAC with the anionic polyelectrolyte, PAANa.
The salt-induced structural changes of the DDAC-PAANa complexes for
polyelectrolyte molecular weight, M, = 2100, 5100 and 8000 were studied.
In the case of molecular weights 2100 and 5100 we observed the following.
At low ionic strengths a collapsed lamellar phase LS! is observed. At in-
termediate salt concentration, above a threshold concentration, an abrupt
swelling leading to the formation of a swollen lamellar phase L} is seen. At
very high ionic strengths a second collapsed lamellar phase LS is observed.
The formation of L¢' can be attributed to attractive patch charge attraction
or bridging interaction of polymer adsorbed bilayers. The abrupt swelling
leading to the formation of L arises from undulation repulsion between
the bilayers, which are decorated by a homogeneous adsorption layer. A

gradual reduction in the d-spacing is observed with further increase in the
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salt concentration which is due to the gradual desorption of polymers from
the bilayer surface. The L¢? phase is stabilised by Van der Waals attraction.
At very high molecular weight of 8000, this swelling transition is absent,
suggesting that the cohesive energy of the L¢! phase increases with increase
in molecular weight. Therefore the formation of the collapsed phase in the
PAANa8000 case can be attributed to increased attractive bridging inter-
action or patch charge attraction with increasing molecular weight of the
polyelectrolyte. We also saw that this swelling behaviour is absent in the
case of a charged lipid such as, DOTAP, whose bending rigidity is much
higher than that of DDAC.

Further studies are required to understand the underlying interaction lead-
ing to the formation of the collapsed lamellar phase, LS. Both patch charge
attraction and polymer bridging are possible mechanisms. Only the mea-
surement of the dependence of the interaction on the separation between
the bilayers will be able to resolve this issue. Another topic for further study
is the role of undulation repulsion in stabilising the L} phase. Although this
interaction is consistent with many of our observations, a direct measure-
ment of the effect of polyelectrolyte adsorption on the membrane rigidity is

required to unambiguously confirm the proposed mechanism.

In the second half of the thesis we have studied the interaction of cationic
surfactants with DNA. The cylindrical micelles of the surfactants in the pres-
ence of DNA arrange in 2D lattices resembling ionic crystals. They exhibit
structural polymorphism depending on micellar size. In this part of the
thesis we try to understand the polymorphic behaviour exhibited by these
complexes. From the previous studies we know that CTAB-DNA complexes
form hexagonal lattice in water. CTAT-DNA complexes show three different
phases such as hexagonal phase, super hexagonal phase and square phase

depending on the value of p. DTAB-DNA complexes show two kinds of
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nematic gel phases at low and high NaCl concentrations, irrespective of the
value of p. At intermediate NaCl concentrations, a super hexagonal phase

is observed at low p and a square phase is observed at high p.

We studied the phase behaviour of MTAB-DNA complexes and MTAB-
DTAB-DNA complexes. In the case of MTAB-DNA complexes in water
SAXS, POM and cryo-SEM studies show that they form 2D hexagonal phase.
On addition of salt the micelles grow, leading to long range translational
correlations. However, at very high salt, the interactions are completely
screened out leading to the destabilisation of the complex, resulting in an
isotropic phase. In the presence of strongly binding counterion like NaT, a
hexagonal to square lattice transition is observed at low p and high p. A
square lattice contains one DNA corresponding to one micelle, whereas in a
hexagonal lattice there are two DNA corresponding to one micelle. The to-
sylate counterions compete with DNA, because of its strong binding prop-
erty. Therefore a square lattice is preferred. CHN studies of the MTAB-DNA
complexes in water and salt also confirm the formation of a hexagonal lat-

tice.

In the case of MTAB-DTAB-DNA complexes in water, SAXS data shows
broad peaks. Hexagonal phase is observed at very high MTAB concentra-
tion. At [NaCl]=300 mM, as DTAB concentration is gradually increased at
low p, a hexagonal (HY) to super hexagonal (H‘f’s) transition is observed. At
high p, a hexagonal to square transition (S%) is found. DTAB micelles are
known to have an ellipsoidal structure. The presence of these ellipsoids,
disrupt the long range translational order in the lattice, resulting in poor
correlation and hence the presence of broad peaks. In the presence of salt,
micelles grow leading to the formation of more ordered structures. The Hj
to Hj transition at low p can be attributed to the effect of salt that swells

the complex, whereas the Hf to S} transition at high p can be understood in
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terms of increasing DNA-DNA repulsion due to the gradual decrease in the
micellar diameter on increasing DTAB concentration. The super hexagonal

phase is the v/3 x /3 super lattice of the hexagonal phase.

From the above studies, we now have a qualitative understanding of the
polymorphism of cationic surfactant-DNA complexes. Detailed theoretical
studies and simulations are required for a complete understanding of these

systems.
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