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Synopsis

Thesis title: “EFFECT OF SALT AND POLYELECTROLYTES ON SELF-ASSEMBLED STRUC-
TURES OF IONIC AMPHIPHILES”

In this thesis we study the structure, phase behaviour and polymorphism of different self-
assembled aggregates of ionic amphiphilic molecules in the presence of polyelectrolytes and salt.
In addition, the influence of pH on the phase behaviour of zwitterionic bilayers has also been
probed. Various experimental techniques, such as small angle x-ray scattering (SAXS), polarising
optical microscopy (POM), cryogenic scanning electron microscopy (cryo-SEM) and differential
scanning calorimetry (DSC), are used to probe the structure of different phases and the underly-

ing interactions.

In chapter 1 we give a brief introduction to amphiphilic molecules and principles of their self-
assembly(). Then we present a short description of the phase behaviour of amphiphile-water
systems®. We provide an outline of relevant interactions present in systems probed in this study.
We also describe the basic principles of experimental techniques, such as x-ray scattering, polar-
ising optical microscopy and cryo-SEM. SAXS data modelling for the determination of various
structures observed in our systems is also discussed.

In chapter 2 we describe the structural polymorphism of surfactant-DNA complexes. Double
stranded DNA, which has a persistence length of about 50 nm®, acquires a negative charge in
an aqueous solution due to dissociation. Single chain cationic surfactants form complexes with
DNA, which have two dimensional crystalline order . Structures of complexes of DNA with
alkyltrimethylammonium bromide (C,TAB) surfactants, with n varying from 8 to 18 have been
studied. Depending on the chain length of the surfactant (n) and the ratio of surfactant to DNA
base concentration (R) a variety of columnar structures, such as hexagonal (H), square (S), super
hexagonal (H;) are observed. SAXS patterns from different structures have been collected and the
data analysed (fig. 1). Electron density maps are constructed from the diffraction data (fig. 2, fig.
3). Composition of some complexes has been determined using elemental analysis.These results
indicate the important role played by the surfactant chain length in determining the structure of
surfactant-DNA complexes.

In chapter 3 we describe the effect of sodium salt of poly acrylic acid (PAANa) on the phase be-
haviour of didodecyldimethyl ammonium chloride (DDAC), didodecyldimethyl ammonium bro-
mide (DDAB) and dioctadecyldimethyl ammonium chloride (DOAC) bilayers. SAXS, Cryo-SEM,
thermogravimetric analysis (TGA) and POM techniques are used to identify the various phases
exhibited by these systems. Concentration and molecular weight of the polyelectrolyte, water
content of the solution and salt concentration are varied for studying the phase behaviour. Previ-
ous studies have shown a lamellar (L}) —sponge (L3) —lamellar (L2) transition in DDAB-PAANa
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FIGURE 1: SAXS patterns of C,TAB — DNA complexes in water. (i) H phase in
C18TAB-DNA complex. (ii) Hs and (iii) S phase in C;;TAB-DNA complexes.
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FIGURE 2: Electron density maps of H (left), S (middle) and H;s (right) phases con-
structed from SAXS data.

FIGURE 3: Schematics of different structures suggested by the electron density maps.

complexes for PAANa of low molecular weight on decreasing the water content”). The sponge
phase consists of a disordered network of surfactant bilayers, whereas the lamellar phase is made
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up of a periodic stack of bilayers. The L2 phase has a slightly lower d-spacing compared to the L}
phase. In the case of DDAC, on adsorption of polyelectrolyte of low molecular weight, a collapsed(
L¢! )—swollen(L,) —collapsed(L¢?) phase sequence is observed on decreasing the water content®.
We have determined the composition of different phases using thermogravimetric analysis (TGA),
which shows the presence of polyelectrolyte in the L' phase but not in the L{?> phase. A partial

phase diagram is also constructed in ¢ vs salt concentration plane (¢= (weigh t[?;ii}ff?uf%i ) The
swollen phase (L,) is not found for PAANa of higher molecular weight. The phase behaviour of
DOAC-PAANa system is very similar to that of DDAC-PAANa system.

In chapter 4 we discuss the effect of salt on the swelling behaviour of a lamellar phase made
of charged membranes at low and intermediate salt concentrations (up to 1M). SAXS, POM and
cryo-SEM techniques are used to probe this system. Surfactants such as didodecyldimethylam-
monium chloride (DDAC), didodecyldimethylammonium bromide (DDAB) and lipids like 1,2-
dipalmitoyl-3-trimethylammonium-propane (chloride salt) (DMTAP) are used in the study. Effect
of LiCl, NaCl, KCI and CsCl is studied on the swelling behaviour of the lamellar phase of DDAC
and DMTAP bilayers while the effect of LiBr, NaBr, KBr and CsBr is studied on the swelling be-
haviour of the lamellar phase DDAB bilayers. At very low salt concentrations the lamellar phase
of charged membranes is stabilized by inter membrane electrostatic repulsion‘!). In the case of
highly flexible surfactant membranes, on increasing the salt concentration the system goes from
electrostatically stabilized to undulation stabilized lamellar phase®.Beyond a threshold salt con-
centrations a collapsed lamellar phase is found whose d-spacing is comparable to the bilayer thick-
ness. In the case of charged lipids, the bending rigidity of the membrane is an order of magnitude
higher, and the d-spacing decreases monotonically with increasing salt concentration (fig. 4). We
show that these observations can be qualitatively understood in terms of the DLVO (named after
Derjaguin, Landau, Verwey and Overbeek) theory of colloidal stability (V.

In chapter 5 we study the effect of salt on the lamellar phase of charged lipids and surfactants
in the high salt regime. On increasing the concentration of NaCl and LiCl the d-spacing increases
above a threshold concentration for DDAC bilayers but does not change at high concentrations of
KCland CsCl (tig. 5). Similar effect is observed at high concentrations of LiBr, NaBr, KBr and CsBr
on DDAB. For LiBr and NaBr the d-spacing increases but it does not change for KBr and CsBr. At
the high concentrations of NaBr and LiBr, an optically isotropic phase is observed in the case of
DDAB. SAXS data is consistent with the optically isotropic phase being made up of bilayers. The
effect of salt on DMTAP is found to be analogous to that on DDAC, with the only difference being
that the value of threshold salt concentration, at which the d-spacing starts to increase, is lower
than that for DDAC. Earlier studies have shown that the electrostatic screening length increases
with increasing salt concentration in concentrated electrolytes 1%. From our study we observe the
increase in d-spacing in the high salt regime depends on the nature of the salt. Further work needs
to be done in order to understand the origin and ion-specificity of this behaviour.

In chapter 6 we study the effect of pH on the phase behaviour of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) bilayers. SAXS,
WAXS, DSC and POM techniques are used to probe their phase behaviour. DMPC bilayers form
three lamellar phases in water; the fluid phase above the main-transition temperature (T;,), the
tilted gel phase below the pre-transition temperature (T,) and the ripple phase in betweenD.
Ty and T}, are about 24°C and 14°C, respectively. Phase behaviour of DMPC at pH=4 and pH=3
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FIGURE 4: Variation of the periodicity (d) of the lamellar phase of DDAC bilayers
with salt concentration. The surfactant concentration is 20 wt%. The d-spacing does
not change appreciably until a salt concentration of around 300 mM. At a salt con-
centration of about 400 mM the d-spacing rather abruptly reduces to about 3.2 nm.
In the case of CsCl the abrupt decrease in d takes place at a slightly higher concen-

tration.
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FIGURE 5: Variation of the d-spacing of the lamellar phase of DDAC bilyers with
salt concentration in the high-salt regime. Notice that only for NaCl and LiCl the
d-spacing increases after a threshold but not for KCl and CsCl.
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remains identical to the phase behaviour in water(1?. At lower pH (pH=2 and pH=1) the main-
transition temperature increases and the pre transition disappears . The d-spacing in the gel phase
is found to be very large, which indicates the charging of bilayers at lower pH (fig. 6). Formation
of an untilted gel phase shows the dehydration of the lipid head group at lower pH. After a few
days of incubation we notice the formation of DMPC crystallites at low temperatures and the
inverted hexagonal phase at high temperatures. Formation of these phases can also be attributed
to the de-hydration of the head groups of DMPC molecules. The effect of pH on DLPC bilayers is
found to be very similar to that on DMPC bilayers.
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FIGURE 6: SAXS patterns of different phases of DMPC dispersions in HCl solutions

of varying pH. (i) A fluid lamellar phase of 6.2 nm periodicity at pH=4, very similar

to that seen in the DMPC-water system. (ii) a swollen lamellar gel phase at pH=2,

with a periodicity of about 20 nm. (iii) an inverted hexagonal phase at pH=2 with

lattice parameter of 6.9 nm. (iv) Crystalline phase observed after a few days of incu-
bation at pH =1 and 2.

T T T T T T
= 50| i
s
=
-]
=
S a5} |
2
2 (i)
S
£ 40} B
o (i)
o
35} -
1 1 " 1 1 1 1 "
10 12 14 16 18 20 22
-1
q[nm™]

FIGURE 7: WAXS patterns of DMPC dispersions at pH=1. (i) A single sharp peak is

observed at room temperature after incubation for 1 day indicating the formation of

a non-tilted gel phase. (ii) many peaks are found after incubating the sample for a

week. The appearance of multiple peaks in the WAXS pattern can be attributed to

the formation of crystallites as a consequence of the de-hydration of the lipid head
groups.
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In chapter 7 we summarize the main results of the thesis and discuss some directions for future
studies.
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Chapter 1

Introduction

In this thesis we study the structure, phase behaviour and polymorphism of different self-assembled
aggregates of ionic amphiphilic molecules in the presence of polyelectrolytes and salt. In addi-
tion, the influence of pH on the phase behaviour of zwitterionic bilayers has also been probed.
Various experimental techniques, such as small angle x-ray scattering (SAXS), polarising optical
microscopy (POM), cryogenic scanning electron microscopy (cryo-SEM) and differential scanning
calorimetry (DSC), are used to probe the structure of different phases and the underlying interac-
tions. This chapter provides a brief introduction to the different systems studied and experimental

techniques employed.

1.1 Amphiphiles

An amphiphile is a molecule that consists of two parts, one part is soluble in a particular fluid and
the other is not. If the fluid is water then the soluble part is called hydrophilic or the head group
and the insoluble part is called hydrophobic or the tail as it ususally is a hydrocarbon chain.
Surfactants, lipids, block co-polymers and cholesterol are typical examples of amphiphiles ™.
Depending on the nature of their head group amphiphiles can be separated into diffrent groups;
ionic, non-ionic and zwitterionic. An ionic ammphiphile is one which acquires a charge in water
because of the dissociation of its headgroup (e.g. Sodium dodecyl sulphate (SDS), Cetyltrimythy-
lammonium bromide (CTAB)). A zwitterionc amhiphile will have a dipole moment in the aqueous
solution, but no net charge(1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)).

1.2 The Hydrophobic effect

Water is a polar molecule. It can create inter molecular hydrogen bonds. Any non-polar molecule
such as a hydrocarbon or fluorocarbon cannot create hydrogen bonds in water. When such a
non polar molecule is placed in water, water molecules form a cavity to accommodate it. A
water molecule in liquid state forms 3 to 3.5 hydrogen bonds on an average with neighbour-
ing molecules, but in the presence of any non polar solute the co-ordination number increases to
around 4. Hence the entropy reduces. When many such molecules are present in water, the en-
tropy loss becomes very large and therefore the net change in the free energy becomes positive.
For this reason the solubility of non polar molecules in water is very low and this phenomenon
is called the hydrophobic effect(!-5, Hydrophobic effect is very important in soft matter systems,
especially for the self assembly of amphiphilic molecules.
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Phosphatidylcholine (PC)
(phospholipid)

)

FIGURE 1.1: Examples of (a) nonionic, (b) and (c) ionic, (d) zwitterionic amphiphiles.
Figure is taken from® .

/

Tetrahedrally
coordinated
water molecules

FIGURE 1.2: Cage-like structure formed by water molecules around a non-polar
molecule. Schematic is taken from ()

1.3 Self-assembly of amphiphiles

Amphiphiles are dispersed in water at very low concentrations, due to their translational entropy.
At comparatively higher concentrations these molecules self assembles into a variety of structures.
These structures are called micelles. The concentration above which the process of self assembly
occurs is called the critical micellar concetration (CMC). Let us consider an aggregate of size N,
where N is the aggregation number, i.e., the number of amphiphiles molecules in the aggregate.
The chemical potential of each monomer in such an aggregate can be written as, ")

kgT, «x
0 B N
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kp is Boltzmann’s constant. uY; is the reference chemical potential. The second term arises
from the entropy of mixing. Now we consider a dilute solution of micelles of varying size. xy is
the concentration of the molecules in aggregates of size N. In equilibrium the chemical potential
per monomer will be the same in each aggregate. Thus,

kBT X2 kBT XN

kT, x
o Kb, X1 _ o fBl, X o KBl, XN
Ui+ 1 log1 Hy + > log2 ..... Un + N logN (1.2)
Solving this equation, we get
N (1 — 1)
N = x1exp| T ] (1.3)
%\] = xjexp” (1.4)
where,
0_,0
i« = W (1.5)

x1 is the concentration of the monomers and the total concentration of amphiphiles in solution
is give by x = )}y xn. The aggregation process depends crucially on the sign of alpha. If it is
negative, xy remains small for all values of x. On the other hand aggregation will occur beyond a
threshold values of x, if alpha is positive, as shown below. When x; is small, x also remains small.
When x; reaches a critical value (x1)iticar ~ exp[—a], Xy starts to grow and self-assembly begins.
This concentration of monomers (X1)¢itica is defined as the CMC. It is also equal to the total
concentration of the amphiphile in the solution, since the concentration of aggregates is negligible
at this stage. Below CMC the amphiphiles are dispersed as monomers and above CMC there is a
co-existence of monomers and micelles. CMC depends on factors, such as the pH, temperature,
pressure and the chemical structure of the amphiphiles®. The CMC for ionic amphiphilcs is
typically of the order of 1073-1072 M, for non-ionic amphiphiles it is around 10~>-10~* M, and for
lipids it is around 10~?M. The reason for such low CMC for lipids is the large hydrophobc effect
created by the two hydrocarbon chains. Experimentally CMC can be determined by measuring
physical properties of the solution, such as surface tension, equivalent conductivity and osmotic
pressure ¢7).

Amphiphilc molecules in water above CMC form micelles. Shape of the micelles can be spher-
ical, cylindrical or bilayer. Shape of the aggregates is governed by the geometry of the molecule.
Based on the geometry of the molecule we can define a quantity called the critical packing param-
eter Cpp.

v
Cpp = 2ol (1.6)

Where v is the volume of the hydrocarbon chain, I, is the chain length and g, the optimal head
group area, which is determined by interactions in the system. For spherical micelles C,, < 1/3,
if 1/3 < Cpp < 1/2, then cylindrical micelles are preferred. If C,, ~ 1, bilayers are formed. For
amphiphiles having very small head group area usually inverted micelles are formed (134
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1.3.1 Phase behaviour of self-assembled structures of amphiphiles in water

Amphihilic molecules below CMC remain as monomers. Above CMC they start to self-assemble.

Just above CMC usually they form spherical micelles, which remain dispersed in water form-

ing an isotropic solution. On increasing the concentration a sphere to rod transformation of the
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FIGURE 1.5: A typical phase diagram of an amphiphile-water system. Taken from )

micellar shape occurs. With increasing concentration a hexagonal phase of cylindrical micelles
is observed. As we increase the concentration further the cylindrical micelles transform into bi-
layers, which form a lamellar phase. At even higher concentration of amphiphiles the inverted
phases are formed. The amphiphiles crystallize out of the solution below the Kraft temperature,
hence self-assembly can occur only at higher temperatures. ).

1.4 Polyelectrolytes

Polyelectrolytes are polymers in which each or some of the monomers contains an ionizable group,
which dissociates in water making the polymer charged. Like acids polymers also can be divided
into weak and strong, depending on their ability to ionise in water. Strong polyelectrolytes get
completely dissociated in water. A weak polyelectrolyte does not get fully charged in water, it
has a dissociation constant associated with it. This dissociation constant can be altered based on
the pH of the solution, ionic sterngth etc. Many polyelectrolytes have biological origin such as
DNA, RNA etc. If the charge density on the polymer becomes high, then the electrostatic inter-
action dominates. In that case a fraction of the counter ions stays near the polyelectrolyte. This
is called counter-ion condensation®. If we consider the polyelectrolyte to be an infinite long,
charged straight line, then the electrostatic potential at a distance r varies as a function of In r. The
entropy associated with the counterions also varies proportional to In r. As both the terms con-
tributing to the free energy vary as In r, at a given distance r one of these terms dominates. Hence,
the phenomenon of counterion condensation can be seen as a competition between entropy and
electrostatic energy ©). Bjerrum length is the characteristic length at which electrostatic interaction
between two unit charges is equal to the thermal energy (I, = ¢2/ekT ). For water at room
temperature the value is 0.70 nm{?. Counterion condensation takes place when the separation
between the charged groups along the polymer backbone is less than 1,. The persistence length
(Ip) is a measure of polymer flexibility. It is the distance over which the orientations of two seg-
ments along the polymer chain are correlated !V). If we take two points along the polymer chain
separated by a distance 1, and if 6 is the angle between the tangents to the polymer backbone at
these points, then it can be shown that < cosf >= exp(—1/I,). For double stranded DNA the
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value of persistence length is about 50 nm(12). Salt is a key factor that determines the flexibility of
polyelectrolytes. At low salt concentration, the charges on the polymer remains unscreened. The
chains remain in an extended configuration. As salt concentration of the solution is increased, the
Debye length decreases(!. As the Debye length becomes smaller, the flexibility increases (%,

1.5 Interaction Forces

In this section we briefly discuss some of the inter particle interactions relevant to the soft matter

systems studied in this thesis.

1.5.1 Van der Waals interaction

Van der Waals interaction is a distance dependent interaction between two atoms or molecules.
Van der Waals interaction arises from three sources : dipole-dipole interaction, dipole- induced
dipole interaction and dispersion interaction). Among these the third one is purely quantum
mechanical in origin. At any given moment if the centers of positive and negative charges in
a molecule do not coincide,that will give rise to a instantaneous dipole moment. Even though
the time average of this dipole moment may be zero, the instantaneous dipole moment can in-
duce a dipole moment in the neighbouring molecule, resulting in an attracting force between the
molecules. Between two molecules it is weak and diminishes as 1/1® with distance. But due to
the additive nature of this interaction it is comparatively large between two macroscopic bodies.
For two parallel surfaces separated by a distance D, the interaction energy per unit area is
—A

(D) = 152 (1.7)

Where A is the Hamaker constant, which is a function of the dielectric permittivities of the
interacting particles and medium in between. It can be either positive or negative. It is always
positive for two like surfaces interacting through any other medium . Hence in these cases van

der Waals force is always attractive.

FIGURE 1.6: Schematic for presenting van der Waals interaction between two dis-
similar media. Taken from @)
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1.5.2 Electrostatic interaction

As mentioned above the van der Waals force between two particles in a medium is always attrac-

tive. If van der Waals force was acting alone on the particles dissolved in a solution, then we can

expect them to coagulate and precipitate out of the solution. One of the reasons that prevents it is

the electrostatic repulsive force. If we imagine a bilayer made up of a cationic surfactant such as

didodecyldimethyl ammonium bromide (DDAC), it releases CI~! ion (counterion) in water and

the surface of the bilayer remains positively charged. Some of these counterions bind strongly

to the surface forming the Stern layer, while others form an atmosphere of ions near the surface,

called the diffuse electric double layer®.

a

FIGURE 1.7: Schematic of two charged surfaces in water. Taken from ()

The chemical potential of a counterion at any point in the solution is given by,

P P
7

® D @
&

®

D

A

u = zep + kgTlogp

v DD @

a0

(1.8)

Here 1 is the electrostatic potential, p is the number density of counterions of valency z at that

point x between the surfaces. At equilibrium the chemical potential will be same everywhere in

the solution. Using this condition we obtain the counterion density at any point x as,

p = poexp(—zey/kpT)

(1.9)

Where p = py is the counterion density at the mid plane between the surfaces (x=0) where 1 is

taken to be 0. Hence the Poisson’s equation can be written as

This is known as the Poisson-Boltzmann eqn. The solution of this equation is given by,

2 — —
ay Zepoexp( zeyp

dx2 ~ eeg kT

P(x) = gln cos?(Mx)

)

(1.10)

(1.11)
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Where

2 (ze)*po
M= 2eepkT (112)

In the presence of salt the PB equation gets modified as,

d*y  — —zieph  —ziey

= ZE cco exp(—) (1.13)
For small i we can write,

2y —ziep) ziey

ax2 L €€y (1- kT ) (1.19)

i

Under valid boundary condition the solution of this equation is,

$ = go exp(—xx) (1.15)

where, k! is called the Debye screening length and is given by,

2¢20022
k=1 eefle (1.16)

AS the salt concentration in the solution increases, the Debye length decreases. For monovalent

salts it is given by,

0304
VC

Where C is the molar concentration of the salt. The electric double layer interaction free energy

(1.17)

per unit area between two planar surfaces held at a constant potential and separated by a distance
Dis,
_ 64kTp

tanhz(%)K exp P (1.18)

w(D) 4kT

1.5.3 Undulation interaction

Flexible membranes whose bending rigidity is of the order of k3T show pronounced thermal fluc-
tuations. A single membrane can fluctuate freely. But when two such membranes are brought
closer, they tend to suppress each others out of plane fluctuations. This causes a reduction in the
entropy of the membrane system. This leads to a repulsion between the bilayers, which tends
to push them away. This long range repulsion is called Helfric interaction, which is a function
of membrane bending rigidity ("'#!> The magnitude of this interaction between two fluctuating
membranes, separated by a distance D is given by

_ 3m%(kT)?

W(D) = “oe 57 (1.19)

Where « is the bending modulus of the membrane, and T is the temperature. Bending rigidity
of a membrane depends on its surface charge density, since the repulsion between the charged
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FIGURE 1.8: Schematic of distribution of co-ions and counter ions near a charged
surface. The bottom plot gives the charge densities as function of distance from the
surface. Taken from ()

headgroups gives a positive contribution to x 1. Therefore charged bilayers in water (for example

DDAC) remains rigid and flat. But upon addition of salt the charges on the bilayer get screened

and the electrostatic contribution of the bending rigidity is reduced .

Two undulating membranes

O T — i e
R D e Y «;’;‘:\Eé;%
oy X
R

FIGURE 1.9: Schematic of thermally undulating bilayers. (!

1.5.4 Hydration repulsion

Along with Van der Waals attraction and electrostatic repulsion, there is a short range repulsion in
the case of lipid bilayers, arising from the ordering of the water molecules around the polar head
group. This repulsion is called hydration repulsion(1%. This force dominates when separation
between the bilayers is less than 2 nm. Physical origin of this force can be viewed as the work
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needed to remove water molecules from the polar head groups, as two surfaces come close to

each other 1”). Mathematically the potential can be written as®),

I

VH(Z) = PHAHE_E (120)

where, Py is the hydration pressure and Ay is the characteristic decay length, which is around 0.2
nm-0.3 nm. Ay for different lipids are given in{9),

1.6 Experimental techniques

In this section we discuss the basic principles of the different experimental techniques employed
in this study.

1.6.1 Principles of x-ray diffraction

X-rays are electromagnetic waves. The wavelength of x-rays varies from 0.1 nm to 10 nm. X-rays
get scattered by the electrons present in the material and hence the scattered intensity depends

on the electron density of the material 21,

In this section we will discuss the theory of x-ray
diffraction briefly.

Let us consider an incident wave
Pinc = (POe(iIZO'?) (1.21)

falling on a scatterer situated at the origin. As scattered wave is spherical then at a sufficiently
large distance R the scattered wave can be written as,
04 (iK,.R
Psc = %e (iKo-R) (1.22)
Where a is the scattering length, determining the strength of the scattering. If the scatterer
is not at the origin, but at some distance 7,then we have to introduce a phase factor (IZl — KQ).?,
in order to take care of the path differences of incident and scattered waves (fig. 1.10). Now we

introduce a new a vector § = IZl — Kp. If we assume R >> r, then the scattered wave can be

written as

o = %e‘ (Ko.R—77) (1.23)

For an assembly of N point scatters situated at different positions r; (i = 1,2,3,....N) the above
equation looks like,

7 B N = =
Poe = Po i(K,. )Y i) (1.24)

The above equation can be written as Fourier transform of a density function p(7) = 6(7 —
7;).Hence,

Pse = —e i(Ko-R) /p (F)ei@g (1.25)

The intensity of the scattered radiation is given by,
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1(g) = [ = |22 EH [ p(reTar? (1.26)
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FIGURE 1.10: Schematic of x-ray scattering. The 2 point scatterers are separated by
a distance r. Taken from (??

Electron density of any periodic lattice can be written as the convolution of a lattice function
0;(7) and a basis py (7), which describes the electron density of the repeating unit cell. ?1/?2).

p(7) = p1(7) @ pp(7) (1.27)

According to the convolution theorem Fourier transform of the convolution of two functions is
the product of their Fourier transform 21?2, So the Fourier transform of the above equation gives,

F(G) = f1(q) * fo(7) (1.28)
The intensity of the diffraction pattern is given by,
1(7) = [F@F = S@) * (@) (1.29)

S(§) is called the structure factor and gives information about lattice structure. f,(4) is called
the form factor and contains information about contents of the unit cell. The observed intensities
have to be modified to take into account experimental factors including the detector geometry 3.
The observed intensity should be multiplied by g in the case of a 1D detector, for a 2D detector
it should be multiplied by q. The polarisation factor, which is given by ,P ~ %52(26) , will be
~ 1, for small angles. Multiple planes can satisfy the Bragg condition simultaneously and hence
contribute to the observed intensity. The intensities should be corrected by taking into account

this multiplicity factor.

Construction of electron density maps from SAXS data

Electron density of the lamellar phase

We have used the model described in ref.®¥ to find out the electron density profile p(z) across
the bilayer from the scattering data of the lamellar phase. According to this model p(z) can be
written in terms of three Gaussians, two for the two head group regions, positioned at z = £z,
and one for the bilayer mid-plane. The bilayer centre is taken as z=0 (fig. 1.11). Combining these
p(z) can be written as,

_ 2 2 2
p(a) = b+ plexp (- C30) e - E Dk plep (-5 s0)
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FIGURE 1.11: Electron density profile across the bilayer accoding to the three- Gaus-
sian model. Taken from %

where, g, and g, are the electron densities of head group and hydrocarbon chain regions re-
spectively, with respect to the methylene group (ocH,). 05 and o; are related to the widths of the
Gaussians. The form factor (F(q)), which is given by the Fourier transform of the electron density
function (p(z)), can be written as,

o2 o2
F(q) = 2\/2n0hp'hexp(—hT)Cos(qzh) + V2no.peexp(— C2 ) (1.31)
The structure factor S(q) of the lamellar phase is given by,
N=1 d 292 d 2,2
S(q) =N+2) (N- k)Cos(kqd)exp[—(E) gPyy) k) (1.32)
k=1

Where N is the number of correlated bilayers, 7 is Euler’s constant , d is the lamellar peri-
odicity. 7 depends on the bulk (B) and bending moduli (K) of the lamellar stack, and is given
by

2
q KBT
= 1.33
7 87V KB (1.33)
The magnitude of scattered intensity from a dispersion of bilayers is,
I(q) = (S(@)F(q)* + NalF(9)*) /4* (1.34)

N, is the number of uncorrelated bilayers in the scattering volume. The data was fitted to the
above equation by adjusting the fitting parameters ( oy, ¢, 0%, 0¢, Ng, zp,, 17).

Electron density of the hexagonal phase

In this section we will describe the protocol used to find the electron density map of the two
dimensional hexagonal phase. Any point 7 in a lattice can be represented in terms of the primitive
lattice vectors a7 and a> @),

7= mdy + nis (1.35)

In the case of 2D hexagonal phase,
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4 = a® (1.36)

B =i+ #g (1.37)

where a is the lattice parameter. Using the orthogonality condition we find,

- 4 /3. 1.
by = (ﬁ)(Tx + Ey) (1.38)
b=y (1.39)
av'3

Where b and b; are the primitive transnational vectors in the reciprocal space. In the case of
the 2D hexagonal phase the peak positions are found in the ratio of 1:4/3 :2: 1/7 :3.., since we have
used a 1D detector for collecting the data, the intensity of each peak, which is obtained from the
area under the peak, had to be multiplied by q2¢2%. The electron density is obtained by using
the equation,

ok = ) Pk A (i) Cos (g7 (1.40)
"

where, gy is the reciprocal lattice vector, pjx and A(gjx) are the phase and amplitude of the
reflections, respectively. The phases of the reflections can be either +1 or -1, due to the centro-
symmetric structure (i.e. p(r) = p(—r)). If n is the number of peaks in the diffraction pattern, a
total of 2"~! combinations of phases are possible, and electron density maps are obtained corre-
sponding to each of them (fig. 1.12). Based on these maps different models are constructed (fig.
1.13).

d{nm)

d(nm)

FIGURE 1.12: Electron density map of a hexagonal phase of surfactant-DNA com-
plexes
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FIGURE 1.13: Schematic based on the map. Red region represents the hydrocarbon
part of the micelles, blue part the head group region. The grey circles represent the
DNAs.

1.6.2 Polarising optical microscopy

Anisotropic liquid crystalline phases show birefringence. Polarising optical microscopy (POM) is
a standard technique to identify the different phases shown by liquid crystals®?. For our study
usually the samples were taken in a rectangular capillary and was flame sealed at both the ends
to avoid any loss of water. In some cases samples were sandwiched between a coverslip and glass
slide. Such samples were studied under crossed polarisers.
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ocular
(eyepiece)

prism

analyzer —] ) i
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rotation stage —¥

| - focus

light
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FIGURE 1.14: schematic of a POM set up. Taken from %)

A schematic of a polarising optical microscope is shown in fig. 5.10. The source, which gen-
erally emits white light is placed at the bottom, from which the emitted light passes through a
polariser. A condenser, which is kept after the polariser focuses the lineraly polarised light on the
sample. The temperature of the sample stage can be varied by an external temperature controller.
Linearly polarised light passing through an optically anisisoropic liquid crystalline medium, gets
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divided into ordinary and extra-ordinary waves, which pass through the objective and analyzer
and eventually get collected by an eye piece.

1.6.3 Cryogenic scanning electron microscopy (cryo-SEM)

Cryo-SEM is an effective imaging technique which is used to study many soft matter and bio-
logical systems®%2. In this technique the samples are quenched using liquid nitrogen. Because
of this there is no water loss from the sample and the structure and morphology of the sample
remain frozen. 20 - 30 ul of the sample is taken in a cuvette and quenched in liquid nitrogen. The
sample is then transferred to a high vacuum cryo-unit (PP3000T cryo unit), where the tempera-
ture is typically maintained around -180°C, After fracturing the sample with a cold knife, they are
sublimated and then coated with platinum. Image formation in this technique depends on the
interaction between incident electrons and the specimen used for the study. Secondary electrons
(SE) are generated due to in-elastic scattering between the incident electron and the atoms of the
sample. These electrons are collected by a detector. SEM is used mainly to detect surface structure
and roughness of sample. Other detectors are used to detect back scattered electrons (BSEs) and

x-rays. In our case imaging was done by using Zeiss Ultra Plus Cryo-SEM.

Signal A = InLens Date :5 Mar 2018
WD = 31 mm Mag= 5.11 KX Time :11:38:49

FIGURE 1.15: Typical Cryo-SEM image of multi lamellar vesicles (MLVs)

1.6.4 CHNS analysis

The amount of carbon, hydrogen, nitrogen and sulphur present in a compound can be determined
using a CHNS analyser®®. High temperature combustion (~ 1100 °C ) in an oxygen rich envi-
ronment is required to carry out the analysis. During this process the compounds get oxidized
(e.g. carbon turns to carbon dioxide, sulphur becomes sulphur dioxide etc). The combustion
products are then passed through a high temperature copper chamber (~ 600 °C), where the extra
oxygen of the combustion process in removed and nitrogen oxides are converted to nitrogen gas.
These products are then passed through subsequent absorbent traps to leave out only the oxides
of carbon, hydrogen, nitrogen and sulphur. For detection of the gases GC (gas chromatography)
separation technique is used.
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1.6.5 Differential scanning calorimetry (DSC)

Differential scanning calorimetry is a technique where a reference and a sample are heated simul-
taneously and difference in the heat flow as a function of temperature is measured 4. Different
transitions such as melting, glass transition, phase changes can be detected by using DSC. From
the difference in the heat flow between the sample and the reference during the phase transition
transition enthalpies is measured. As discussed later in the thesis using DSC we have found the
transition enthalpy corresponding to pre and main transition of lipids and also the Kraft tempera-
ture as a function of salt concentration for charged surfactants. The heat capacity (C,) of a material

as a function of temperature also can be measured using DSC.
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Chapter 2

Polymorphism in surfactant-DNA
complexes

2.1 Introduction

DNA is a semirigid polyelectrolyte having a persistence length of about 50 nm V). It acquires a neg-
ative electric charge in aqueous solutions, due to the release of its counterions into the medium.
However, not all the counterions are dispersed and a large fraction of them remain close to the
DNA backbone. This phenomenon, called counterion condensation, is known to occur if the
charge density of the polyelectrolyte is sufficiently high, and results from the competition be-
tween the electrostatic and entropic contributions to the free energy of the solution®. Polyelec-
trolytes, such as DNA, form complexes with oppositely charged macroions added to the solu-
tion.These macroions could be polyelectrolytes, colloidal particles or self-assembled structures of
amphiphilic molecules ®. The counterions that are initially bound to the two types of macroions
are released on complexation, and the gain in the translational entropy of these counterions is
the main factor driving the process”). Such complexes have been widely studied due to their
potential applications in industry and medicine ®?).

Complexes of DNA with cationic single-chain surfactants have been the subject of many struc-
tural investigations(]0‘15). Most of these studies have used the cationic surfactant, cetyltrimethy-
lammonium bromide (Cy4 TAB), which self-assembles into rod-like micelles in water at concentra-
tions slightly above its critical micellar concentration (CMC). If the contour length of the DNA is
very long, typically of the order of a few ym, these complexes form two-dimensional crystals, with
the long axes of the DNA and the rod-like micelle normal to the plane of the lattice. These struc-
tures do not have translational order along the direction normal to the lattice plane, and hence
have the same symmetry as columnar liquid crystals19).

In this chapter, we describe the structural polymorphism observed in complexes of DNA with
a homologous series of cationic surfactants, namely, alkyltrimethylammonium bromide (C,, TAB),
as nis varied from 18 to 8. For n > 14 the complexes exhibit a hexagonal columnar (H) phase, irre-
spective of the relative surfactant to DNA base molar concentration (R) in the solution. Similarly,
for n < 10 a square columnar (S) phase is observed at all values of R. However, in the intermediate
case of n = 12, two different structures are found depending on the value of R; the S phase for R
=5, and a super-hexagonal columnar (Hs) phase at R = 1. The H; structure can be distinguished
from H by its much larger lattice parameter. The observed structural polymorphism of these com-
plexes can be qualitatively accounted for by considering the different contributions to their free
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energy (7).

2.2 Materials and methods

All surfactants and sodium salt of calf thymus DNA were obtained from Sigma Aldrich. Com-
plexes were prepared by adding appropriate amounts of DNA to an aqueous solution of the
surfactant, to obtain the desired value of the surfactant to DNA base molar ratio, R. CMCs of
the surfactants, taken from the literature, with the value of n given in parentheses, are: 0.1 mM
(18)18,0.9 mM (16), 3.6 mM (14), 15.8 mM (12) 19, 67 mM (10)?9, and 293 mM (8) ?D. Surfactant
concentration in the solution was higher than the corresponding CMC. On adding DNA to the
surfactant solution, the complexes form a gel-like precipitate suspended in the natant. Samples
were equilibrated for about a week at room temperature. For small-angle x-ray scattering (SAXS)
studies, the complex along with some of the supernatant was taken in 1 mm glass capillaries,
which were flame sealed to avoid any loss of water. Data were collected over a range of the mag-

nitude of the scattering vector (q) from 0.01 to 5.0 nm -1

, using a Hecus S3-Micro system, fitted
with a one- dimensional position-sensitive detector. Typical exposure time was 30 min and error
in the measurement of peak positions was & 0.02 nm. Data from all samples were collected at
30 °C, except from C18 TAB-DNA complexes, which were maintained at 50 °C, due to the higher
Kraft temperature of this surfactant.

Elemental analysis of the complexes was conducted using a CHNS elemental analyser (vario
MICRO cube, Elementar), which gives the relative amounts of C, H and N in the material to an
accuracy of 0.3 %, Complexes were prepared at the chosen compositions and the entire complex
was transferred into tin boats after equilibration. Care was taken to minimise the amount of the
surfactnatant taken along with the complex. Samples were dried thoroughly by placing them in
an evacuated desiccator for 3 days, and were then removed and crimped immediately to avoid
rehydration. The total number of carbon (C;) and nitrogen atoms (N;) in the sample, obtained
from the experiment, can be expressed as, C; = nsCs + 1,Cp, and Ny = nsN; + n, N, where Cs,
Cy, N, Ny, are the number of carbon and nitrogen atoms in a surfactant molecule and DNA base,
respectively. n; and n; are the total number of surfactant molecules and DNA bases in the sample.
Recasting the above equations, we get,C;/N; = (CsR. + Cp) / (Rc + Np), where R, is the surfactant
to DNA base molar ratio in the complex, which can be different from its bulk value R. Thus the
composition of the complex can be determined from the values of C; and N; obtained from the

experiment.

2.3 Results

Polarising microscopy images show that the complexes are highly birefringent. The birefringence
persists, but becomes weak at NaCl concentrations of the order of 500mM (fig.2.1 and fig. 2.2).
Complexes do not form beyond a salt concentration of 600 mM.

SAXS patterns of C13TAB- DNA complexes are shown in fig. 2.3 and fig. 2.4, for two values
of R above and below R=1, which is the isoelectric point of the system, where the total number
of surfactant ions is equal to the total number of DNA bases. The peaks observed can be indexed

to a two-dimensional hexagonal lattice; the lattice parameters are presented in Table 2.1. In the
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FIGURE 2.2: POM images of DTAB-DNA complexes in 500mM NaCl.

presence of the salt the peaks become sharper and one extra peak is observed. a is found to be
slightly higher at the higher value of R and higher salt concentration.

SAXS patterns of C;,TAB-DNA complexes are very similar (fig. 2.5 and fig. 2.6)and show
sharper peaks in the presence of salt. As in the previous case, a is found to be slightly higher at
the higher value of R and higher salt concentration (Table 2.1). SAXS profiles of C14TAB-DNA
complexes are also simililar to those of C;gTAB-DNA and C1,TAB-DNA complexes 22),

SAXS pattern of C;,TAB (DTAB)-DNA complexes are very different. For R=5.0 samples in
the absence of NaCl the SAXS pattern shows a abroad peak, indicating the absence of long range
transnational order in the system (fig. 2.7). We refer to this as the Nematic Gel I. This structure is
observed up to [NaCl] ~ 200 mM. As [NaCl] is increased further sharper and distinct diffraction
peaks are observed. These patterns show two peaks with their q’ s in the ratio of 1: v/2, and can be
indexed to a two dimensional the square lattice with a ~ 4.1 nm. We label this phase as square (S)
phase. Peaks in the diffraction pattern become again broad with further increase in [NaCl]. These
complexes are birefringent and we label this structure as the Nematic Gel II (fig.5.10).

SAXS patterns obtained at R = 0.5 for different values of [NaCl] are given in fig. 2.8. The
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FIGURE 2.3: SAXS patterns of C;gTAB- DNA complexes in water. Surfactant con-

centration was fixed at 50mM, the values of R is indicated against each pattern. Ex-

pected positions of the diffraction peaks are indicated by arrows in all the patterns
presented.
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FIGURE 2.4: SAXS patterns of C;sTAB- DNA complexes in 200mM NaCl. Surfactant

concentration was fixed at 50mM, the values of R is indicated against each pattern.

Expected positions of the diffraction peaks are indicated by arrows in all the patterns
presented.

behavior at R = 0.5 is very similar to that at R = 5.0, with the appearance of SAXS patterns with
sharp peaks only over an intermediate range of [NaCl]. Both at higher and lower [NaCl] the
birefringent complexes give only a very broad peak in their SAXS patterns. However, the ordered
structure found at R = 0.5 corresponds to a two-dimensional hexagonal lattice and not a square
lattice. Moreover, in all these patterns the (1 0) peak is always absent and only higher order peaks
with their q’s in the ratio V/3:2:+/7: 3 are observed. The lattice parameter (a) of this phase is ~
9.0 nm and we label this phase as the super hexagonal (H;) phase.

A partial phase diagram of the system, as a function of R and [NaCl], deduced from the SAXS
data is presented in fig. 2.9. Nematic phases are found at lower and higher [NaCl] for all values
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FIGURE 2.5: SAXS patterns of C14TAB- DNA complexes in water. Surfactant con-
centration was fixed at 50mM, the values of R is indicated against each pattern.
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FIGURE 2.6: SAXS patterns of C;4TAB- DNA complexes in 200mM NaCl. Surfactant
concentration was fixed at 50mM, the values of R is indicated against each pattern.

of R. Over intermediate values of [NaCl] the S phase is observed for R > 3, whereas the H; struc-
ture is observed at lower R. Fig. 2.10 shows the phase behavior as a function of R and surfactant
concentration in the absence of salt. Here the nematic phase is observed at lower DTAB concen-
trations, irrespective of the value of R. The H; phase appears on increasing [DTAB] to 150 mM for
R <1, whereas the S phase occurs for [DTAB] > 350 mM for R > 2.

SAXS patterns of C;oTAB- DNA complexes are shown in fig. 2.11 and fig. 2.12 for R = 0.5 and
5. Complexes do not form at a surfactant concentration of 50 mM, but appear on increasing it to
100 mM. In this case also the peaks become sharper in the presence of salt. Patterns at both values
of R correspond to a two-dimensional square lattice. Values of a in this (S) phase are given in table
2.1

Cg TAB-DNA complexes are found only over a narrow range of surfactant concentration around
500 mM. Their SAXS patterns are given in fig. 2.13 for two values of R. At R = 0.5, the pattern has
a broad peak and the complex has a nematic-like structure. At R =5 the pattern shows one sharp
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n R [NaCl] (mM) Phase a(nm)
18 05 0 H 5.35
0.5 200 H 5.63
18 5 0 H 5.67
5 200 H 5.80
16 05 0 H 5.09
0.5 200 H 5.44
16 5 0 H 5.51
5 200 H 5.65
14 05 0 H 5.01
0.5 200 H 5.10
14 5 0 H 5.30
5 400 H 5.43
12 05 200 H; 8.41
5 200 S 4.07
10 05 0 S 3.43
0.5 200 S 3.68
10 5 0 S 3.56
5 200 S 3.75

TABLE 2.1: Lattice parameter of C, TAB-DNA complexes. H

peak indicating that the complex has long-range positional order. However, the absence of addi-
tional peaks makes it impossible to unambiguously identify its structure. These complexes do not
form in a 200 mM NaCl solution.

Composition (R;) of C1gTAB-DNA complexes was determined using elemental analysis for
different values of the bulk composition (R) of the solution. Variation of R, with R, obtained from
these experiments, is shown in fig.2.14. For R < 1.0, R, is almost equal to R. At higher values of R,
however, R, increases very slowly with increasing R and saturates at around 1.7.

Cryo-SEM images of DTAB-DNA complexes are presented in fig. 2.15 and fig. 2.16. Two
samples were taken from two different parts of the phase diagram.The first sample was taken at
lower R which corresponds to the H; phase in the phase diagram and the second sample was
taken at higher R, corresponding to the S phase. Both the images show bundle-like features,
whose diameter is around 30 nm - 50 nm. Similar images have been observed for other C,TAB-
DNA complexes 19,
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FIGURE 2.7: SAXS patterns of DTAB-DNA complexes at R = 5.0 for [NaCl] = 0 mM
(a), 100 mM (b), 200 mM (c), 300 mM (d), 400 mM (e) and 500 mM (f). Arrows
indicate positions of the (1 0) and (1 1) peaks from a square lattice.
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FIGURE 2.8: SAXS patterns of DTAB-DNA complexes at R = 0.5 for [NaCl] = 0 mM

(a), 100 mM (b), 200 mM (c), 300 mM (d) and 400 mM (e). Arrows indicate positions

of the (10), (11),(20), (21) and (3 0) peaks from a hexagonal lattice. Note the absence
of the (1 0) peak.

2.3.1 Madelung energy

CTAB-DNA complexes exhibit only the hexagonal (H) structure irrespective of the value of R. In
contrast, this structure is absent in DTAB-DNA complexes and the S structure is observed for R >
3. In order to gain a qualitative understanding of the relative stability of the S and H structures we
have estimated the electrostatic energy of these structures. Assuming the micelles to be infinitely
long, the electrostatic energy of these two-dimensional macroion crystals can be estimated using
the pair interaction potential per unit length between two dissimilar parallel cylinders, separated

by a distance r, given by ?%
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FIGURE 2.9: Partial phase diagrams of DTAB-DNA complexes determined from

SAXS and polarizing microscopy data, as a function of R and NaCl concentration.

N - nematic, S - square and H; - superhexagonal. For reconstructing the phase dia-
gram, data were taken from 3.
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FIGURE 2.10: Partial phase diagrams of DTAB-DNA complexes determined from
SAXS and polarizing microscopy data, as a function of R and DTAB concentration (17)

V(r) =2(1nva/€)Ko(xr)

2.1)

Where, v;= 27t0;/xKj(ka;), 0; is the surface charge density of the cylinder of radius 4; (i=1,2)

and « the inverse Debye length. Ky and K; are Bessel functions of the second kind of order 0 and

1, respectively. The energy U of the macroion crystal per unit cell can be obtained by summing

the interactions of each particle in the unit cell with all other particles in the system, analogous to

the calculation of the Madelung energy of ionic crystals®>2%),
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FIGURE 2.11: SAXS patterns of C19oTAB- DNA complexes at R = 0.5. NaCl concentra-
tion (mM) in the solution is indicated against each pattern. Surfactant concentration
in the solution is 100 mM.
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FIGURE 2.12: SAXS patterns of C;gTAB- DNA complexes at R = 5. NaCl concentra-
tion (mM) in the solution is indicated against each pattern. Surfactant concentration
in the solution is 100 mM.

U =3 Y Vi (r) + X Vaua ) + 5 ¥ Vi) 22)

The three terms in the above equation correspond to the micelle-micelle, micelle-DNA, and
DNA-DNA interactions, respectively. The surface charge density of the micelle is estimated to
be 1.56 e/nm?2 taking the area per head group to be 0.64 nm?@®), whereas that of the DNA is
estimated to be -0.75 e/nm? from its radius of 1.25 nm®?. The energy of the two structures have
been calculated by summing over these interactions using the Sum routine from Mathematica ®.
Since the electrostatic interactions are screened by salt, the summation converges rapidly over a

few unit cells.
The energy per particle, u = U/n, n being the number of particles within a unit cell, of the H
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FIGURE 2.13: SAXS patterns of CsTAB- DNA complexes in water at two values of R,
indicated against each curve. Surfactant concentration in the solution is 500 mM.
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FIGURE 2.14: Variation of the composition of the complex (R.) with the bulk solution
composition (R) obtained from elemental analysis of C;y TAB-DNA complexes.

FIGURE 2.15: Cryo-SEM images of DTAB-DNA complexes at R=1.
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FIGURE 2.17: Electrostatic energy per particle of the S and H structures obtained
from the calculations. x is the ratio of number of micelles to the total number of
particles (DNA+micelles) in a unit cell. x =1/3 for Hand x =1/2 for S. x = 0 and
x =1 correspond to dilute solutions of DNA and micelles, respectively. The straight
line segments are Maxwell constructions joining any two of the four energy minima
corresponding to the four phases in the system. The two phases coexisting at any
value of x are indicated by the endpoints of the lowest straight line segment at that
composition. [NaCl] = 300 mM. r; = 2.0 nm (a) and 1, = 1.5 nm (b).

and S structures obtained from the calculations are given in fig.2.17 for r,, = 2.0 nm and 1.5 nm.
Here x is the micelle/(DNA+micelle) fraction in the structure, values of x for H and S being 1/3
and 1/2, respectively. The points x = 0 and x = 1 represent dilute solutions of DNA and micelles,
respectively, whose electrostatic energy is assumed to vanish. Coexistence of different structures
can be inferred from the slopes of the straight lines joining the points representing their energies, a
procedure analogous to the well-known Maxwell construction®®. H is found to be the only stable
structure for r,,, = 2.0 nm. It coexists with a dilute DNA solution between x = 0 and x = 1/3, and
with a dilute micellar solution at higher values of x. On decreasing r;, to 1.5 nm S also becomes
stable, leading to its coexistence with H between x = 1/3 and x = 1/2, and with a dilute micellar
solution between x =1/2 and x = 1.

The negative contribution to u from micelle-DNA interaction is comparable in the two struc-
tures at a given value of r,,,. The positive contribution from micelle-micelle interaction is higher
in S, due to the lower inter-micellar separation in this structure. For similar reasons, the positive
contribution from DNA-DNA interaction is higher in H. Since the surface charge density of the
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micelle is fixed, its total charge increases with increasing r,,. Hence the magnitudes of the micelle-
DNA and micelle-micelle interactions are higher at higher r,,. On the other hand, the DNA-DNA
contributions are lower at higher r,, since the inter-DNA separation increases with increasing
I'm. At r, = 1.5 nm, the two structures have comparable values of u and hence they are both sta-
ble, albeit at different compositions. On increasing r,, to 2, DNA-DNA repulsion decreases in H,
whereas micelle-micelle repulsion increases in S, leading to the disappearance of the latter from

the phase diagram.

2.3.2 Effect of micellar length

For CTAB-DNA complexes a H phase is observed, while H; phase is observed in the case of
DTAB-DNA complexes at lower values of R. One major difference between these two surfactants
is the tendency of CTAB to form cylindrical micelles, compared to small ellipsoidal micelles in the
case of DTAB®?. In order to probe if this difference is responsible for the occurrence of the two
different structures, we have studied the influence of hexanol on the phase behaviour of DTAB-
DNA complexes, since hexanol is known to induce the formation of cylindrical micelles®®. SAXS
patterns of the complexes at a hexanol to surfactant molar ratio in the solution, g = 1, is shown in
tig. 2.18. It has three peaks, which can be indexed on a two-dimensional hexagonal lattice with a
= 4.8 nm. Thus the elongation of the micelles drives a H; — H transition of the complex.
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FIGURE 2.18: SAXS pattern showing the formation of the H phase in DTAB-DNA
complexes in the presence of hexanol. Hexanol to surfactant molar ratio in the solu-
tion is 1.0, R = 0.5, and [DTAB] = 50 mM.

2.3.3 Electron density maps

Electron density maps (p(7)) of the different structures observed in this study have been deter-
mined from the SAXS data, using the relation, p(7)= Y_1x |Fik| ¢nk cos(§uk.¥) , where Fyi, ¢ and
Gnx are the amplitude, phase and scattering vector, respectively, of the (h k) reflection. Assuming
the structure to have a centre of symmetry, ¢y is taken to be either +1 or -1. p(7) is computed
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by trying out all phase combinations and picking out the most suitable map(s) consistent with a
close-packed structure of DNA and micelles. Electron density maps, so determined, are shown in

fig. 2.19. Schematics of various structures suggested by these maps are given in fig. 2.20.
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FIGURE 2.19: Electron density maps of the H (a), S (b), and H; phases (c and d) ob-

served in the present study, determined from the SAXS data. Two possible structure

of the H phase are shown, which are obtained for different sets of phases of the ob-

served reflections. These maps correspond to the electron density of the complexes

projected on the plane of the lattice, which is normal to the DNA axis. The low elec-

tron density regions correspond to the hydrocarbon cores of the micelles and the
high electron density regions correspond to DNA.

2.4 Discussions

Polarising microscopy and SAXS studies clearly show that C,, TAB-DNA complexes have a two-
dimensional hexagonal structure for n > 14. Electron density map of this (H) phase shows a
close-packed intercalated structure, with each cylindrical micelle surrounded by 6 DNA and each
DNA surrounded by 3 micelles. Such a packing ensures that the oppositely charged species are in
proximity. Since this structure is close-packed, its lattice parameter can be expressed in terms of
the micellar radius r,, and the DNA radius r, as, a = \/3(r; + 7). Taking r, to be 1.25 nm©?, r,,
is estimated to be 2.0, 1.9 and 1.8 nm for n = 18, 16 and 14, respectively. Value of r,, obtained for
Ci6 TAB is in good agreement with that reported in the literature ®?. For n = 10, an intercalated
square lattice is observed, where the coordination number of both DNA and micelle is 4. In this
(S) phase the lattice parameter, a = V2 (rm + r4), and the value of r,, estimated for n = 10 is 1.3 nm.
Since only one peak is observed in the SAXS pattern for n = 8, its structure cannot be determined.

The n = 12 case is intermediate and shows two different structures depending on the bulk
composition R. SAXS data and polarizing optical microscopy observations show the formation of
a nematic phase at low DTAB concentrations for all values of R. DATB is known to form small
ellipsoidal micelles at lower concentrations®?. Lack of long-range translational order in these
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FIGURE 2.20: Schematics of structures of the H (a), S (b) and H; (c and d) phases
observed in the present study, deduced from the electron density maps given in fig.
2.19.

complexes most probably results from these micelles taking different orientations between the
DNA strands. Increasing the salt or surfactant concentration results in elongated micelles, which
can pack more uniformly between the DNA. As a consequence two-dimensional crystalline struc-
tures characterized by long-range translational order are formed under these conditions. A ne-
matic phase is again observed at high NaCl concentrations. This results from the gradual swelling
of the complex due to the screening of electrostatic interactions by increasing salt concentration
in the solution, which destroys long-range translational order resulting in the orientationally or-
dered nematic phase. With further increase in the salt concentration, long-rage orientational order
is also lost and complexation is completely prevented. As a result a uniform solution is obtained
for [NaCl] > 600 mM.

The phase diagrams show the formation of the S and H; phases in DTAB-DNA complexes, in
contrast to CTAB-DNA complexes, where only the H phase is seen. Elemental analysis studies
indicate that the composition of the complex, R. ~ 1 in both the phases (23), Hence concentrations
of Na™ and Br~ counterions in the solution can be expected to be comparable to the DTAB con-
centration. Therefore, it is understandable that the S and H; phases appear at comparable values
of [NaCl] and [DTAB] in the two phase diagrams. However, there are slight differences in the
positions of the phase boundaries in figs. 4.1 a and 4.1 b. In the former case concentration of Br ~
is around 50 mM and that of Cl ~ increases with increasing NaCl in the solution. Whereas in the
latter case Cl ~ is absent and Br~ concentration increases with DTAB concentration. Therefore, it
is possible that the differences in the locations of the phase boundaries is due to the presence of
different dominant counterions in the two solutions. The small jump in R, observed at R ~ 2.5
coincides with the Hy; — S transition observed in SAXS studies, and implies an abrupt increase
in the surfactant content of the complex on forming the S phase®®. Earlier study has shown the
formation of S phase at higher R in the CTAT- DNA complexes, which was attributed to the fact
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that tosylate counterions binds more strongly to micelle compared to Br~ counterion of DTAB and
CTAB®Y. This mechanism cannot explain the formation of the S phase in DTAB-DNA complexes,
but not in CTAB-DNA complexes, as this surfactant has the same counterion. The Madelung
energy calculations presented above show that the S structure is preferred over the H when the
micellar radius is smaller than a threshold value. Hence the stability of the S phase in DTAB-DNA
complexes can be attributed to the lower radius of DTAB micelles. The composition variable x, ap-
pearing in these calculations, is related to R.. They both describe the composition of the complex;
x in terms of number of micelles and DNA, and R, in terms of the number of surfactant molecules
and DNA bases. R, can be estimated to be 1.4 and 2.8 in the H and S structures of DTAB-DNA
complexes, respectively, assuming the micelles to be infinitely long. Hence x =0, 1/3,1/2 and
1 correspond to R, = 0, 1.4, 2.8 and oo, respectively. Two kinds of electron density maps are ob-
tained for the Hy phase, which can be interpreted in terms of intercalated packings of DNA and
micelles. The unit cell in both cases correspond to is a v/3 x /3 superlattice of the H structure.
There are two nonequivalent micellar environments in both maps, creating the superlattice. Both
the unit cells contain one micelle of type-1, two micelles of type-2 and six DNA (fig.2.20). They
consist of clusters made up of 6 DNA surrounding a central type-1 micelle that are crossed-liked
by type-2 micelles. The only difference between these two structures is a relative rotation of the
clusters by 30 ° with respect to the line joining neighboring type-1 and type-2 micelles. If we ig-
nore the differences between the two types of micelles, these structures have a micelle to DNA
stoichiometry of 1:2, similar to that in the H phase (fig.2.20). The observed effect of hexanol on
DTAB-DNA complexes suggests that elongation of the micelles leads to the transformation of H;
into H. Structure of the H phase of DTAB- hexanol-DNA complexes, inferred from the scattering
data, is identical to that of CTAB- DNA complexes(15). Hence the occurrence of the H; structure in
this system is somehow related to the propensity of DTAB to self-assemble into small micelles. Itis
rather surprising that the H; phase has been observed in complexes of DNA with surfactants that
self-assemble into both very long and very short micelles, such as CTAT and DTAB, respectively.
Whereas, in complexes of DNA with surfactants that form intermediate rod-like micelles, such as
CTAB, this phase is absent. Currently we do not know the precise factors that stabilize this phase;
it is conceivable that diferent mechanisms are at play in the two limiting cases of micellar length.

Absence of complexation in the n = 10 and 8 systems at lower surfactant concentrations is
due to their higher CMCs. Complex formation increases the entropy of the bound counterions
by releasing them in to the solution, whereas the entropy of the surfactant molecules is reduced
as they are frozen in the complex. Reduction in the entropy of the surfactant molecules is a rel-
atively minor effect, if they are already in micellar aggregates in the bulk. On the other hand,
if the concentration of the surfactant is much below its CMC, the reduction in their entropy on
complex formation can be very significant and comparable to the increase in the entropy of the
released counterions. Under these conditions complexation can be hindered. Complexes are also
not observed for CsTAB concentrations above a narrow range centred around 500 mM. This may
be due to the formation of small complex aggregates that do not phase separate from the solution.
Similar behaviour has been observed in other systems®> and has been rationalised in terms of the
charging of small aggregates in the presence of excess amount of one of the macroions 637,

All the three structures found in this study are characterised by two-dimensional positional
ordering, since different DNA strands are not in registry along the direction parallel to their axes.
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Hence, they have the same symmetry as columnar liquid crystalline phases. R; can be calculated
using the known values of rj, r; and surface charge densities of two species. For H phase it is
estimated around 1.5 and for S phase it is around 3. Here the micelles are assumed to be infinitely
long, just like the DNA. Earlier study on C14TAB- DNA complexes have shown that R increases
with R, attaining a maximum value around 1.6 when R is 506 If we assume the micelles to be
very long, the micelle to DNA stoichiometry in the H phase is 1:2 and that in the S phase is 1:1.
Hence R, in the S phase is twice that in the H phase. In the present case the maximum values of R,
can be estimated to be approximately 1.5 and 3 in the H and S phases, respectively. The H phase
is, therefore, closer to the isoelectric point and this structure is preferred as more counterions are
released on its formation. This is the situation for n > 14, where only the H phase is observed for
all R. On lowering n, r,;, decreases and the separation between the DNA surrounding the micelles
reduces. This increases the electrostatic repulsion between the DNA and enhances the energy of
the system. Below some value of n this contribution to the energy of the H phase offsets the gain
due to the release of higher number of counterions. This results in the formation of the S phase,
where a lower number of counterions are released, but the DNA-DNA separation is higher than
in the H phase at fixed r,, Observation of the S phase for n < 12 is consistent with the above
picture. Fig. 2.14 b shows variation of R, with R for Cjyp TAB- DNA complexes. This plot shows
a lower value of R, in the S phase. Similar behaviour is observed for DTAB- DNA complexes(23).
This indicates that the micelles in these complexes are not very long and occupy less interstitial
volume between the DNA strands.

Cryo-SEM images of the complexes indicate that they are probably made up of fairly monodis-
perse bundles with a diameter of about 50 nm, which is much higher than the lattice parameter
of these structures. It is tempting to attribute the formation of these bundles to the chirality of
DNA, since chirality-induced bundle formation is known to occur in actin aggregates ®®. Further
studies are required to confirm this possibility.

2.5 Conclusions

We have studied the structure of complexes of DNA with cationic alkyltrimethylammonium bro-
mide (C, TAB) surfactants for n varying between 8 and 18. These complexes are found to have a
two-dimensional hexagonal structure for n > 14. On the other hand, a two-dimensional square
phase is observed for n = 10. In the intermediate case of n = 12, the square phase is observed at
relatively higher surfactant concentrations, but a hexagonal phase, distinct from the one exhibited
by complexes of longer chain surfactants, is observed at lower surfactant concentrations. Forma-
tion of the square phase at lower surfactant-chain length can be attributed to higher DNA-DNA
repulsion in the hexagonal phase. Structural polymorphism of these complexes demonstrate the
delicate interplay between entropy and electrostatic energy in these two-dimensional macroion

crystals.
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Chapter 3

Effect of adsorbed polyelectrolytes on
the interactions and elasticity of charged
surfactant bilayers

3.1 Introduction

Ionic amphiphiles, that self-assemble into bilayers, form a highly swollen lamellar phase in aque-
ous solutions, as a result of long-range electrostatic inter-bilayer repulsion!-3). Addition of an op-
positely charged polyelectrolyte to the solution has a very pronounced effect on the inter-bilayer
interactions, which depends sensitively on the salt concentration ([C]) in the solution (+%. At
low [C;] the polyelectrolyte forms a heterogeneous adsorption layer on the bilayer surface, due
to the electrostatic repulsion between the chains, as has been observed in the case of polyelec-
trolyte adsorption on oppositely charged rigid surfaces®. The presence of a patchy adsorption
layer leads to the creation of polymer bridges between adjacent bilayer surfaces, resulting in an
effective inter-bilayer attraction®”). As a consequence, a compact surfactant-polyelectrolyte com-
plex precipitates out of the solution, in which a thin polyelectrolyte layer is sandwiched between
successive bilayers®. The lamellar periodicity of this complex is only slightly higher than the
bilayer thickness. On increasing [C;] a homogeneous adsorption layer is formed on the bilayer
surface due to the screening of inter-chain repulsion®®”). Bridging of neighboring bilayers is no
longer possible!?) and the polyelectrolyte covered bilayers form a swollen complex, stabilized
either by steric repulsion) between the adsorbed chains on adjacent bilayers or by undulation
repulsion1?, if the bilayer bending rigidity, « is sufficiently low. At high [C,] the polyelectrolyte
desorbs from the bilayer surface. Since the electrostatic inter-bilayer repulsion is highly screened,
van der Waals attraction dominates and the bilayers again form a lamellar phase with a very
low periodicity, but with no polyelectrolyte in the intervening aqueous layer between the bilay-
ers. In this chapter we report such salt induced swellig and de-swelling transition of complexes
of ionic surfactants didodecyldimethylammonium chloride (DDAC) and dioctadecyldimethylam-
monium chloride (DOAC) with sodium salt of poly-acrylic acid (PAANa). Elasticity of a bilayer
is described in terms of two moduli; the bending rigidity modulus « and the Gaussian rigidity
modulus &, which are associated with the mean and Gaussian curvatures of the surface, respec-
tively 1319, Stability requires « to be positive, whereas there is no such restriction on the sign of .
Polymer adsorption on a bilayer has been predicted to alter both x and & !>19. x is expected to de-
crease, whereas & is expected to increase in the presence of an adsorption layer. The DDAC-water
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system forms a swollen L, phase when the electrostatic repulsion between the bilayers is screened
by the addition of NaCl. The lamellar periodicity of this phase is determined by undulation re-
pulsion between the bilayers, which depends on x 1217, If the swollen DDAC-PAANa complex is
also stabilized by undulation repulsion between the bilayers, it should in principle be possible to
ascertain the effect of polymer adsorption on x by comparing the maximal lamellar periodicities
of the swollen complex and the DDACwater- NaCl system. But it was not possible to address this
issue unequivocally , since the lamellar periodicity of the swollen complex showed a large spread,
presumably as a result of the extremely slow equilibration due to the irreversible nature of the
adsorption process1®). In this chapter we also present studies on complexes of the ionic surfac-
tant didodecyldimethylammonium bromide (DDAB) and PAANa. This system also exhibits the
swelling and deswelling transitions observed in DDAC-PAANa complexes. However, instead of
forming a lamellar phase, the swollen complexes in the present system exhibits the sponge phase.
The lamellar to sponge transition of bilayers is known to occur when & increases and becomes
weakly negative1°?2). Therefore, the present results confirm that binding of PAANa to DDAB bi-
layers leads to an increase in &, in agreement with theoretical predictions. Formation of the sponge
phase in DDAB-PAANa complexes, but not in DDAC-PAANa complexes, can be understood in
terms of differences in the phase behaviour of aqueous solutions of these two surfactants, which
suggest that DDAB bilayers have a higher ¥ compared to DDAC bilayers. Hence it should be
easier to drive DDAB bilayers into the sponge phase than DDAC bilayers, in agreement with our
observations.

3.2 Materials and methods

DDAB, DDAC, PAANa (M, = 2100, 5100, 8000 and 15 000) and NaBr were purchased from Sigma-
Aldrich and were used without further purification. Samples were prepared over a wide range
of ¢ at a few values of R, ¢ being the combined weight percentage of surfactant and PAANa, and
R the polyelectrolyte to surfactant weight ratio. Values of R chosen were much above the isoelec-
tric point of the system (R;5, = 0.2), so that the coexisting aqueous solution in all cases contained
uncomplexed polyelectrolyte. Ranges of ¢ and R were chosen in order to obtain all possible struc-
tures of the complexes. Samples were prepared in Millipore water and were kept at 40 °C for about
a month for equilibration. Complexes were studied using polarizing optical microscopy (POM),
small-angle x-ray scattering (SAXS) and cryogenic-scanning electron microscopy (cryo-SEM). In
addition, composition of some of the complexes was probed using thermogravimetric analysis
(TGA).

3.3 Results

3.3.1 Effect on polymer adsorption on DDAC bilayers

By keeping R fixed at 14, DDAC-PAANa2100 samples were prepared by varying the ¢ from 20 to
60. At ¢=20 a white precipitate is found. The solution becomes turbid at ¢=30. SAXS patterns of
DDAC-PAANa2100 samples at different ¢p are shown in fig. 3.1. The variation of d-spacing with
phi is given in fig.3.2. At ¢= 20, the spacing is 3.4 nm, which is about 1 nm higher than the bilayer
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thickness. At ¢= 30, the spacing increases to ~ 18 nm. On increasing the ¢ to 60, the spacing
reduces to ~ 7 nm.

Effect of salt is also studied on the phase behaviour of DDAC-PAANa2100 samples. ¢ is fixed
at 20 and R=14. The [NaCl] concentration is varied from 0 to 1 M. The SAXS patterns are shown
in fig. 3.3. variation of d-spacing with [NaCl] concentration is shown in fig. 3.4. In the absence of
externaly added NaCl the spacing is ~ 3.4 nm. At [NaCl]= 300mM, the spacing increases to ~ 18
nm. At higher [NaCl] ([Cs ~ 400 mM]) concentration the spacing reduces to ~ 3.2 nm.
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FIGURE 3.1: SAXS patterns of DDAC-PAANa2100 samples at R=14, for ¢ ranging
from 20 to 60. (a) 20, (b) 30, (c) 40, (d) 50, (e) 60.

From fig. 3.2 and fig. 3.4 it is clear that there is a transition from a collapsed lamellar phase (L{)
— swollen lamellar phase (L,) on decreasing the water content, i.e. on increasing ¢, or on increas-
ing the salt concentration at fixed ¢. To understand the phase behaviour of DDAC-PAANa2100
samples in greater detail we have studied the phase diagram in the R-[NaCl] plane by keeping
the concentration of DDAC fixed at 5wt%. Typical SAXS patterns of samples for varying NaCl
concentration are shown in fig.3.5, fig. 3.6 and fig. 3.7. Corresponding variation of d-spacing with
salt concentration is shown in fig. 3.8, fig. 3.9 and fig. 3.10. The phase diagram is shown in fig.
3.11. At low values of R, irrespective of the salt concentration only the L{ phase is observed. At
intermediate values of R (R > 4), a coexistence of swollen lamellar (L,) and a collapsed lamellar
phase ( LY) is observed up to [NaCl] ~ 300mM. At high values of R (R > 12) and high [NaCl]
(> 300 mM) only a swollen lamellar phase (L,) is observed. Cryo-SEM images show a layered
morphology, which is typical of a lamellar phase (fig. 3.12).

Effect of polymer chain length is studied by using PAANa of molecular weight 8000. SAXS pat-
tern of DDAC-PAANa8000 samples at R=14 and ¢= 20 for varying NaCl concentration is shown
in fig. 3.13. Variation of d-spacing with [NaCl] is shown in fig. 3.14. In this case the swollen L,
phase is not found. In water the spacing is ~ 3.3 nm. On increasing the NaCl concentration to 300
mM, the spacing increases to ~ 3.53 nm. At [NaCl]= 1M, the spacing is ~ 3.2 nm.
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FIGURE 3.3: SAXS patterns of DDAC-PAANa2100 samples at R=14 and ¢= 20 in (a)
water and in NaCl concentrations of (b) 100 mM, (c) 150 mM, (d) 200 mM, (e) 250
mM, (f) 300 mM, (g) 350 mM, (h) 400 mM, (i) 500 mM and (i) 1 M.

TGA of the two lamellar complexes formed at low and high- [Cs] were carried out to determine
their composition (fig. 3.15 ). TGA curves of the surfactant and polymer solutions were also
collected for reference. Both of them show a step at around 100 °C corresponding to the loss of
water. Loss of the surfactant occurs at around 200 °C, whereas that of the polymer occurs at around
400 °C. The large difference in the degradation temperatures of these two species makes it easier
to determine their relative abundance in the complex. Three steps can be seen in the TGA curve
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FIGURE 3.4: Variation of d-spacing with NaCl concentration for DDAC-PAANa2100
samples at R=14 and ¢= 20.
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FIGURE 3.5: Typical SAXS patterns of 5 wt% DDAC samples at ¢=20 (a) in water,
and at NaCl concentration of (b) 100 mM, (c) 150 mM, and (d) 200 mM, for varying
R.

of the low-[Cs] complex at around 100 °C, 200 °C and 400 °C. The step at 400 °C, corresponding to
the polyelectrolyte, is absent in the TGA trace of the high-[C,] complex.

3.3.2 Effect on polymer adsorption on DOAC bilayers

By keeping R fixed at 7 and 14, DOAC-PAANa2100 samples were prepared by varying ¢ from 20
to 70. SAXS profiles of R=7 samples are shown in fig. 3.16. The observed variation of d-spacing is
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FIGURE 3.6: Typical SAXS patterns of 5 wt% DDAC samples at ¢=20 at NaCl con-
centrations of (a) 250 mM, (b) 300 mM,(c) 350 and (d) 400 mM, for varying R.
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FIGURE 3.7: Typical SAXS patterns of 5 wt% DDAC samples at ¢=20 at NaCl con-
centrations of (a) 500 mM and (b) 1 M, for varying R.

shown in fig. 3.17. At ¢= 20, only a collapsed lamellar phase (L;) with d ~ 4.4 nm is found. At ¢=
30, a coexistence of two lamellar phases with different periodicities are observed (d ~ 4.2 nm and
~ 14 nm). At ¢= 70, the observed spacings are d= 3.79 nm and d= 7.4 nm. SAXS profiles of R=14
samples are shown in fig. 3.18. The observed variation of d-spacing is shown in fig. 3.19. At ¢=
20, the observed lamellar periodicity is ~ 4.4 nm. The spacing increases to ~ 11 nm, at ¢= 40. At
¢= 70, the spacing reduces to ~ 7.5 nm.

Effect of salt is also studied on the phase behaviour of DOAC-PAANa2100 samples. ¢ is fixed
at 20 and R=14. [NaCl] concentration is varied from 0 to 500 mM. The SAXS patterns are shown
in fig. 3.20. Variation of d-spacing with [NaCl] concentration is shown in fig. 3.21. In the absence
of externaly added NaCl the spacing is ~ 3.4 nm. At [NaCl]= 300mM, the spacing increases to
~ 18 nm. At higher [NaCl] ([Cs] ~ 400 mM) concentration the spacing reduces to ~ 3.2 nm.
For other set of experiments, DOAC concentration was fixed at 5wt%, and NaCl concentration is
varied from 0 to 500 mM. Typical SAXS patterns of 5wt% DOAC samples for varying R and NaCl
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FIGURE 3.9: Typical variation of d-spacing of 5 wt% DDAC samples at $=20 at NaCl

concentrations of (a) 250 mM, (b) 300 mM,(c) 350 and (d) 400 mM, for varying R.

concentration is shown in fig. 3.22 and fig. 3.23. Variation of d-spacing is shown in fig. 3.24 and

tig. 3.25. Cryo-SEM images show layered morphology, which is typical of the lamellar phase (fig.

3.26).
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FIGURE 3.10: Typical variation of d-spacing of 5 wt% DDAC samples at ¢=20 at
NaCl concentrations of (a) 500 mM, and (b) 1 M, for varying R.
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FIGURE 3.11: Phase diagram of DDAC-PAANa2100 samples in the R- [NaCl] plane.

3.3.3 Effect of polymer absorption on DDAB bilayers

Keeping R fixed at 14, ¢ is varied for DDAB-PAANa5100 samples from ¢= 20 to 70. SAXS pattern
of DDAB-PAANa5100 samples are shown in fig. 3.27. Variation of d-spacing with ¢ is shown in
tig. 3.28. At ¢= 20, the spacing is ~ 3.5 nm. At ¢=40, two distinct peaks are observed correspond
to spacings of 3.1 nm and ~ 24 nm. At ¢=70, a single sharp peak is observed correspond to a
spacing of ~ 2.8 nm. POM images of the precipitate formed at ¢ = 70 show a Maltese cross texture
typical of a dispersion of multilamellar vesicles (fig. 5.27).

Effect of chain length is also studied. Fig. 3.30 shows the SAXS patterns of DDAB- PAANa8000
samples, for varying ¢. R is kept fixed at 14. Variation of d-spacing with ¢ is shown in fig. 3.31.
At ¢= 20, the spacing is 3.35 nm. At ¢=30, the spacing increases to 3.52 nm. At ¢=70, the observed
spacing is 2.84 nm. Effect of salt is also studied by varying the NaBr concentration , at ¢=20 and R=
14. Fig. 3.32 shows SAXS patterns of DDAB-PAANa8000 samples for varying NaBr concentration.
Variation of d-spacing is shown in fig. 3.33. Effect of salt is also studied for DDAB-PAANa15000
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FIGURE 3.12: Cryo-SEM image of a DDAC-PAANa2100 sample at 5wt% DDAC,
R=10.
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FIGURE 3.13: SAXS patterns of DDAC-PAANa2100 samples at R=14 and ¢= 20 in
(a) water and at NaCl concentrations of (b) 100 mM, (c) 200 mM, (d) 300 mM, (e) 450
mM, (f) 500 mM, and (g) 1 M.

samples. The effect is found to be very similar to that observed in PAANa8000 samples. SAXS
patterns are shown in fig. 3.34. Variation of d-spacing is shown in fig. 3.35.

TGA of the two lamellar complexes formed at low and high-[C;] were carried out to determine
their composition (fig. 3.36 ). TGA curves of DDAB and polymer solutions were also collected for
reference. Both of them show a step at around 100 °C corresponding to the loss of water. Loss of
the surfactant occurs at around 200 °C, whereas that of the polymer occurs at around 400 °C. The

large difference in the degradation temperatures
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FIGURE 3.14: Variation of d-spacing with NaCl concentration for DDAC-
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FIGURE 3.15: TGA traces of DDAC, PAANa, and DDAC-PAANa complexes at
[NaCl] = 0 and 500 mM.

3.4 Discussions

DDAC in water forms a lamellar phase over a wide range of concentrations®?. A detailed dis-
cussion of the formation of oppositely charged surfactant- polymer complex is presented in the
introduction and in chapter 2 of the thesis. In this chapter we have studied the phase behaviour
of DDAC-PAANa complexes by varying the polymer to surfactant weight ratio (R) and also the
chain length of the polymer. R is varied from 1 to 14, which is much above the isoelectric point of
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FIGURE 3.16: SAXS patterns of DOAC-PAANa2100 samples at R=7; ¢ ranging from
20 to 70. (a) 20, (b) 30, (c) 40, (d) 50, (e) 60, (f) 70.
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FIGURE 3.17: Variation of d-spacing for DOAC-PAANa2100 samples at R=7; ¢ rang-
ing from 20 to 70.

the system ( R j5,= 0.2). Atlow ¢ only a collapsed lamellar phase in found (L{), irrespective of the
length of the polymer. The charge density of PAANa (1/0.25 nm) is higher than the charge density
of DDAC (1/0.68 nm?)?*2). The polyelectrolyte adsorption layer formed at low salt concentra-
tion is heterogeneous as a result of inter-chain electrostatic repulsion®. Hence it is reasonable
to assume that the collapsed lamellar complex occurring at low salt concentration is stabilized
by bridging of adjacent bilayers by the polyelectrolyte chains or by the patch charge interactions
between the bilayers 72627 Absence of the swelling transition for higher molecular weights of
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FIGURE 3.18: SAXS patterns of DOAC-PAANa2100 samples at R=14; ¢ ranging from

20 to 70. (a) 20, (b) 30, (c) 40, (d) 50, (e) 60, (f) 70.
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FIGURE 3.19: Variation of d-spacing for DOAC-PAANa2100 samples at R=14; ¢

ranging from 20 to 70.

the polyelectrolyte, as seen in DDAC-PAANa complexes can be attributed to the enhancement

of the bridging attraction with increasing contour length of the polymer”). With increase in ¢,

a swollen lamellar phase (L,) phase is found in the case of DDAC-PAANa2100 complexes. An

increase is ¢ results an increase in salt concentration. This will reduce the repulsive interaction

between the polymer chains. Hence there maybe an enhancement of the polymer adsorption on

the bilayer surface. An abrupt increase of polyelectrolyte adsorption on incrasing the salt concen-

tration is reported in(®?®. The L{ — L, transition observed in the present case can be attributed
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FIGURE 3.20: SAXS patterns of DOAC-PAANa2100 samples at R=14 and ¢= 20 in
(a) water and at NaCl concentrations of (b) 100 mM, (c) 200 mM, (d) 250 mM, (e) 300
mM, (f) 350 mM, (g) 400mM, and (h) 500 mM.
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FIGURE 3.21: Variation of d-spacing with NaCl concentration for DOAC-
PAANa2100 samples at R=14 and ¢= 20.

to the increase of polymer adsorption on the bilayer surface®. From fig. 3.2 and fig. 3.4 it is
clear that increase of ¢ and increase in salt concentration at fixed ¢ have similar effects on the
phase behaviour of DDAC-PAANa complexes. This is because at fixed R, an increase in ¢ in-
creases NaCl concentration in the solution, which is similar to increasing the NaCl concentration
at fixed ¢. At high salt concentration ([NaCl]~ 0.4 M) another collapsed lamellar phase (L¢?) is
observed. Even for DDAC-PAANa8000 samples, where no swelling is observed at intermediate
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FIGURE 3.22: Typical SAXS patterns of 5 wt% DOAC samples at ¢=20 (a) in water,
and at NaCl concentrations of (b) 100 mM, (c) 200 mM, and (d) 300 mM, for varying
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FIGURE 3.23: Typical SAXS patterns of 5 wt% DOAC samples at $=20 at NaCl con-
centrations of (a) 400 mM and (b) 500 mM,for varying R.

salt concentration, the lamellar periodicity decreases at high salt concentration. Xie et al. report
that [Cs] ~ 1 M, polyelectrolytes desorb from the surface®. TGA thermograms of the complexes
clearly show that the low salt concentration lamellar phase contains both the surfactant and the
polyelectrolyte, whereas the high salt concentration lamellar phase is composed of only the sur-
factant. This is in conformity with the reported inability of the polyelectrolyte chains to adsorb
on the bilayer at high salt concentration, when the electrostatic attraction between the chains and
the bilayer is fully screened. This observation supports the hypothesis that the collapsed lamel-
lar phase at high salt concentration is stabilized by inter-bilayer van der Waals attraction. Phase
diagram of DDAC-PAANa2100 complexes in the R-NaCl plane is shown in fig. 3.11. It is clear
that at low R only a collpased lamellar phase is observed irrespective of the salt concentration. Af-
ter a threshold value of R a coexistence between a collapsed lamellar phase and swollen lamellar
phase is observed. So it is clear that the presence of excess polymer in the solution is needed to
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FIGURE 3.25: Typical variation of d-spacing of 5 wt% DOAC samples at ¢=20 in
NaCl concentrations of (a) 400 mM, and (d) 500 mM, for varying R.

observe the swelling. In the coexistence range a large spread of d-spacing is observed (10-25 nm).
At present we do not know what precisely determines the spacing of the swollen phase. Further
work needs to be done to understand this behaviour. At high value of R and high salt concentra-

tion only a swollen lamellar phase is observed. This phase maybe similar to the swollen lamellar

phase of pure DDAC bilayers, since at that high salt concentration we expect polymers to desorb

from the bilayer surface.

The phase behaviour DOAC-PAANa samples are found to be similar to that of DDAC-PAANa
samples. The d-spacing in the collapsed phase is found to be slightly higher than in the DDAC-
PAANa complexes. This is due to the higher chain length of DOAC compared to DDAC, resulting
in a thicker bilayer. In the case of DOAC also a spread in the d-spacing (10-25 nm) is observed
in the L, phase. This shows that changing the surfactant chain length fron 16 ( DDAC) to 18 (
DOAC), does not have any significant impact on the phase behaviour of their complexes with

PAANa.
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FIGURE 3.27: SAXS patterns of DDAB-PAANa5100 samples at R=14; ¢ ranging from
20 to 70. (a) 20, (b) 30, (c) 40, (d) 50, (e) 60, (f) 70.

The phase behaviour of DDAB-PA Ana complexes are found to be different from that of DDAC-
PAANa (or DOAC- PAANa) complexes. At ¢=20, a lamellar phase is found with d ~ 3.5 nm.
On increasing ¢ for DDAB-PAANa5100 complexes a swollen phase is observed fig. 3.28.At ¢=
70 again a lamellar phase is found with d ~ 2.8 nm. But unlike in the previous cases where
the swollen phase also was a lamellar phase, here the swollen phase is a sponge phase (L3). A
detailed analysis of the phase behaviour of DDAB-PAANa complexes is given in ref.??30. The
swollen phase was found to be optically isotropic. SAXS data of the isotropic complexes were
fitted to a model of the sponge (L3) phase described in the literature ). DDAB-PAANa8000 and
DDAB-PAANa15000 do not exhibit the swelling behavior and they form a lamellar phase of very
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FIGURE 3.28: Variation of d-spacing for DDAB-PAANa5100 samples at R=14; ¢
ranging from 20 to 70.

FIGURE 3.29: POM image of the second collapsed phase at R = 14 and ¢ = 70, show-
ing a dispersion of multilamellar vesicles.

low periodicity for all values of ¢. However, the lamellar periodicity shows a non-monotonic
dependence on ¢, with a maximum at ¢ ~ 30. TGA analyses of the complexes clearly show that
the low salt concentration lamellar phase contains both the surfactant and the polyelectrolyte,
whereas the high salt concentration lamellar phase is composed of only the surfactant, similar to
the behaviour of DDAC-PAANa complex.

As mentioned in the introduction, this swollen phase can in principle be stabilized by two
types of repulsive interactions; steric repulsion between the adsorption layers and undulation
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FIGURE 3.30: SAXS patterns of DDAB-PAANa8000 samples at R=14; ¢ ranging from
20 to 70. (a) 20, (b) 30, (c) 40, (d) 50, (e) 60, (f) 70.
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FIGURE 3.31: Variation of d-spacing for DDAB-PAANa8000 samples at R=14; ¢
ranging from 20 to 70.

repulsion between the polymer-adsorbed bilayers. In the case of steric repulsion, the maximum
swelling will be decided by the thickness of the polymer layer, whereas it will depend on the value
of x in the case of undulation repulsion. In swollen complexes of DDAB-PAANa2100 as well as of
DDAC-PAANa2100, the separation between the bilayers in the swollen phase is much longer than
the contour length of the polymer ®). Hence steric repulsion between the bilayers can be ruled out
and one can attribute the large swelling of these complexes to undulation repulsion. In support of
this proposal DDAC bilayers are found to exhibit an undulation stabilized lamellar phase, when
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FIGURE 3.32: SAXS patterns of DDAB-PAANa8000 samples at R=14 and ¢= 20 in
(a) water and at NaBr concentrations of (b) 100 mM, (c) 200 mM, (d) 400 mM, (e) 500
mM, and (f) 1 M.
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FIGURE 3.33: Variation of d-spacing with NaBr concentration for DDAB-
PAANa8000 samples at R=14 and ¢= 20

the electrostatic inter-bilayer repulsion is screened out by salt, indicating a low value of x. From
the structural similarity of DDAB and DDAC, DDAB bilayers can also be expected to have a low
value of x, which will allow them to swell in the presence of salt. As mentioned earlier, theoreti-
cal studies have shown that the L, phase is stable over a narrow range of values of k/x centered
around -1. For higher values of this ratio the L3 phase is stable, whereas lower values favor vesi-
cles?22). Polymer adsorption on a bilayer is expected to modify both x and &(1>19). « is expected
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to decrease, whereas & is expected to increase in the presence of an adsorption layer. Hence the

ratio ¥/« will increase in the presence of the adsorption layer, driving the L,-L3 transition. Exper-

imental observations have been reported that are consistent with these predictions®?. Formation

of the sponge phase in the present system clearly shows that the presence of the adsorption layer

increases the value of k. The DDAB-water system also forms the L, phase over a broad concen-

tration range, but there are some striking differences in their phase behaviour. The DDAB-water
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FIGURE 3.36: TGA traces of DDAB, PAANa, and DDAB-PAANa complexes at
[NaBr] = 0 and 400 mM.

system is known to exhibit a metastable L3 phase, which is absent in the DDAC-water system ().
This suggests that DDAB bilayers have a higher value of &, close to the threshold value required
to exhibit the L3 phase. Another major difference between the two surfactant-water systems is the
occurrence of a L,-L, transition in DDAB that is absent in DDAC. This behaviour is attributed
to the presence of a strong short-range inter-bilayer attraction, arising from the tendency of Br~
counterions to adsorb back on to the charged bilayers®. The coexistence region decreases with
increasing temperature and disappears above a critical temperature. At higher temperatures an
isotropic phase is found near this composition range, which is absent in the DDAC-water system.
The structure of this phase has not been probed in any detail, but it is known that the SAXS pattern
of this phase shows a broad correlation peak as in the case of the L3 phase. If this is indeed the L3
phase, then it would be another indication that DDAB bilayers have a higher value of %, so that a
smaller increase in & is sufficient to push them into the L3 phase compared to DDAC bilayers.

3.5 Conclusions

We have studied the effect of an oppositely charged polyelectrolyte on the interaction between
ionic surfactant bilayers, as a function of salt concentration in the solution. At low salt concen-
trations, polymer bridging between adjacent bilayers creates an effective inter-bilayer attraction,
that results in a condensed lamellar complex. At high salt concentration the polyelectrolyte does
not bind to the bilayers and the van der Waals inter-bilayer attraction leads to the formation of a
collapsed lamellar phase. A swollen complex occurs over intermediate salt concentrations, which
forms a bicontinuous sponge phase in the case of DDAB and a swollen lamellar phase for DDAC
and DOAC. Formation of the sponge phase can be attributed to an increase in the Gaussian rigid-

ity of the bilayers due to polymer adsorption, as has been theoretically predicted.
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Chapter 4

Effect of salt on inter-bilayer interactions
in the lamellar phase of some ionic
amphiphiles: low salt regime

4.1 Introduction

In this chapter we describe the influence of salt on the lamellar phase formed by cationic surfac-
tants and lipids at low salt concentrations ( up to 1M ). Bilayers formed by ionic amphiphiles in
water remain flat and rigid in the absence of salt and the lamellar periodicity is determined by
inter bilayer electrostatic repulsion®. As the salt concentration (Cs) is increased, the charge on
the bilayers gets screened. Hence the electrostatic repulsion between the charged surfaces is de-
creased 1?). Salt also affects the bending rigidity of a bilayer. In the presence of salt the electrostatic
contribution to the bending rigidity of the bilayer is reduced ®. Hence undulation repulsion be-
tween the bilayers becomes dominant, i.e.,the system goes from a electrostatically stabilized phase
to an undulation stabilized phase®. Previous studies on charged lipid bilayers have also shown
the reduction of bending rigidity as the salt concentration is increased ®%). Studies on single chain
anionic surfactants have shown an increase in the undulation repulsion in the fluid lamellar phase
(Ly) on suppressing the electrostatic repulsion between the bilayers by the addition of salt”/%).
We have studied the effect of alkali metal chlorides (LiCl, NaCl, KCl and CsCl) on the lamellar
phase formed by didodecyldimethylammonium chloride (DDAC) and DMTAP (1,2-dimyristoyl-
3-trimethylammonium-propane (chloride salt)) bilayers and that of alkali metal bromides (LiBr,
NaBr, KBr and CsBr) on the lamellar phase of didodecyldimethyl-ammonium bromide (DDAB)
bilayers using SAXS, POM and cryo-SEM techniques. DDAC, DDAB and DMTAP form lamellar
phase in water over a wide range of concentration®1? . The phase diagrams of DDAC and DDAB
are shown in fig. 4.1. In water the fluid lamellar phase (L,) is stabilizied by electrostatic repulsion.
In that case the bilayers remain rigid and flat and multiple sharp peaks are obtained in the SAXS
pattern. In the presence of salt the bilayer bending rigidity reduces. So the system gets stabilized
by inter bialyer undulation repulsion. In that case usually only one broad peak is observed in
the SAXS pattern in the case of lamellar phase made of DDAC and DDAB. For 20 wt% samples,
the d-spacing does not vary significantly up to a salt concentration of ~ 300 mM. In the case of
DMTAP, the d-spacing reduces monotonically with salt concentration. This is due to the higher
intrinsic bending rigidity of lipid bilayers!), so the magnitude of the undulation repulsion is

lower. At moderate salt concentration another lamellar phase (L) is found at room temteperature
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whose d-spacing is comparable to the bilayer thickness!>!3). The critical salt concentration at
which the L, < L transition occurs depends on the salt. The stability of the lamellar phase
formed by charged bilayers can be understood in terms of the DLVO theory. The L{ phase can be
viewed as corresponding to the primary minimum of the DLVO potential, with a difference that
in this case there is a thin layer of water that separates adjacent bilayers, which is caused by the
hydration repulsion). In the case of DDAC, the d-spacing is found to increase gradually with
increasing temperature at higher salt concentrations, where the L{ phase is found at 30°C.The
extent of swelling over a fixed temperature range decreases with increasing salt concentration.
The effects of different alkali metal chlorides on the L, phase of DDAC and DMTAP and different
bromide salts on the L, phase of DDAB are found to be similar.
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FIGURE 4.1: Phase diagrams of DDAB and DDAC dispersions in water. )

4.2 Materials and methods

Surfactants (DDAC and DDAB) and salts (NaCl, KCl, CsCl, LiCl, NaBr, KBr, LiBr and CsBr) were
purchased from Sigma-Aldrich. DMTAP was purchased from Avanti polar lipids. All the chem-
icals were used without further purification. The data presented in this chapter is for samples
having ¢ =20 and ¢ =30. ¢ is the wt% of the samples, defined as ¢ = Ws‘ifsww x100 , W is the
weight of the surfactant (or lipid) and W, is the weight of water (or salt solution). Samples are

prepared in the desired salt solution, and then left for equilibration for a few days. Samples were
mixed thoroughly to ensure homogeneity. Some DDAC samples were left for equllibriation with-
out mixing. Milli-Q water was used for the preparation of the salt solutions. SAXS and POM data
for DDAC samples were collected at 30°C and those for DMTAP were collected at 50°C, to ensure
that the data were collected in the fluid lamellar (L,) phase.
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4.3 Results

4.3.1 Effect of salt on DDAC bilayers
DSC studies

DSC thermograms of DDAC samples in water and at different salt concentrations (Cs) of different
alkali metal salts are presented in fig. 5.6. In the absence of any salt the transition temperature is
observed to be around 10°C. The transition temperature is found to increase slightly with increas-
ing salt concentration. At [Cs]= 1M, the transition temperature observed is ~ 15°C. The typical
transition enthalpy is found to be close to 6 k] /mol. The peak position corresponds to the Krafft
temperature, above which the bilayers are formed.
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FIGURE 4.2: DSC thermograms of DDAC dispersions in water and in solutions of

different alkali metal chlorides at ¢ = 20. (a) and (b) represents [C;] = 200mM and

1M, respectively. The transition was not observed in the cooling cycle due to the
super-cooling of the fluid phase.
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SAXS studies

In the absence of any salt 20wt% DDAC samples form a lamellar phase (L) of periodicity (d) ~
11 nm. SAXS patterns shows 4 peaks, which can be indexed as the 1st, 2nd, 3rd and 4th order
peaks of a lamellar structure. SAXS profiles of DDAC-LiICl samples are shown in fig.4.3. At
[LiCl]=100mM, only one broad peak is observed. The pattern remains the same up to [LiCl]= 425
mM. At [LiCl]=450 mM, the d-spacing reduces to 4.1nm . The spacing reduces further to 3.6nm at
[LiCl]= 500mM. At [LiCl]= 1M the spacing is 3.2 nm. The SAXS profiles of DDAC- NaCl (fig.4.4),
DDAC-KC(I (fig.4.5) and DDAC-CsCI (fig.4.6) systems are very similar to those of the DDAC-LiCl
system. The peaks become broad as [C;] is increased to 100mM. The diffraction pattern remains
unaltered till a threshold value of salt concentration, after which the d-spacing reduces abruptly,
indicating the formation of the L phase. The peaks become sharper in the L, phase. The change of
d-spacing with salt concentration for different salts is presented in fig.4.7. The typical error in each
measurement is around £ 0.5 nm,which is indicated for the DDAC-Water system. The threshold
value of salt concentration at which the spacing reduces abruptly, depends on the salt. For NaCl
and KCl it is ~ 375 mM , where as for LiCl and CsCl it is ~ 450mM. The d-spacing depends on
the temperature above the threshold salt concentration. At 30°C the peak remains sharp. As the
temperature is increased the d-spacing increases , the peaks also become broad. In a few cases no
peaks are observed. At high temperatures a fully swollen phase is found, where d is maximum.
SAXS profiles of DDAC-NaCl and DDAC-KCI samples with varying temperature are shown in
tig.5.16 and fig.5.17. The temperature at which the swelling transition take place increases with
salt concentration. At [C;]= 1M, only the L phase is found over the whole temperature range
(30°C - 70°C) (Tables 4.1,4.2,4.3,4.4).
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FIGURE 4.3: SAXS profiles of DDAC dispersions in (a) water, and in LiCl solutions of
(b) 100mM, (c) 200mM, (d) 300mM, (e) 350mM, (f) 400mM, (g) 425mM, (h) 450mM,
(i) 475mM, (j) 500mM, and (k) 1M concentration at ¢= 20.

From table 4.1 and fig. 5.16 it is clear that the peaks become broad over an intermediate temper-
ature range and in a few cases no peak is observed in the SAXS profiles for DDAC-NaCl samples.
On increasing the temperature when the peak reappears, the position of the peak corresponds to
maximum swelling. To verify whether this behaviour is independent of the wt% of the sample or
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FIGURE 4.4: SAXS profile of DDAC dispersions in (a) water, and in NaCl solutions of
(b) 100mM, (c) 200mM, (d) 300mM, (e) 350mM, (f) 375mM, (g) 400mM, (h) 425mM,
(i) 450mM, (j) 475mM, (k) 500mM and (1) 1M concentration at ¢= 20.
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FIGURE 4.5: SAXS profiles of DDAC dispersions in (a) water, and in KCl solution of
(b) 100mM, (c) 200mM, (d) 300mM, (e) 350mM, (f) 375mM, (g) 400mM, (h) 425mM,
(i) 450mM, (j) 475mM, (k) 500mM and (1) 1M concentration at ¢= 20.

not, we have carried out a similar study with 30 wt% samples. The SAXS profiles of the 30 wt%
DDAC-NaCl samples are given in fig. 4.10. The peak becomes broad on increasing the tempera-
ture, but it does not disappear. No difference in the SAXS profiles is observed between the heating
and cooling cycles (fig. (b) and (c) of fig.4.10). Variation of d-spacing with temperature is shown
in table 4.5.
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FIGURE 4.6: SAXS profiles of DDAC dispersions in (a) water, and in CsCl solution of
(b) 100mM, (c) 200mM, (d) 300mM, (e) 400mM, (f) 425mM, (g) 450mM, (h) 475mM,
(i) 500mM and (j) 1M concentration at ¢= 20 .

T (°C)

375mM  400mM 425mM 450 mM 475 mM 500 mM 1M

30
35
40
45
50
55
60
65
70

4.1
7.6
11.2

12.1

12.3

12.71

d (nm)

3.6 3.5 34 3.3
39 3.6 - -
5.0 4.1 3.6 34
7.5 5.5 - -
11.1 7.1 4.1 3.7

, * , -
12.3 * 5.6 4.8
12.3 12.5 * *

3.3

34

3.6

3.9

4.6

3.1

3.2

TABLE 4.1: Temperature dependence of d-spacing for 20 wt% DDAC dispersions at
different NaCl concentrations. ’-” denotes that data was not taken at that temperature

4.3.2 Effect of salt on DMTAP bilayers

DSC studies

and "* denotes no peak in the SAXS was observed at that temperature.

DSC thermograms of DMTAP samples are shown in fig. 4.11. A large hytersis is found in heating

and cooling cycles (~ 10°C). A slight increase in the transition temperature is observed in the

presence of salt. Two distinct peaks are found in the cooling cycle in some cases. The SAXS data

are taken at 50°C, to make sure that the system is in the fluid phase. The typical transition enthapy

found is 12 k] /mol, corresponds to chain melting transition.

SAXS studies

The SAXS profiles of DMTAP-LICl samples are shown in fig. 4.12. 20wt% DMTAP samples form
a lamellar phase of d=15.64 nm. Multiple peaks which are found in SAXS pattern can be indexed
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FIGURE 4.7: Variation of d of the L, phase of 20 wt% DDAC dispersions with salt
concentration for different salts. Typical error bar in the swollen phase is indicated.
In the collapsed phase the error is smaller than the size of the symbol.

as h=1,2,3 and 4 of a lamellar phase(L,). As the salt concentration is increased the d-spacing is
reduced till it reaches the minimum at [Cs]= 700mM. The SAXS profiles of DMTAP- NaCl (fig.
4.13), DMPAP-KCI (fig. 4.14), DMTAP- CsCl (fig. 4.15) are qualitatively similar to that of DMTAP-
LiCl system. The variation of d-spacing with salt concentration is presented in fig. 4.16. and table
4.6.
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FIGURE 4.8: SAXS profiles of DDAC dispersions in NaCl solutions of (a) 375mM, (b)
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FIGURE 4.9: SAXS profiles of DDAC dispersions at KCl solutions of (a) 375mM, (b)

400mM, (c) 425 mM,, (d) 450mM, (e) 475mM and (f) 500mM concentration at different
temperatures at ¢ =20.

4.3.3 Effect of salt on DDAB bilayers

20 wt% DDAB dispersion in water forms a lamellar phase (L), with a periodicity of 11.9 nm. All
the alkali metal bromides are found to have similar effects on DDAB bilayers. SAXS profiles of
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375mM 400mM 425mM 450mM 475 mM 500mM 1M
30 5.0 39 36 34 34 34 31
35 11.6 6.0 - - - - -
40 12.7 11.1 43 3.6 36 3.6 -
45 - 12.3 5.5 - - - -
50 12.7 12.9 7.1 42 32 40 -
55 - - * - - - -
60 12.5 12.3 7.6 * 5.2 47 -
65 - - * - - - -
70 11.9 12.5 7.8 * * * 32

TABLE 4.2: Temperature dependence of d-spacing for 20 wt% DDAC dispersions at
different KCI concentrations. -’ denotes that data was not taken at that temperature
and "’ denotes no peak in the SAXS was observed at that temperature.

o d (nm)

TCO Z50mM 475 mM 500mM 1M
30 41 3.7 36 32
70 * 8.2 * 34

TABLE 4.3: Temperature dependence of d-spacing for 20 wt% DDAC dispersions at
different LiCl concentrations. "*" denotes no peak is observed in the SAXS profile
was observed at that temperature.

DDAB-LiBr, DDAB-NaBr, DDAB-KBr and DDAB-CsBr are shown in fig.4.17 , fig.4.18, fig.4.19 and
tig. 4.20 respectively. In the absence of salt three peaks are seen in the SAXS pattern. At [C;]=
50mM, two peaks are found, the second order peak being very broad (fig. 4.18, 4.19) , but the
d-spacing is comparable to that in water. At [Cs]= 100mM, d reduces to ~ 3.1 nm. The value
of d does not change further upto [Cs]= 1M. Variation of d-spacing with salt concentrations for
different salts is shown in fig. 4.21 and table 4.7.

4.3.4 Effect of salt on unmixed samples

DDAC - XCI (X=Na, Li, K, Cs) samples which were mixed during preparation, show d-spacing al-
most similar to that of DDAC-water system at low salt concentrations (up to ~ 300 mM) . Samples
which were not mixed during preparation show a monotonic decrease of d with salt concentration
before it goes to the L phase. The d-spacing vs salt concentration data for the unmixed samples
is presented in table 4.8 and fig.4.26. Figs. 4.22 ,4.23,4.24 and 4.25 give the SAXS patterns of un-
mixed DDAC samples in different salt solutions. The peaks become broad on increasing the salt
concentration and at [Cs] ~ 300mM, only one peak is observed. At [Cs] ~ 500mM, two distinct
peaks are observed (L§ phase), with d ~ 3.5 nm.

4.4 Discussions

The periodicity of a lamellar phase is determined by the various inter-bilayer interactions de-
scribed in chapter 1. In the case of ionic amphiphiles electrostatic repulsion dominates, resulting
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o d (nm)

TCO Z50mM 475 mM 500mM 1M
30 41 37 35 32
70 7.1 8.2 63 33

TABLE 4.4: Temperature dependence of d-spacing for 20 wt% DDAC dispersions at
different CsCl concentrations.
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FIGURE 4.10: SAXS profile of DDAC dispersions at NaCl concentration of (a)
350mM, (b) 375mM, (c) 375mM - on cooling and (d) 400 mM at different temper-
atures at ¢ = 30.

in high values of the d-spacing in dilute samples in water. Long-range undulation repulsion is
usually negligible in these systems due to the electrostatic contribution to the bilayer bending
rigidity, which makes them very rigid. These systems are said to be electrostatically stabilized (1.
The electrostatic contribution to « is reduced in the presence of salt®. In the case of a lipid
such as DMTAP the bare value of « is of the order of 10 kgT1®. Since undulation repulsion, which
is inversely proportional to x®, is relatively small in DMTAP, its d-spacing is primarily deter-
mined by electrostatic repulsion. This system is well described by the DLVO theory, which takes
into account the electrostatic repulsion and van der Waals attraction. As the salt concentration is
increased, the electrostatic repulsion is screened out more and more and the d-spacing gradually
decreases due to van der Waals attraction. The d-spacing reaches a minimum value of about 4.7
nm at a salt concentration of 700 mM, corresponding to a Debye length of 0.35 nm. This value
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d (nm)

350mM  375mM

375mM (cooling) 400mM

T(C)

30 3.8
35 46
40 6.2
45 6.8
50 6.9
55 -

60 6.8
65 -

70 6.8

3.6
4.3
5.7
6.2

8.3

8.5

3.6
3.6
4.3
5.8
7.1
8.1
8.4

8.5

3.5
3.6
3.7
4.0
4.3
4.8
51
5.1

TABLE 4.5: Temperature dependence of d-spacing at different NaCl concentrations
for 30wt% DDAC samples. "-" denotes that data was not taken at that point.

[Salt Concentration] (mM) dcscr (nm) dgc; (nm) dygcr (nm) dric; (nm)
0 15.64 15.64 15.64 15.64
100 14.12 13.86 14.23 13.03
300 12,23 11.05 9.76 10.89
500 8.21 6.01 5.04 5.43
700 4.89 4.74 4.73 4.75
1000 4.67 4.59 4.62 4.79

TABLE 4.6: Salt concentration vs d for different salts for DMTAP system at ¢= 20.

[Salt Concentration] (mM) dcspr (Nm) dgg, (nm) dngr (nm) dy;g, (Nm)

0 11.9 11.9 11.9 11.9
50 - 11.73 12.1 -

100 3.07 3.14 3.07 3.14

200 3.1 3.07 3.10 3.13

300 3.1 3.1 - -

400 - 3.08 -

500 3.06 * 3.10 3.07

1000 3.05 3.0 3.01 3.07

TABLE 4.7: Salt concentration vs d for different salts for DDAB system at ¢= 20.

of d-spacing is typically about 1 nm higher than the bilayer thickness!® due to the presence of

short-range hydration repulsion.

The bare value of « for a surfactant such as DDAG, is of the order of kg T2 which is an order
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FIGURE 4.11: DSC thermograms of 20 wt% DMTAP dispersions in water and at
[Cs]=300mM of different alkali metal chlorides. The black and red traces correspond
to the heating and cooling cycles, respectively.

of magnitude lower than the value for DMTAP. This difference in « leads to the striking difference
in the variation of d with salt concentration in these two systems. Due to its much lower value of
x, the amplitude of thermal fluctuations of the DDAC bilayer is much larger, resulting in stronger
undulation repulsion between the bilayers. Consequently, the lamellar phase of DDAC is able
to swell considerably in the presence of salt, and the system is said to be undulation stabilized.
We have observed a maximum swelling of about 18 nm in this system, corresponding to ¢ ~ 10
(fig.4.27). Since the maximum swelling of both the electrostatically-stabilized salt-free lamellar
phase and the undulation-stabilized phase in the presence of salt correspond to values of ¢ less
than 20, the d-spacings of these phases are comparable at ¢ = 20. However, there are important
differences in their SAXS profiles which are discussed later.

DMTAP is a charged lipid (Cl ~ counter-ion), which forms a lamellar phase in water. SAXS
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FIGURE 4.12: SAXS profiles of DMTAP dispersions in (a) water, and in LiCl solutions
of (b) 300 mM, (c) 500 mM, (d) 700 mM, (e) 1 M concentration at ¢ = 20.
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FIGURE 4.13: SAXS profile of DMTAP dispersions in (a) water, and in NaCl solutions
of (b) 300 mM, (c) 500 mM, (d) 700 mM, (e) 1 M concentration at ¢ = 20.

profile of DMTAP-salt system is shown in fig. 4.12, fg. 4.13, fig. 4.14 and fig. 4.15. 20wt% DMTAP
samples form a lamellar phase in water with d= 15.64 nm. Bilayers formed by the charged lipids
have a higher bending rigidity (~ 100 kzT)® compared to those formed by neutral lipids (~ 30
kgT)15). Effect of monovalent salts on the reduction of bending rigidity is reported earlier ®:©).
Effect of NaCl on the lamellar periodicity of DOTAP-water system has been studied earlier!”). In
our case a gradual decrease in d-spacing is observed with increasing salt concentration (table 4.6)
till it reaches the minimum (L{ phase), where two bilayers are separated by a thin water layer.
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FIGURE 4.14: SAXS profile of DMTAP dispersions in (a) water, and in KClI solutions
of (b) 300 mM, (c) 500 mM, (d) 1 M concentration ¢ = 20.
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FIGURE 4.15: SAXS profile of DMTAP dispersions in (a) water, and in CsCl solutions
of (b) 300 mM, (c) 500 mM, (d) 1 M ¢ = 20.

This indicates that the Debye length is gradually decreasing with increasing salt concentration.
The amplitude of the undulation repulsion is much lower in the case of lipids, due to the high
bare rigidity of the system!). The value of observed d-spacing is higher in the case of CsCl,
compared to the other salts, when [C;] = 300mM or 500mM. The reason for such behaviour we
were unable to figure out at present.

A 20 wt% DDAC dispersion in water forms a lamellar phase of d ~ 11 nm. Several distinct
sharp peaks are observed in the SAXS pattern, which as discussed below,reveals that DDAC forms
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FIGURE 4.16: Variation of d-spacing with salt concentration for different salts for
DMTAP samples at ¢ = 20. Typical error bar for the fully swollen L, phase is =
0.3nm, where as for the L, phase it is = 0.02nm.

rigid, flat bilayers in water and that the lamellar phase is stabilized by inter bilayer electrostatic
repulsion. As the salt concentration is increased only one or two broad peaks are observed. This
indicates that the lamellar phase is no longer stabilized by electrostatic repulsion, but by steric
repulsion between the thermally undulating bilayers*”#, since the bending rigidity of charged
bilayers is reduced in the presence of salt®®. In order to confirm this hypothesis, SAXS data
for 20wt% DDAC samples in water and in 200 mM NacCl are fitted to a model by following the
protocol described in1® As discuused in the earlier chapter, the scattered intensity, I(q), from a
lamellar phase can be expressed as the product of a structure factor, S(q), and a bilayer form
factor, F(q), given by,

N-1

S(9) = N +2 Y (N — K)eos(kqd) x exp[— () gy k) (7 @)
k=1
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FIGURE 4.17: SAXS profiles of 20 wt% DDAB dispersions in (a) water, and in LiBr
solutions of (b) 100 mM, (c) 200 mM, (d) 500 mM and (e) 1 M concentration.
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FIGURE 4.18: SAXS profiles of 20 wt% DDAB dispersions in (a) water, and in NaBr
solutions of (a) 0 mM. (b) 50 mM, (c) 100 mM, (d) 200 mM, (e) 500 mM and (f) 1 M
concentration.

and
o THe’ o ocq’
F(q) = 2V 2noyppexp(— 5 Jeos(qzp) + ZNUCpCexp(—CT) (4.2)

Where N is the number of correlated bilayers in the lamellar stack, zj, is half the bilayer thick-
ness, oy and oc are the widths of the Gaussians for the head group and the hydrocarbon tail
regions of the bilayers. py and gc are the electron density of the head group and tail regions
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FIGURE 4.19: SAXS profile of 20 wt% DDAB dispersions in (a) water, and in KBr so-
lutions of (b) 50 mM, (c) 100 mM, (d) 200 mM, (e) 300 mM and (f) 1 M concentration.
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FIGURE 4.20: SAXS profile of 20 wt% DDAB dispersions in (a) water, and in CsBr
concentrations of (b) 100 mM, (c) 200 mM, (d) 300 mM, (e) 500 mM and (f) 1 M
concentration.

with respect to that of the metylene group. 7 is the Callié parameter, which is a function of both
bending rigidity modulus (x) and bulk compression modulus (B), (1 1vkB). Fig. 4.28 shows
the experimental data and the fit to the model for 20wt% DDAC samples in water and in 200mM
NaCl solution. The fitting parameters are given in table. 5.6. The value of # increases from 0.08 in
water to 0.74 in the presence of 200mM NaCl. This increase in the value of 7 in the presence of salt

is in agreement with the previous study 1) and confirms the significant softening of the bilayer in
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FIGURE 4.21: Variation of d-spacing with salt concentration for different salts for
DDAB samples at ¢ = 20. Typical error bar for the fully swollen L, phase is &= 0.3nm,
where as for the L phase it is == 0.0lnm

the presence of salt.

Fig. 4.7 shows a spread in the d-spacing in the low salt regime. The typical error bar of the mea-
surements is shown for the DDAC- Water system. The spread in the d-spacing can be attributed to
the formation of uni lamellar vesicles (ULVs) or small multi lamellar vesicles (MLVs) during sam-
ple preparation, which can exert some vestigial osmotic pressure on the system©. The value of
such osmotic pressure may vary from sample to sample, hence a spread in d is observed. At mod-
erate salt concentration at room temperature (30°C), a lamellar phase with much lower periodicity
is observed (L phase). The threshold value of salt concentration at which the lamellar periodicity
abruptly decreases is found to be dependent on the salt. For NaCl and KCl it is ~ 375mM, for
LiCl and CsCl it is ~ 450mM. At these salt concentrations the Debye length is about 0.5 nm®.
So the electrostatic repulsion becomes negligible. The attractive van der Waals force dominates.
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[Salt Concentration] (mM) dnacr (nm) dgc; (nm) djic; (nm) dcscr (nm)

0 10.06 10.06 10.06 10.06
100 7.02 6.96 7.26 8.24
200 6.8 6.49 6.12 7.51
300 5.29 521 6.02 6.46
400 3.82 4.1 4.34 5.52
500 3.48 3.56 3.55 5.32
1000 3.25 3.24 3.31 3.32

TABLE 4.8: Variation of d with salt concentration for different salts in the DDAC
system at ¢= 20. These samples were not mixed during their preparation.
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FIGURE 4.22: SAXS profiles of DDAC dispersions in (a) water and in LiCl solution
of (b) 100 mM, (c) 200 mM, (d) 300 mM, (e)400 mM, and (f) 500 mM and (g) 1M
concentration at ¢= 20. These samples were not mixed during preparation.

[C] (mM)  z, (am) oy (nm)  oc (nm)  pH/ pc U]

0 1.01 0.17 0.24 -0.140 0.08
200 1.01 0.19 0.13 -0.06 0.74

TABLE 4.9: Values of the model parameters obtained from the best fit.

At ~ 500mM of salt concentration the d-spacing becomes very close to the bilayer thickness1?),
so this phase can be viewed as corresponding to the primary minimum of the DLVO potential,
where the particles can touch each other, but with a difference. In the case of surfactant or lipid

molecules there is a short range hydration repulsion, attributed to the hydration of hydrophilic
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FIGURE 4.23: SAXS profiles of DDAC dispersions in (a) water and in NaCl solutions
of (b) 100 mM, (c) 200 mM, (d) 300 mM, (e)400 mM, and (f) 500 mM and (g) 1M
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FIGURE 4.24: SAXS profiles of DDAC dispersions in (a) water and in KCl solutions
of (b) 100 mM, (c) 200 mM, (d) 300 mM, (e)400 mM, and (f) 500 mM and (g) 1M
concentration at ¢= 20. These samples were not mixed during preparation.

head groups of the ampphiphilic molecules!4?9). Therefore, there is a thin layer of water sepa-
rating the bilayers in the L. phase. So the primary minimum of DLVO potential is shifted. The
details of this hydration repulsion is discussed in chapter 1 of this thesis. In our experiment, the
LS phase appears at different concentrations for different salts, we are unable to explain the reason
behind such a specific ion-effect. Further work needs to be done for a detailed understanding of
this observation.

We have studied the effect of temperature on the collapsed lamellar phase ( L;) formed by
DDAC bilayers. Fig. 5.16 and fig. 5.17 show the SAXS patterns as function of temperature for
20wt% DDAC- NaCl and DDAC-KCI samples, respectively. The value of d for DDAC-NaCl and
DDAC-KCI systems are given in table 4.1 and table 4.2. The d-spacing increases with increasing
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FIGURE 4.25: SAXS profile of DDAC dispersions in (a) water and in CsCl solutions
of (b) 100 mM, (c) 200 mM, (d) 300 mM, (e)400 mM, and (f) 500 mM and (g) 1M
concentration at ¢= 20. These samples were not mixed during preparation.

temperature. The temperature at which the spacing starts to increase, increases with salt concen-
tration. At 1M of salt concentration the spacing does not change even at the highest temperature
(70°C). From table 4.1 it is clear that at 70°C a fully swollen phase is found up to [C;] = 425 mM.
Over an intermediate temperature range no peak is observed in the SAXS pattern, suggesting the
formation of uncorrelated bilayers. To verify whether the formation of uncorrelated bilayers is a
general phenomenon or not, 30wt% DDAC samples were prepared over this NaCl concentration
range. SAXS profiles of 30wt% DDAC- NaCl samples are shown in fig. 4.10. From fig. 4.10b it is
clear that the peak becomes broad on increasing the temperature before it reaches a fully swollen
phase, where the peak appears to be sharper. These samples were equilibrated for 30 min before
data collection at each temperature in order to avoid artifacts due to slow kinetics. Before going
to a fully swollen phase, a lamellar phase with a lower d-spacing is observed. In order to observe
a L — L, phase transition on increasing the temperature, there should be enhancement of inter-
bilayer repulsion on increasing the temperature or decrease in the attractive interaction. It is very
unlikely to have an increase the electrostatic repulsion or a decrease in van der Waals attraction
on increasing the temperature over this temperature range. The other possibility is an increase of
undulation repulsion with temperature , which has been shown to lead to a gradual swelling of
the lamellar phase with increasing temperature ®). At sufficiently high temperature, the repulsion
can be strong enough to lead to the formation of uncorrelated bilayers. Similar binding- unbinding
transition has been observed in a mixture of charged and uncharged lipids*?. On increasing the
temperature more, the magnitude of the repulsion increases further. But since the samples only
have a limited water content, the increased repulsion can give rise to the ordering of bilayer stacks.
Hence the peaks appear in the SAXS pattern for 20 wt% samples at high temperatures. Since in
the 30 wt% samples the water content is even less, there is no formation of uncorrelated bilayers
over intermediate temperatures. Only a broadening of the peaks is observed. From fig.4.10(b) and
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FIGURE 4.26: variation of d-spacing with salt concentration for different salts for
DDAC samples at ¢ = 20. These samples were not mixed during preparation.

fig.4.10(c), it is clear that the behaviour aphenomen is completely reversible on heating and cool-
ing. There is an increase in the transition temperature with salt concentration. At present we are
unable to figure out the precise mechanism for this. Further work needs to be done for a detailed
understanding.

Effect of alkali metal bromides (LiBr, NaBr, KBr and CsBr) on the lamellar phase of DDAB,
is found to be qualitatively similar to the effect of chloride salts on the lamellar phase of DDAC.
The only difference is that the collapsed lamellar phase (Lj) in the case of DDAB occurs at a
much lower salt concentration (C; ~ 100mM). 20 wt% DDAB in water forms a lamellar phase
with d=11.9 nm. Multiple sharp peaks are shown in the SAXS pattern, indicating that the system
is stabilized by inter bilayer electrostatic repulsion. At [NaBr]= 50 mM, the periodicity remains
almost the same, but the scattering profile shows two broad peaks. Debye length at this salt



4.4. Discussions 89

5 | | | | |
m
i
-E 4_ -
=
= ]
©
53- i
= 0) ]
c
S o} -
=
= ]
o (@
1 4
L | 1 | 1 | 1 | 1 | |
0 1 2 3 4 5

q(nm-1)

FIGURE 4.27: SAXS profile of DDAC dispersions in (a) water and in NaCl solution
of (b) 200mM concentration at ¢ = 10.
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FIGURE 4.28: Fitted data for 20wt% DDAC samples in water (a) and in 200mM
NaCl Solution (b). The black line represents the experimental result and the red
line represents the best fit profile obtained from the model.

concentration is ~ 1 nm. The much larger periodicity compared to the Debye length and the
presence of broad peaks in the scattering profile suggest that this phase is stabilized by undulation
repulsion. (fig. 4.18). At [Cs]= 100mM, the spacing reduces to 3.1 nm. The appearance of L
phase at lower salt concentration in the case of DDAB compared to the case of DDAC, can be
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attributed to the different counter-ions of the two surfactants. Fig.4.1 shows the phase diagram of
these two surfactants in water. A two-lamellar phase co-existence region is observed for DDAB,
whereas for DDAC only a single lamellar phase is seen. A previous study has shown that the
stronger affinity of the Br ~ counterion to get absorbed on the bilayer compared to Cl~ can lead to
enhanced attraction between the DDAB bilayers?®). The presence of such an additional attractive
interaction between DDAB bilayers can explain the formation of the L] phase at much lower salt
concentrations. The effect of different bromide salts on the phase behaviour of DDAB is found to
be similar.

The DDAC samples which were not mixed during time of the preparation show a monotonic
decrease of d-spacing with increasing salt concentration till it reaches the minimum (L phase)
(table4.8). There is a clear phase separation observed in the non-mixed samples. The top layer
of the samples show a lamellar phase (L,). From the bottom part of the sample no significant
scattering intensity is observed. Earlier study on DDAB bilayers has shown the formation of a very
dilute meta stable sponge phase (L3), which disappears after long incubation time (~ 90 days)!?.
The presence of such a dilute phase in the present samples can apply an osmotic pressure on the
lamellar phase, leading to the observed behaviour.

The effect of salt on the lamellar phase formed by charged surfactant and lipids can be quali-
tatively explained by using the DLVO theory. The van der Waals interaction energy per unit area

of a bilayer can be written as (24)

A 1 2 1

Va —_ |3 — +
127‘E[d%v ((dw+d3)2 (dw+2d3)2]

(4.3)

Where A is the Hamaker Constant, dp is the bilayer thickness, dyy is the water layer thickness. The
electrostatic interaction per unit area can be express as®27),

d
V, = PesAp(coth(=—) — 1) (4.4)
2Ap
Where, Pgs = 02 /€€y, 05 is the surface charge density, € is the permittivity of salt solution and
€p is the permittivity of free space, Ap is the Debye length.
Total interaction energy per unit area can be written as,

U=V, +V, (4.5)

Fig. 4.29 shows the DLVO potential for two different values of the Hamaker constant (A). The
values of the A were taken from (®?®. The area per charge is taken as 2.94 nm??®. It is seen from
the figures that the height of the barrier reduces as more and more salt is added, before it finally
disappears. This is because the electrostatic repulsion between the the surfaces gets screened
with increasing salt concentration. The Hamaker constant, which represents the strength of the
attractive van der Waals attraction, is more in the second case. Hence the barrier disappears at
much lower salt concentration in that case. There is also a secondary minimum in the potential,
which is shown in the inset. It is clear from fig.4.29a, that the position of the secondary minimum
shifts of lower values of inter bilayer separation (d ) as the salt concentration is increased.

Fig. 4.30 represents the effect of surface charge density on the DLVO potential. As the charge
density increases the electrostatic repulsion between the charged surfaces increases. Hence, more
salt is required to screen the interaction. So, the electrostatic repulsion dominates up to higher
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FIGURE 4.29: Total interaction energy per unit area of a bilayer vs water layer thick-
ness for two different values of the Hamaker constant (a) A=1.8 kgT (b) A=16.9 kgT.
The position of the secondary minimum is shown in the inset.

salt concentrations. From fig.4.30 b, (where the assumed surface charge density is maximum) it is
seen that the barrier does not disappear at even 1M salt concentration. Whereas in the other case
( fig.4.30a ) the barrier disappears at 400 mM. Position of the secondary minimum, for different
salt concentrations, is shown in the insets. The value A is taken as 16.9 kgT. The area per charge
in fig.4.30b, is 0.65 nm?, which is close to charge density of DDAB and DDAC bilayers at com-
plete dissociation?). It is clear from the above discussion that the potential barrier disappears
above a critical salt concentration, which increases with the surface charge density of the bilayer.
The bilayers become "sticky" above this salt concentration and the undulation-stabilized swollen
lamellar phase is no longer stable. This provides a qualitative explanation of the observed abrupt
L, — L transformation. The much lower critical salt concentration found in the case of DDAB is
consistent with the higher propensity of the Br~ counterions to adsorb back on the bilayer, thus
reducing the surface charge density. The absence of such a transition in the case of DMTAP might
be a consequence of the much stronger hydration repulsion in this case, due to its much bigger

head group, which can prevent the system from accessing the primary minimum.
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FIGURE 4.30: Total interaction energy of a bilayer per unit area vs water layer thick-
ness for two different values of o5 (a) e~ /2 nm? (b) e~/ 0.65 nm?. The position of the
secondary minimum is showed in the inset.
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4.5 Conclusions

In this chapter we have studied the effect of salt on the phase behaviour of fluid lamellar phase
formed by ionic surfactants and lipids at low salt regime. In the case of surfactant bilayers (DDAC
an DDAB) the sysytem goes from an electrosatically stabilized phase to a undulation stabilized
phase on increasing the salt concentration in the solution, before it goes into a collapse lamellar
(LY) phase. The value of salt concentration at which the collapsed phase appears is different for
DDAC and DDAB. This can be attributed to the difference in the counter-ions in the two systems.
A specific-ion effect is also observed as the value of C; at which the L phase appears in the case
of DDAC, is slightly higher for LiCl and CsCl compared to NaCl or KCIl. A temperature driven
LS — L, transition is observed in the case of lamellar phase formed by DDAC. The transition
temperature depends on the salt concentration. In the case of charged lipid bilayers (DMTAP),
whose bare bending rigidity is a order of magnitude higher compared to the surfactant bilayers, a
gradual reduction of d-spacing is observed with increasing Cs.
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Chapter 5

Effect of salt on inter-bilayer interactions
in the lamellar phase of some ionic
amphiphiles: high salt regime

5.1 Introduction

In this chapter we describe the influence of salt on the lamellar phase formed by cationic surfac-
tants and lipids at high salt concentrations ( up to 4 M ). Earlier study done by Smith et al. showed
that there is a long range repulsion between two smooth mica surfaces across a electrolytes at high
electrolyte concentration ™. The experimental decay length (A.y) is found to be much greater that

the theoritical decay length (Ap), which is given by,

€€okpT
Ap = _ (5.1)
\ i Pooi?22

Where T is the temperature, kg is the Boltzmann’s constant, €y is the permittivity of free space,
€, is the relative permittivity, p.; is the number density of ion type i and z; is the valency of
ion type i. The interaction forces between two mica surfaces were measured using surface force
balance apparatus. The electrolytes used were (a) NaCl solution and (b) ionic liquid 1-butyl-1-
methylpyrrolidinium bis[(trifluoromethane)sulfonyl]imide. The eperimental findings of Smith et
al. in presented are fig. 5.1 and fig. 5.2.

The electrolyte of interest was inserted between two mica sheets and the force between them
is measured as a function of their separation. Beyond the oscillatory region a log range repulsion
was found between the surfaces which was fitted to a exponentially decaying function (Fy/R ~
exp(-D/Acxp)), Where Ay, is the experimental decay length, which was found to be ~ 8.4 nm for
the ionic liquid and ~ 1.1 nm for 2 M NaCl. Fig. 2 shows the comparison between A, and Ap
as a function of concentration. At low concentration A.y, ~ Ap. After a threshold, A.y, starts
to increase, showing a significant deviation from Ap (Aexp > Ap). Surface force measurements
from Israelachvili’s group using ionic liquids shown a decay length of 10-13 nm, much larger than
the theoretical Debye length given by eq 1. Such large Debye length would correspond to a
concentration of 107% M for a 1 : 1 electrolyte. The explanation was given assuming fractional
dissociation of the liquid. The observation of long decay length was explained by Kjellander
by taking into account ion-ion correlations G4 A much longer decay length compared to Ap is
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FIGURE 5.2: Decay length vs concentration (c 1/?) for two different electrolytes !

observed in the concentrated solution of LiCl and CsCl is reported in ref.®). The general finding
of the change in decay length with concentration is expressed in fig. 5.3.

Another study has also reported an increase in the Debye length at salt concentration®. Un-
like the previous case where measurements were based on surface force apparatus, in this case a
new technique was used. In these experiments a small concentration of an ionic fluorescent dye
(fluorescein, a dianion) (10~ times of the salt concentration) was added to the solution, whose
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FIGURE 5.3: Decay length vs concentration plot. figure was taken from ©)

number was measured as a function of film thickness. If the decay length of the surface potential
is much less than the separation between the plates, then the number of dye molecules near the
mid plane will be the same as that near the surface, otherwise there will be a difference, which
is called the surface excess. The main result of article® is presented in fig. 5.4. It is seen that
the decay length of surface excess fluorescein in the case of NaCl and LiCl is of the order of 10
nm, suggesting the presence of a long range field. If classical Debye-Huckel theory was valid, at
that concentrations, the decay length should be of the order of 0.1 nm (eq. 1). The occurrence of
positive surface excess of fluroscein is attributed to the charge reversal of the silica surfaces, since
both silica and fluroscein acquire negative charge in water. In the case of CsCl no surface excess
fluroscein was observed. The authors did not provide any explanation for that. Change in decay
length with the salt concentration is shown in fig. 5.5.
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FIGURE 5.4: Surface excess of fluorescein as a function of separation (aqueous film
thickness) for various salt concentrations and salt cations. Figure taken from ©)

In the above mentioned experiments the effect of high salt concentration was studied on two
rigid flat surfaces made of either mica or silica surfaces. Both of the surfaces acquires negative
charge in an aqueous solution. In this chapter we discuss the effect of alkali metal chlorides (LiCl,
NaCl, KCI and CsCl) on the lamellar phase formed by didodecyldimethylammonium chloride
(DDAC) and 1,2-dimyristoyl-3-trimethylammonium-propane (chloride salt) (DMTAP) bilayers
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and that of alkali metal bromides (LiBr, NaBr, KBr and CsBr) on the lamellar phase of didode-
cyldimethylammonium bromide (DDAB) bilayers using SAXS, POM and cryo-SEM techniques.
DDAC, DDAB and DMTAP form lamellar phase in water over a wide range of concentration "%,
These amphiphilies acquire a positive charge in the aqueous solution and the surfaces are much
more flexible compare to the ones used in the experiments described above. In our study the ef-
fect of different alkali metal chlorides (LiCl, NaCl, KCI and CsCl) is found to be different on the
lamellar phase (L) formed by DDAC and DMTAP bilayers. In the case of DMTAP, on increasing
the salt concentration of KCl and CsCl, the lamellar periodicity (d) decreases till it reaches mini-
mum. On increasing the salt concentration further the d-spacing does not increase further. In the
case of NaCl and LiCl, the d-spacing first reaches a minimum. After a threshold value of salt con-
centration the d-spacing starts to increase again. The value of the threshold salt concentration is
found to be lower in the case of LiCl. The effect of alkali metal chlorides on the L, phase of DDAC
bilayers is found to be qualitatively similar to that of DMTAP. In the case of KCI and CSCl, the
d-spacing reaches a minimum and does not change further on increasing the salt concentration.
But for NaCl and LiCl, the d-spacing increases after a threshold salt concentration. The thresh-
old is found to be lower for LiCl. At high value of salt concentration ([C;]), the d-spacing for
DDAC-LiCl system is found to be lower than that of DDAC-NaCl system. The effect of different
alkali metal bromides (CsBr, KBr, NaBr and LiBr) on the L, phase of DDAB is also found to be
ion dependent. In the cases of CsBr and KBr the d-spacing reaches a minimum, on increasing the
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salt concentration further the d-spacing does not change significantly. In the case of NaBr after a
threshold the d-spacing increases and an optically isotropic phase is found at high NaBr concen-
tration. In the case of LiBr after a threshold a co-existence between of two lamellar phases with

different periodicities is observed.

5.2 Materials and methods

Same as prvious chapter.

5.3 Results

5.3.1 Effect of salt on DDAC bilayers
DSC studies

DSC thermograms of DDAC samples in water and at different salt concentrations (Cs) of different
alkali metal salts are presented in fig. 5.6. In the absence of any salt the transition temperature is
observed to be around 10°C. The transition temperature is found to increase slightly with increas-
ing salt concentration. At [C;]=1 M and 4 M, the transition temperature observed is ~ 15°C and
~ 18°C, respectively. The typical transition enthalpy is found to be close to 6 kJ/mol. The peak
position corresponds to the Krafft temperature, above which the bilayers are formed.

SAXS studies

20 wt% DDAC samples in water forms a Imellar phase (L,) with periodicity (d) ~ 11 nm. SAXS
patterns shows 4 peaks, which can be indexed as the 1st, 2nd, 3rd and 4th order peaks of a lamellar
structure. SAXS profiles of DDAC-LiCl samples are shown in fig. 5.7. At [C;]= 0.5 M, a lamellar
phase is found with periodicity (d) 3.5 nm. The d-spacing remain similar up to [Cs] ~ 2 M. At
[Cs]=2 M, the lamellar periodicity (d) is 3.87 nm. On increasing the salt concentration to 4 M, the
peak becomes broad and the d-spacing increases to 6.4 nm.

SAXS profiles of DDAC- NaCl samples are shown in fig. 5.8. At [C]= 0.5 M, the lamellar
periodicity (d) is 3.41 nm. The dspacing remains same up to [Cs] ~ 2.2 M. At [Cs]=25 M, a
co-existence between two lamellar phases with slightly different periodicity is observed (d= 3.3
nm and 4.95 nm). At [C;]= 3 M, the peak becomes broad, corresponds to a single lamellar phase
with periodicity ~ 11 nm . The d-spacing increases to ~ 12 nm at [C;]= 4 M. One noticeable
difference between DDAC- NaCL and DDAC-LiCl samples is that their d-spacings at high salt
concentrations ([Cs= 3 M or 4 M] are different. The DDAC- NaCl samples at ¢= 20, at [Cs]=3M and
4 M swells to the full extent limited by the water content, whereas for similar salt concentrations
of LiCl the d-spacing found is ~ 6.4 nm. To examine that whether this difference is independent
of wt% of the samples or not, we have done similar experiment on 10 wt% DDAC samples, at LiCl
solution of 4M concentration. The SAXS profile is presented in fig. 5.9. The d-spacing is found
be similar for both, ¢= 10 and for ¢=20. POM and Cryo-SEM images of DDAC-NaCl samples are
shown in fig. 5.10 and fig. 5.11. cryo-SEM image shows layered morphology, POM image shows

Maltese cross texture, which are typical of a lamellar phase.
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FIGURE 5.6: DSC thermograms of DDAC dispersions in water and in solutions of

different alkali metal chlorides at ¢ = 20. (a), (b) and (c) represents [Cs] = 200mM,

1M and 4M, respectively. The transition was not observed in the cooling cycle due
to the super-cooling of the fluid phase.

SAXS profiles of DDAC- KCl and DDAC- CsCl samples are qualitatively similar and they are
shown in fig. 5.12 and fig. 5.13. Two sharp peaks are seen in the SAXS profiles, corresponding to
a lamellar phase of periodicity ~ 3.5 nm, at [Cs]= 0.5 M. On incresing the salt concentration the
d-spacing does not change significantly. At [C;]= 4M, the observed d is ~ 3.1 nm. The variation
of d-spacing with increasing salt concentration is shown in fig. 5.14 and table. 5.1.

Effect of temperature is also studied for DDAC- salt samples at 4 M, in the temperature range
of 30°C - 70°C. SAXS profiles are shown in fig. 5.15, fig. 5.16, fig. 5.17, and fig. 5.18. In the case
of LiCl, the peak becomes broad on increasing the temperature, the d-spacing does not change
significantly. In the case of NaCl, the peak becomes sharp at 70°C, with a slight increase of d-
spacing. For DDAC-KCl and DDAC-CsCl samples the SAXS profile is found to be independent of



5.3. Results

101

FIGURE 5.7: SAXS profiles of DDAC dispersions in (a) water, and in LiCl solutions
of (b)0.5M, (c) 1M, (d)1.5M, (e)2M, (f) 25 M, (g) 3 M, and (h) 4M concentration at

FIGURE 5.8: SAXS profiles of DDAC dispersions in (a) water, and in NaCl solutions
of (b)0.5M, (c) 1M, (d)2 M, (e) 25 M, (f) 3M, and (g) 4M concentration at ¢= 20.

temperature. The change of dspacing with temperature is given in table 5.2.
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FIGURE 5.9: SAXS profiles of DDAC dispersions in LiCl solution of 4M concentra-
tion at ¢=10.

FIGURE 5.10: POM image of DDAC dispersions in NaCl solution of 3.5M concentra-
tion at ¢= 20.

5.3.2 Effect of salt on DMTAP bilayers

DSC studies

DSC thermograms of DMTAP samples are shown in fig. 5.19. A large hysteresis is found in
heating and cooling cycles (~ 10°C). Multiple peaks are found in the cooling cycle in some cases.
An increase in the transition temperature is observed in the presence of salt. The SAXS data are
taken at 50°C, to make sure that the system is in the fluid phase. The typical transition enthalpy
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found is 12 kJ /mol, corresponds to chain melting transition of the lipid.

SAXS studies

FIGURE 5.11: Cryo-SEM image of DDAC dispersions in NaCl solution of 3.5M con-

FIGURE 5.12: SAXS profiles of DDAC dispersions in (a) water, and in KCl solutions
of () 0.5M, (c) 0.7 M, (d) 1 M, (e) 2 M, (f) 3 M, and (g) 4M concentration at ¢= 20.
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SAXS profiles of DMTAP-LiCl samples are shown in fig. 5.20. Multiple peaks are seen inthe SAXS
profile in the absence of salt corresponding to a L , phase with d= 15.64 nm. In the presence of salt
two or three sharp peaks are seen in the SAXS profiles, which can be indexed to h=1, 2 and 3 rd

order reflections of a L, phase,with relatively smaller d-spacing. The variation of d-spacing with
salt concentration is shown in fig. 5.21 and table. 5.3. The d- spacing reduces with increasing salt
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FIGURE 5.13: SAXS profiles of DDAC dispersions in (a) water, and in CsCl solutions
of (b)0.5M, (c) 1 M, (d) 2 M, (e) 3 M, and (f) 4 M concentration at ¢=20.

[CIM)  desar (mm)  dge (nm)  dnger (nm)  dpicr (nm)
0 10.72 10.72 10.72 10.72
0.5 3.52 3.41 3.54 3.52
1 3.33 3.35 3.28 3.31
15 - 3.24 - 3.35
1.75 - - - 3.51
2 3.21 3.17 3.26 3.87
2.2 - - 3.31 -
2.5 - - 3.33,4.95 5.36
3 3.13 3.13 10.45 6.20
3.5 - - 10.59 -
4 3.10 3.14 12.1 6.41

TABLE 5.1: Dependence of d on salt concentration for different salts for DDAC sys-
tem at ¢= 20. " denotes that data was not taken at that point.

concentration till [Cs] ~ 1 M. At [Cs]=2 M, the observed d-spacing is higher than that of 1 M salt
concentration. d-spacing remains same in the range [Cs]= 2 M - 4 M. SAXS profiles of DMTAP-
NaCl samples are shown in fig. 5.22. The variation of d-spacing with increasing salt concentration
is shown in fig. 5.21 and table. 5.3. The way the d-spacing changes for DMTAP-NACI system, is
qualitatively similar to that of DMTAP- LiCl system, with a few differences. In the case of DMTAP-
LiCl system the increased spacing is observed at [Cs]= 2M, whereas for DMTAP- NaCl system the
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FIGURE 5.14: Variation of d of the L, phase of 20 wt% DDAC dispersions with salt
concentration for different salts.

swelling is observed at [Cs]= 3 M. The other difference is the value of the lamellar periodicity (d)
is slightly lower at [Cs]= 3 M and 4 M, for DMTAP- LiCl system, compared to the DMTAP- NaCl
system.

SAXS profiles of DMTAP- KCl and DMTAP- CsCl systems are shown in fig. 5.23 and fig. 5.24.
The variation of d-spacing with salt concentration is shown in fig. 5.21 and table 5.3. In both the
cases the d-spacing changes in a qualitatively similar way with salt concentration. The spacing
reduces to a minimum at [C;]~ 1 M and does not change much up to [C;]=4 M.

5.3.3 Effect of salt on DDAB bilayers

SAXS profiles of DDAB-LiBr samples are shown in fig. 5.25. In water 20 wt% DDAB samples form
a lamellar phase (L,) with d-spacing ~ 11.5 nm, multiple peaks are found in the SAXS pattern.
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FIGURE 5.15: SAXS profiles of 20 wt% DDAC dispersions in LiCl solution of 4 M
concentration at (a) 30°C, (b) 40°C, (c) 50°C, (d) 60°C, (e) 65°C and (f) 70°C.
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FIGURE 5.16: SAXS profiles of 20 wt% DDAC dispersions in NaCl solution of 4 M
concentration at (a) 30°C and (b) 70°C.

At [Cs] ~ 500 mM, two sharp peaks are found in the SAXS pattern and the lamellar periodicity
(d) reduces to ~ 3.1 nm. The lamellar peroidicity remains similar up to [Cs] ~ 2 M. At [C;]=2.75
M, two peaks are found in the SAXS pattern. One sharp peak corresponding to a d-spacing of
~ 4.1 nm and one broad peak corresponding to a periodicity of ~ 9 nm. The patterns remain
similar up to [Cs]= 4 M. The variation of d-spacing with salt concentration is represented in fig.
5.28 and table. 5.4. SAXS profiles DDAB- NaBr samples are shown in fig. 5.26. At [NaBr]=0.5 M,
a lamellar phase is found whose periodicity is ~ 3 nm. The d-spacing remains same up to [NaBr]=
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FIGURE 5.17: SAXS profiles of 20 wt% DDAC dispersions in KCI solution of 4 M
concentration at (a) 30°C and (b) 70°C.
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FIGURE 5.18: SAXS profiles of 20 wt% DDAC dispersions in CsCl solution of 4 M
concentration at (a) 30°C and (b) 70°C.

2.5 M. At [NaBr]= 3 M, a change in SAXS pattern is observed. unlike the previous cases, where
two peaks where found, which can be indexed to first and second order reflections of a L, phase,
a broad peak is found in the SAXS profile corresponding to a spacing of ~ 8.5 nm. The spacing
does not change significantly till [NaBr]= 4 M. This new phase is found to be optically isotropic,
when viewed under a polarizing optical microscope 5.27.

The SAXS profiles of DDAB- KBr and DDAB- CsBr smaples are shown in fig. 5.29 and fig.
5.30, respectively. The SAXS profiles look similar. The variation of d-spacing with KBr and CsBr
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T(°C) desar (nm)  dge (nm)  dger (nm)  dpicr (nm)

30 3.05 3.05 10.74 6.36
40 - - - 6.81
50 ] ] i 6.99
60 - - _ *

65 - - - *

70 2.98 2.97 13.14 6.93

TABLE 5.2: Temperature dependence of d-spacing for 20 wt% DDAC dispersions at

4 M salt concentration of different alkali metal chlorides. -" denotes that data was

not taken at that temperature and "*" denotes no peak in the SAXS was observed at
that temperature.

[CIM)  desar (nm)  dger (nm)  dnger (nm)  dpicr (nm)
0 15.64 15.64 15.64 15.64
0.5 8.21 6.01 5.04 5.43
0.7 4.89 474 4.73 4.75
1 4.67 4.59 4.62 4.79
2 451 451 4.54 5.56
3 4.48 4.48 6.01 5.58
4 4.48 4.48 5.96 5.58

TABLE 5.3: Salt concentration vs d for different salts for DMTAP system at ¢= 20.

concentrations are shown in fig. 5.28 and table 5.4. The spacing reduces to ~ 3 nm at [Cs] ~ 0.5 M
and does not change significantly till [Cs]=4 M.

5.3.4 Effect of salt on unmixed samples

The SAXS profiles of DDAC-XCI (X= Cs, K, Na, Li) samples, which were not mixed during the
time of preparation is shown in fig. 5.31, fig. 5.32, fig.5.33 and fig. 5.34. With increasing LiCl con-
centration the d-spacing reduces till [LiCl] ~ 1 M. At [LiCl]= 2 M, the spacing is more compared
to that at [LiCl]= 1 M. The spacing increases further at [LiCl]= 3 M and does not change much at
[LiCl]= 4 M. The effect of NaCl is qulatitavely same as compared to LiCl. A two lamellar phase
co-existence is observed at [NaCl]= 2.5 M. From [NaCl]= 3 M, only one broad peak is observed
corresponds to a spacing of ~ 5.3 nm. In the case of mixed samples at [NaCl]= 3M (or 4 M) a
fully swollen phase is observed, with a d-spacing of ~ 11 nm. The variation of d-spacing with salt
concentration is shown in fig. 5.35 and table. 5.5. The effect of KCl and CsCl is found to be similar.
The d-spacing decreases with salt concentration till it reaches a minimum and does not increase

on increasing the salt concentration further.
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FIGURE 5.19: DSC thermograms of 20 wt% DMTAP dispersions in water and in
NaCl solutions of 3 M and 4 M concentrations. The black and red traces correspond
to the heating and cooling cycles, respectively.

5.4 Discussions

The d-spacing of lamellar phase made of ionic amphiphiles in water or at low salt concentration is
determined by inter bilayer electrostatic repulsion®. With increasing salt concentration the sur-
face charges of the bilayers get screened. At moderate value of C;, the periodicity of the lamellar
phase becomes close to the bilayer thickness (Lj phase). The interactions in the lamellar phase
and the formation of L phase can be described in terms of DLVO theory. A detailed discussion of
the variation of d up to 1 M salt concentration is given in the previous chapter.

The effect of different alkali metal chlorides on the variation of d-spacing for DMTAP-system
at ¢=20, is given in table 5.3. At [Cs]= 1M, the d-spacing is ~ 4.7 nm, which is about 1 nm higher
than the thickness of bilayers in the fluid L, phase”). There is a thin layer of water separating
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FIGURE 5.20: SAXS profiles of DMTAP dispersions in (a) water, and in LiCl solutions
of (b) 0.5M, (c)0.7M, (d) 0.8 M, (e) 1 M, (f)2 M, (g) 3M, and (h) 4 M concentration

at ¢=20.
[CIM)  despr (nm)  dgpr (nm)  dngsr (nm)  dpipy (nm)
0 11.9 11.9 11.9 11.9
0.5 3.06 - 3.1 3.07
1 3.05 3.0 3.01 3.07
15 - - - 3.13
1.8 - - - 3.2
2 2.99 2.98 2.99 3.29
2.5 - - 3.07 -
2.75 - - - 4.12,8.97
3 2.94 3.01 8.76 4.19,8.96
3.5 - - 8.38 4.23,9.23
4 2.92 2.95 8.11 4.549.19

TABLE 5.4: Salt concentration vs d for different salts for DDAB system at ¢= 20. '~/
denotes that data was not taken at that point.

two bilayers, due to the presence of the short-range hydration repulsionV. In the case of CsCl
and KCl, the d-spacing does not change up to[Cs]= 4 M, but of NaCl and LiCl it shows a non
monotonic behaviour. In the case of LiCl, the d-spacing shows an increase at [Cs]= 2 M, and
does not change further up to [Cs]= 4 M. For NaCl, the increase in spacing is observed at [C;]=
3 M and does not change much up to 4 M concentration. The value at d-spacing at high salt
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FIGURE 5.21: Variation of d of the L, phase of 20 wt% DMTAP dispersions with salt
concentration for different salts.

concentration( 3 M or 4 M), is found to be slightly higher in the case of NaCl compared to LiCl.
The effect of different alkali metal chlorides on the variation of d-spacing for DDDAC-system
at ¢= 20, is given in table 5.1. Like in the case of DMTAP, for DDAC the d-spacing does not
increase on increasing the salt concentration for KCl and CsCl. But it increases in the case of
LiCl and NaCl, after a threshold salt concentration. The threshold is lower for LiCl. A graphical
representation of electrostatic decay length with salt concentration is presented in fig. 5.3¢). One
possible reason for observing the increase in d-spacing after a threshold of salt concentration in
the case of DDAC and DMTAP system may be the increase in the electrostatic screening length at
high salt concentration as reported in refs. 6 and 11. The salt concentration at which the increase in
Debye length is reported in refs 6 and 11, is comparable to that at which we observe the increase
in the lamellar periodicity. But their are a few important differences. In the above mentioned
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FIGURE 5.22: SAXS profiles of DMTAP dispersions in (a) water, and in NaCl solu-
tions of (b) 0.5 M, (c) 1 M, (d) 2 M, (e) 3 M, and (f) 4 M concentration at ¢= 20.
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FIGURE 5.23: SAXS profiles of DMTAP dispersions in (a) water, and in KCl solutions
of (b)0.5M, (c)0.7M, (d) 1M, (e) 2 M, (f) 3M, and (g) 4 M concentration at ¢=20.

experiments two rigid flat surfaces were used. In our case flexible bilayers are used. The other
important difference is that, both mica and silica get negatively charged in aqueous solution, so
the cations of different alkali metal chlorides work as counter-ions. But in our case, we have used
cat-ionic lipids and surfactants, so the cations from the of different alkali metal chlorides work
as a co-ions. Another striking difference is in both studies described in(10), they have noticed an

increase in Debye length, after a threshold salt concentration. If that was a general phenomenon,
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FIGURE 5.24: SAXS profiles of DMTAP dispersions in (a) water, and in CsCl solu-
tions of (b) 0.5 M, (c) 0.7 M, (d) 1 M, (e) 2 M, (f) 3 M, and (g) 4 M concentration at ¢=

20.
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FIGURE 5.25: SAXS profiles of DDAB dispersions in (a) water, and in LiBr solutions
of (b)0.5M, (c) 1M, (d)1.5M, (e) 1.8 M, (f)2 M, (g) 275 M, (h) 3 M, (i) 3.5 M, and (i)
4 M concentration at ¢= 20.

the same should have been observed for all the salts. But we do not observe any increase in d-
spacing in the case of KCl and CsCl. Lee et al. suggest a scaling relation between Debye length

and radius of ion(!?),

A ~ lpcya® (5.2)
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FIGURE 5.26: SAXS profiles of DDAB dispersions in (a) water, and in NaBr solutions
of (b)0.5M, (c) 1M, (d)2M, (e) 25 M, (f) 3 M, (g) 3.5 M, and (h) 4 M concentration
at ¢=20.

FIGURE 5.27: POM image of DDAB dispersions in NaBr solution of 3.5M concentra-
tion at ¢= 20.

where, 13 is the Bjerrum length of the solution, a is the ion diameter, ¢;, is the salt concentra-
tion. But this argument can not explain the fact that we do not observe an increase in d at high
concentrations KCI and CsCl.

The activity of species i, is related to the concentration (mol/liter) with the following equation,

[i] = vyim; (5.3)
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FIGURE 5.28: Variation of d-spacing with salt concentration for different salts for
DDAB samples at ¢= 20.

7; is called activity coefficient, which is a measure of deviation from the ideal behaviour. If
is activity coefficient of a cation and «y_ is activity coefficient of an anion, then in 1:1 electrolytes
(e.g. NaCl), the activity coefficient is given by 19,

T+ = VI (5.4)

variation of activity coefficient with salt concentration for different alkali metal chlorides are
given in(1417). There is a non-monotonic behaviour of activity coefficients in the case of NaCl
and LiCl, but for KCI and CsCl it decreases monotonically with concentration. Fig. 5.36 shows
the change in the activity coefficient with concentration for NaCl and KCl. But if we replace the
concentration of the salt solution with the activity, i.e., concentration x activity coefficient, we

were not able to reproduce the non monotonic behaviour of Debye length as described in ). The
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FIGURE 5.29: SAXS profiles of DDAB dispersions in (a) water, and in KBr solutions
of (b)04M, (c) 1M, (d)2 M, (e) 3 M, (f) 4 M concentration at ¢= 20.
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FIGURE 5.30: SAXS profiles of DDAB dispersions in (a) water, and in CsBr solutions
of (b) 0.5M, (c) 1M, (d)2M, (e) 3 M, (f) 4 M concentration at ¢= 20.

variation of Debye length with and without activity coefficient in presented in figure 5.37. In both

the cases a decrease in Debye length is observed with increasing NaCl concentration. The ion-
specificity of the non monotonic behaviour of d-spacing, for the L, phase of DDAC and DMTAP

bilayers we are no able to explain. Further work need to be done to understand this.

At [NaCl] ~ 2.5 M, a coexistence between a the collapsed lamellar phase (L;) and a swollen

phase (d~ 5 nm) is observed. Such phase was not seen for DDAC-LiCl system. The spacing after
the thresold salt concentration (~ 2 M) is found to be different for DDAC-LiCl and DDAC- NaCl



5.4. Discussions 117

2r M |
(f)

log Intensity [arb. units]
[0 ]

q (nm™1)

FIGURE 5.31: SAXS profiles of DDAC dispersions in (a) water, and in LiCl solutions
of () 0.5 M, (c) 1M, (d) 2 M, (e) 3 M, and (f) 4 M concentration at ¢=20. These
samples were not mixed during preparation.

16 i T T T T T ]
8 ©
S
3 ?r ®
®
E (e)
@ gt @
[}]
= ()
3 af (b)
/\./\W. N (a)
VAT b aaia A%
0 1 2 1 3 4 5
g(nm™7)

FIGURE 5.32: SAXS profiles of DDAC dispersions in (a) water, and in NaCl solutions
of (b) 0.5M, ()1 M, (d)2M, (e) 25 M, (f) 3 M and (f) 4 M concentration at ¢= 20.
These samples were not mixed during preparation.

system. The spacing is found to be much higher in the case of DDAC-NaCl, which is close to the
fully swollen L, phase. But in the case of LiC], it is around 6.5 nm. At present we don’t know
the origin of this difference. The spacing after threshold salt concentration (after ~ 2 M LiCl and
NaCl) is found be different for DMTAP and DDAC systems. In the case of DMTAP the spacing is
lower. This is most probably due to the higher bare bending rigidity of the lipid bilayers (of the
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FIGURE 5.33: SAXS profiles of DDAC dispersions in (a) water, and in KCl solutions
of () 0.5 M, (c) 1M, (d) 2 M, (e) 3 M, and (f) 4 M concentration at ¢=20. These
samples were not mixed during preparation.
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FIGURE 5.34: SAXS profiles of DDAC dispersions in (a) water, and in CsCl solutions
of (b) 0.5 M, (c) 1 M, (d) 2 M, (e) 3 M, and (f) 4 M concentration at ¢= 20. These
samples were not mixed during preparation.

order of 10 KzT) 1819 compared to that of surfactant bilayers (of the order of KzT) 202D,

Effect of temperature has been studied in the case DDAC -salt samples. In the case of DDAC-
KCI and DDAC-CsCl no significant change is observed on increasing the temperature (table. 5.2).
In the case of NaCl an increase in spacing is observed, which can be attributed to increase in the
undulation repulsion on increasing the temperature®?. For DDAC-LiCl samples a broadening
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FIGURE 5.35: Variation of d-spacing with salt concentration for different salts for
DDAC samples at ¢= 20. These samples were not mixed during preparation.

of the peak is observed on increasing the temperature. Which maybe similar to the unbinding
transition of lipid membranes®®, discussed in the previous chapter.

Effect of different metal alkali bromides ( CsBr, KBr, NaBr and LiBr) is studied on the L, phase
made by DDAB bilayers. No significant change of d-spacing was observed in the case CsBr and
KBr (table5.4). In the case of NaBr after a threshold a broad peak is observed with a much higher
periodicity. The phase was found to be optically isotropic. Previous study have shown the for-
mation of an optically isotropic phase (L3) in the case of DDAB-water system, which gives a very
broad peak in the SAXS pattern®?. Another study have shown formation of sponge phase upon
adsorption of polyelectrolytes on DDAB bilayers®Y. We were not able to get a good-fit of the scat-
tering data of DDAB-NaBr system at high salt concentration ( e.g. [NaBr]= 4 M) to that expected
from a sponge phase, following the procedure described in ref.®. A much better fit is obtained
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[CsIM)  deser (nm)  dger (nm)  dnuep (nm)  dpic; (nm)

0 10.72 10.72 10.72 10.72
0.5 55 3.63 3.45 3.58
1 3.32 3.25 3.24 3.35
2 3.15 3.15 3.19 3.91
2.5 - 3.31,4.62 - -

3 3.10 3.12 471 6.25
4 3.0 3.12 517 6.35

TABLE 5.5: Salt concentration vs d for different salts for DDAC system at ¢= 20.
These samples were not mixed during preparation. ’-" denotes that data was not

taken at that point.
1.5
(a) (b)
® Nal
B NaCl experimental data
NaF
O Nal - solvation + GCMC (d = 0.27 nm)
=] NaCl - solvation + GCMC (d = 0.249 nm)

NaF - solvation + GCMC (d = 0.17 nm)

KCl experimental data

KF - solvation + GCMC (d = 0.24 nm)
>  KCI-solvation + GCMC (d = 0.23 nm)
<& KI - solvation + GCMC (d = 0.25nm)

FIGURE 5.36: Variation of activity coefficient with salt concentration for NaCl and
KCl. Figure was taken from (1

when the data was fitted to a scattering from a lamellar phase (fig. 5.38), following the method de-
scribed in ). The fitting parameters obtained from the best fit are given in table 5.6. So this phase
can be recognized as an isotropic phase made of bilayers (L, phase). Formation of the L, phase
is reported in the surfactant system previously ®”). In the case of LiBr after a threshold one sharp
peak and one broad peak is observed in the SAXS pattern, which indicates a two phase coexis-
tence. At present we are not able to figure out, what is responsible for this behaviour. Variation
of the activity coefficient with salt concentration for different alkali metal brides is given in?®®. In
the case of KBr and CsBr the activity coefficient decreases monotonically with salt concentration.
For NaBr and LiBr a non monotonic behaviour is observed. The activity coefficient increases af-
ter a threshold. In our case also the d-spacing does not change significantly for DDAB-CsBr and
DDAB-KBr system on increasing the salt concentration (0.5 M - 4 M). But in the case LiBr and

NaBr the d-spacing increases after a threshold. Further work needs to be done to establish the
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correlation between the trend of the activity coefficient changes with the trend of d-spacing.
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FIGURE 5.38: Fitted data for 20wt% DDAB samples in NaBr solution of 4 M concen-
tration. The black line represents the experimental result and the red line represents
the best fit profile obtained from the model.

Variation of d-spacing of DDAC samples which were not mixed during preparation is shown
in fig. 5.35 and table.5.5. Like in the case of mixed samples, here also an increase in d-spacing
is observed after a threshold for NaCl and LiCl. But it was not observed for CsCl and KCI. The
spacing is found to be less for unmixed DDAC-NaCl samples, compared to the mixed one. Earlier
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[CGIM)  z,(nm) oy (m)  oc(mm)  pu/ pc U]

4 1.31 0.13 0.49 -0.32 0.64

TABLE 5.6: Values of the model parameters obtained from the best fit.

study on DDAB bilayers has shown the formation of a very dilute meta stable sponge phase (L3),

which disappears after long incubation time (~90 days)??

. The presence of such a dilute phase in
the present samples can apply an osmotic pressure on the lamellar phase, leading to the observed

behaviour.

5.5 Conclusions

In this chapter we have studied the effect of salt on the phase behaviour of fluid lamellar phase
formed by ionic surfactants and lipids at high salt regime. For LiCl and NaCl, on increasing the
salt concentration after a threshold (~ 2 M), an increase in d-spacing is observed. But for KCl and
CsCl such significant change in spacing is seen. The trend of the d-spacing changes follows the
trend of activity coefficient of alkali metal chlorides with concentration. The spacing of DDAC-
NaCl (or DDAC-LiCl) samples at high salt concentration (~ 3 M) is found to be higher than the
DMTAP- NaCl (or DMTAP-LiCl) samples. This maybe due to the higher bare bending rigidity
of lipid bilayers. The effect of different alkali metal bromides on the L, phase of DDAB is also
studied. No change in spacing is observed for DDAB-KBr and DDAB-CsBr samples. For DDAB-
NaBr an optically isotropic phase is found at high NaBr concentration ([NaBr] ~ 3 M). The spacing
also increases. A single broad peak is found, that can be fitted to a scattering from a lamellar
phase. For LiBr at similar salt concentration (~ 3 M), a broad peak (corresponding to a higher
periodicity) and a sharp peak (corresponding to a lower periodicity) are observed. The pattern in
which d-spacing changes with salt concentration follows the similar trend of activity coefficient of
alkali metal bromides. At present we are no able to figure out the ion specificity of such behaviour
and further work needs to be done to understand the behaviour.
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Chapter 6

Effect of pH on the phase behaviour of
PC bilayers

6.1 Introduction

Lipids are of fundamental importance as they are the basic building blocks of cell membrane ™.
Due to their amphiphilic nature, they self-assemble in to a variety of structures when hydrated
(®,®). The hydrophobic region of many lipids is made up of two hydrocarbon chains and they
typically exhibit lamellar phases in water, consisting of bilayers. The fluid L, phase occurs above
the chain melting transition called the main-transition. At lower temperatures the gel phase is
formed, where the lipid chains are mainly in the all-trans confirmation and are ordered on a two-
dimensional lattice in the plane of the bilayer. The ordered gel phase is denoted as Ly phase if
the chains are tilted with respect to the bilayer normal; otherwise it is referred to as the Lg phase.
Lipids that form the Lg phase often exhibit an intermediate ripple (Pg) phase in between the gel
and fluid phases, and the Ly — Pg transition is referred to as the pre-transition ®#=%). The rel-
ative cross-sectional area of the lipid headgroup in comparison to that of the chains determines
whether the chains are tilted or not in the gel phase. Lipids having small head group area such
as dimyristoylphosphatidylamine (DMPE), exhibit the Lg phase, whereas those with larger head
groups such as DMPC form L/g/ phase(7). If the headgroup area is even higher, chains from two op-
posite leaflets can interdigitate to form the interdigitated gel phase, with a much lower membrane
thickness that is comparable to the length of a lipid molecule®.

Some biological membranes, such as the one lining the stomach of animals, are exposed to
highly acidic environments®. Intracelluar pH is also known affect the structure, integrity and
softness of membranes!”). Hence determining the behaviour of lipids under such conditions is
important in understanding their function. Phosphoatidylcholines (PCs) are major component of
many biological membranes and hence by far the best studied class of lipids ). The PC headgroup
is zwitterionic around neutral pH, due to deprotonation of the phosphate group and protonation
of the quaternary nitogen. The positive charge of the quaternary nitrogen is neutralized at ex-

tremely high pH, above 120D,

On the other hand, the intrinsic pK of the phosphate group is
around 10V, Therefore, the fraction of PC lipids with a net positive charge increases as the pH of
the solution is lowered, reaching the value 1/2 when pH ~ 1. Calorimetric and fluorescence stud-
ies have shown that the chain melting transition temperature of PC lipids increases considerably
as the pH of the solution is lowered below 312719, Protonation of the phosphate group also affects

the polarity of the bilayer interface and leads to increasing hydrogen bonding between adjacent
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headgroups in the bilayer 1314, In the case of dihexadecylphosphatidylcholine (DHPC) bilayers
this drives a transition from interdigitated gel phase to bilayer gel phase, having much higher
bilayer thikness, on lowering pH!®. There are also a few reports of decreasing bending rigidity
of PC lipids in the fluid phase at low pH!>19). Although the effect of pH on the PC bilayers in the
fluid lamellar phase has been the subject of a few studies mentioned above, their phase behaviour
under low pH condition has not been probed in much detail.

In this chapter we present experimental studies on the phase behaviour of 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) and 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) at
acidic pH. Using differential scanning calorimetry and x-ray scattering, dispersions of DMPC in
HCl solutions of pH=4 and pH=3 are found to exhibit identical behaviour as dispersions in water,
with the pre-transition (T,) and main-transition (T,,) temperatures remaining at around 14 and
24°C, respectively. At low pH, T;, increases for both the lipids (DMPC and DLPC) and the pre-
transition disappears. An untilted gel phase with relatively larger periodicity is observed at pH=2
and pH=1, in contrast to tilted gel phase found in higher pH. The larger periodicity of the gel phase
indicates presence of long-range inter-bilayer repulsion due to the charging of the head groups as
the pH of the solution approaches the pK of the phosphate group. On the other hand, absence of
chain tilt in this phase points to the concomitant dehydration of the head groups, which reduces
the cross-sectional area. Incubation of the samples for a few days at pH=2 and pH=1, results
in the formation of crystallites at low temperatures and an inverted hexagonal phase at higher
temperatures. The occurrence of these phases can be attributed to the dehydration of headgroups
at very low value of pH17).

6.2 Materials and methods

DMPC and DLPC were obtained from Avanti Lipids. Samples at different pH were prepared by
adding appropriate amounts of stock solutions of HCI in water to the dry lipid. These samples
were vortexed and incubated at 60°C for at least one day to ensure homogeneity. Concentration
of DMPC and DLPC in these samples was typically 20 wt %. For DSC measurements, 30-40 ul
of these samples were taken in sealed metal cups. A Metler Teledo DSC 3 was used for all the
experiments with a scanning rate of 3 °C/min. For small angle x-ray scattering (SAXS) studies,
the samples were filled in 1 mm capillaries and flame sealed.

6.3 Results

6.3.1 Effect of pH on DMPC bilayers

At pH=4 and pH=3, DSC thermograms are very similar to that of the DMPC-water system. T, and
T» remain at 14°C and 24°C, respectively. The small hysteresis which is found on cooling may be
due to rate of the cooling used. The phase behaviour changes at lower pH. A small increase in T},
is observed for pH=2. For pH=1, T}, is found to be around 45°C, which is much higher compared
to that of the DMPC-water system. Two distinct peaks are observed on cooling for pH=2 samples
at 35°C and 25°C, respectively (fig. 6.1b).
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FIGURE 6.1: DSC thermograms DMPC dispersions in water and HCI solutions of
different pH. The upper curves correspond to heating cycle and the lower curves
correspond to cooling cycle.

SAXS profile of DMPC dispersions at pH=4 and pH=3 are similar to that of the DMPC-water
system. The d-spacings found in the fluid phase in all the three cases are similar and is about 6.2
nm (fig.6.2).

SAXS profile of pH=2 samples incubated for one day is shown in (fig.6.3 ). These profiles con-
sist of two or three peaks superposed on a much broader hump. The weak peaks can be indexed to
h=2,3 and 4 reflections of a lamellar phase of periodicity about 20 nm. The broad hump arises from
uncorrelated bilayers. The pattern doesn’t change significantly on cooling except the narrowing
of the hump at 20°C. The weak peaks disappears few days after incubation but the broad peak
remains (fig.6.4 ). Drastic changes are observed after incubating for many days (fig.6.5). Firstly,
a sharp peak appears at 30°C corresponding to a spacing of 3.1nm, which coexists with a broad
hump and a correlation peak at 6.5nm, arising from a lamellar phase. The peak from the lamellar
phase disappears at 40°C. Scattering from uncorrelated bilayers becomes weaker at 50°C and the
SAXS profile is dominated by the sharp peak at 3.1 nm. The pattern changes at 55°C, with the
appearance of peaks whose spacings are in a ratio 1:1/1/3 :1/2. These can be indexed to a two
dimensional hexagonal lattice with a lattice parameter of 6.8 nm. The hexagonal phase remains at
60°C, with the lattice parameter decreasing slightly to 6.3 nm.

WAXS patterns of pH=2 samples are shown in (fig. 6.6 ). Samples incubated for 1 day show a
broad peak at around 0.45 nm at 40°C. On cooling to 28°C a sharp peak appears at 0.42 nm. On
further cooling the broad peak disappears and the sharp peak becomes more intense. Samples
incubated for 15 days show a similar broad peak at higher temperatures, but show multiple sharp
peaks at lower temperatures (fig. 6.7 ). The width of these peaks is much lower that that of the

single sharp peak seen at lower temperatures in the WAXS profiles of samples incubated for a day.
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FIGURE 6.2: SAXS patterns of DMPC dispersions in water and in HCl solutions of
pH=4 and pH=3.

SAXS profiles of samples at pH=1 are shown in fig 6.8, fig. 6.9 and fig. 6.10. Samples incubated
for a day, show two peaks at 60°C arising from a swollen lamellar phase of 14.3 nm periodicity.
These peaks are superposed on a broad hump arising from uncorrelated bilayers. The pattern
remains unaltered on cooling down to 50°C. Additional lamellar peaks appear at 40°C, but the
intensity of the original peak decreases considerably. At this temperature the lamellar periodicity
is 13.8 nm. The original peak disappears at 30°C, but the periodicity does not change significantly.

On incubating for three days the periodicity of the swollen lamellar phase decreases to 8.7
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FIGURE 6.3: SAXS profiles of DMPC dispersions in HCI solutions of pH=2 on day 1.
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FIGURE 6.4: SAXS profiles of DMPC dispersions in HCI solutions of pH=2 on day 5.

nm at 30°C. In addition, two sharp peaks are observed at this temperature corresponding to a
lamellar phase of 3.1 nm periodicity. The pattern remains unaltered at 40°C, but the peaks from
the swollen lamellar phase become broader at 50°C, with the periodicity increasing to 9.7 nm. The
swollen lamellar phase disapperars at 55°C and three additional peaks appear, two of them falling
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FIGURE 6.6: WAXS profiles of DMPC dispersions in HCI solution of pH=2 on day 1.

very close and on either side of the first peak of the swollen lamellar phase. These peaks can be
indexed to a two dimensional hexagonal lattice of lattice parameter 6.8 nm. On heating to 60°C

only a broad peak corresponding to a spacing of around 5.5 nm is observed.
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FIGURE 6.7: WAXS profiles of DMPC dispersions in HCI solution of pH=2 on day
15.

Relative intensity of the peaks from the second lamellar phase of periodicity 3.1 nm increases
substantially on incubating the samples for 6 days. At 30°C an additional faint peak is observed
at a spacing of 6.6 nm, which becomes fainter on heating and disappears above 55°C. No peaks
are observed on heating the samples to 60°C.

WAXS patterns of the samples at pH=1 are shown in fig.6.11, fig. 6.12 and fig. 6.13 . A broad
peak is observed at 0.45 nm at 45°C, and on cooling below 40°C a sharp peak appears at 0.42 nm.
At lower temperatures the broad peak disappears and only the sharp one remains. Width of the
peak is considerably less than that of the peak seen at lower temperatures in the WAXS patterns
at pH=2 on day 1 (fig. 6.11). After 5 days the patterns seen at lower temperatures changes signifi-
cantly, with the appearance of multiple sharp peaks. Along with this, the broad peak appearing at
high temperatures becomes very faint. On further incubation the number of peaks present in the
pattern at lower temperature increases considerably. Polarising optical microscopy of these sam-
ples incubated for about a week show plate-like birefringent crystallites dispersed in the aqueous
solution, which melt into isotropic droplets at around 60°C (fig. 6.14).

6.3.2 Effect of pH on DLPC bilayers

Like DMPC samples a increase of T, is observed for DLPC dispersions in HCl solutions of lower
pH. T,, for DLPC at neutral pH is around -20Ca8) At pH=2 a peak is seen at around 10°C on
heating and cooling. For pH=1 samples the peak is observed at around 15°C (fig. 6.15).

DLPC samples at pH=2, which are incubated for one day, show SAXS profiles given in fig.6.16 .
These profiles consist of two peaks which can be indexed as the h=3 and 4 reflections of a lamellar
phase with periodicity of about 18 nm. The weak peak disappears after a few days of incubation
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FIGURE 6.8: SAXS profiles of DMPC dispersions in HCI solutions of pH=1 on day 1.
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FIGURE 6.9: SAXS profiles of DMPC dispersions in HCl solutions of pH=1 on day 3.

and the broader hump remains (fig.6.17). Drastic changes are observed after incubating for many
days (fig.6.18). at -5°C a lamellar phase of periodicity 2.8 nm is found to co-exist with another
lamellar phase of 6.4 nm. A change in SAXS pattern is observed on heating to 15°C. The peak
correspond to 2.8 nm periodicity remains and h=2,3 and 4 reflections from a lamellar phase of
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FIGURE 6.11: WAXS profiles of DMPC dispersions in HCI solution of pH=1 on day
1.

periodicity around 18 nm is found. The first peak of the swollen lamellar phase appears on heating
to 25°C. Three peaks are found at 45°C, which can be indexed to a two dimensional hexagonal
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FIGURE 6.13: WAXS profiles of DMPC dispersions in HCI solution of pH=1 on day
8.

phase with a lattice parameter of 6.5 nm.
SAXS patterns of DLPC samples at pH=1 are shown in fig.6.19, fig. 6.20 and fig. 6.21. Samples
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(a) (b)

FIGURE 6.14: POM images of DMPC samples at pH=1, incubated for about a week,
showing birefringent crystallites at 30°C (a), and isotropic droplets dispersed in the
aqueous medium at 60°C (b).

incubated for a day show 3 peaks below the main transition temperature, arising from a swollen
lamellar phase of periodicity around 14 nm. On heating a broad peak is observed, where the SAXS
pattern is dominated by scattering from uncorrelated bilayers (fig.6.19). The peaks disappear on
day2, and only the broad hump remains (fig.6.20 b). On incubating for 4 days a new lamellar
phase appears with a periodicity of 2.7 nm (fig.6.21 c). On heating to 20°C the pattern changes,
and at 30°C the first order peak of the swollen lamellar phase appears. At 45°C three peaks are
observed which can be indexed on a two dimensional hexagonal lattice with lattice parameter of
6.5 nm.

6.4 Discussion

Results of DSC studies clearly show that the phase behaviour of DMPC dispersions at pH=4 and
3 is identical to that of DMPC dispersions in water. T,, and T, remain unaltered in this pH range.
This conclusion is borne out by SAXS experiments, which show a fluid lamellar phase (L) of
comparable periodicity above the main transition over this range of pH. This is expected since
over this range of pH the protonation state of the head group is unaltered, the pK of phosphate
group being around 1 (1D, We did not probe the phase behaviour of these samples below T, since
these are well documented in the literature 19

Both for DMPC and DLPC, T,, increases at pH=2. The DSC thermogram for DMPC at pH=2
shows two closely spaced peaks and relatively large hystersis between the heating and cooling
cycles. SAXS profiles do not contain much information about structural changes across this tran-
sition since they are dominated from the scattering from uncorrelated bilayers. In order to confirm
the origin of this scattering, we have fitted some of these profiles to the form factor of the bilayer

derived from the 3 Gaussian model, which is given by (2021),

F(q) = 2\/27Tﬁh0hexp[—q20ﬁ/2] cos (gzy) + \/27Tﬁcacexp[—qzaf/2] (6.1)

Here p.=p.-pm is the relative electron density of the chain region with respect to the methylene
group and py=pp-pn is the relative electron density of the headgroup region. ¢ and o, are the
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widths of the Gaussians describing the head group and tail regions, respectively. zj is the distance
between the center of the bilayer and that of the head group region, so that 2z, is a measure of the
bilayer thickness.

Data collected from a more dilute DMPC dispersion (5 wt%) at pH=2 were fitted to eq.6.1, in
order to minimize correlation effects. These are shown in fig.6.22 and values of the model param-
eters reported from the fit are presented in table 6.1, which are comparable to the values obtained
in the literature for similar lipids V. The fit confirms that the scattering is from uncorrelated bi-
layers. Furthermore, values of the bilayer thickness (2z;,) obtained at 10°C and 40°C are found to
be comparable to those reported in the gel and fluid phases of DMPC 719,

TABLE 6.1: Values of the bilayer electron density model parameters obtained on
fitting eqn. 6.1 to SAXS data collected from a 5 wt% DMPC dispersion at pH = 2.

T°C zj(nm) (On / pc) 03,(nm) o (nm)
10 2.00 -1.70 0.10 0.38
40 1.64 -1.58 0.20 0.65

In both DMPC and DLPC, observation of a highly swollen lamellar phase and spontaneous
formation of uncorrelated bilayers point to the existance of long range repulsion between the
bilayers, which can arise from charging of the bilayers since the pH is close to the pK of the phos-
phate group. In order to confirm the origin of this repulsion, we have studied the effect of 100mM
NaCl on DMPC dispersions at pH=2. Incorporation of salt is found not to affect the phase be-
haviour in any way, as can be discerned from DSC thermograms given in fig 6.1b. However SAXS
patterns of the L, phase are altered significantly by the salt (fig.6.24). As described earlier, salt free
system gives patterns consisting of a few peaks superposed on a back ground. The multiple peaks
correspond to a lamellar periodicity of around 20 nm, whereas the background correspond to the
form factor of the bilayer. Hence it can be concluded that DMPC and DLPC form mainly unil-
amellar vesicles (ULVs) and a few multilamellar vesicles (MLVs) in the dispersion; former giving
rise to the broad background and latter giving rise to the peaks (fig.6.25). SAXS patterns obtained
in the presence of 100mM NaCl resemble those obtained from DMPC at higher pH, and consist of
two peaks corresponds to a lamellar structure, with a periodicity of 7.0 nm, which is close to the
value of 6.2 nm reported for DMPC dispersions in water®?. Hence we can conclude that these
samples moslty consist of MLVs. The much lower periodicity of these samples, which leads to the
enhanced stability of MLVs, indicates screening of inter bilayer repulsion by salt, thus confirming
its elecrostatic origin in the case of PC lipids.

SAXS patterns of samples containing salt change considerably when they are cooled down to
gel phase. Peaks corresponding to lamellar periodicity disappear and only a broad peak from
the bilayer form factor is observed. This indicates a transformation of the MLVs present at T>T),
into ULVs below T,,. On heating back to the fluid phase the SAXS pattern remains almost un-
altered , showing that the ULVs do not transform back into MLVs. Narrowing of the profile can
be accounted for by the thickening of the bilayers in the gel phase , as found in the salt-frree sys-
tem (fig.6.22). Presence of ULVs above T, is most probably due to the very slow kinetics of their
conversion into MLVs, and not an indication of their inherent stability in the fluid phase. Trans-
formation of MLVs into ULVs corresponds to the unbinding of the bilayers, and is driven by a
relative enhancement of the long range inter bilayer repulsion, which overwhelms the attractive
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van der Waals interaction between them®®. For example, an unbinding transition has been re-
ported on melting from the gel into fluid phase, caused by steric repulsion between the bilayers,
which arises from their thermal undulations®¥. Since the bilayer bending modulus in the fluid
phase is very much lower than in the gel phase, there is an abrupt increase in the amplitude of
thermal undulations of bilayer across the chain melting transition, and hence in the steric repul-
sion, leading to the unbinding of bilayers®¥. In the present system unbinding occurs on cooling
from the fluid to gel phase and hence can not be attributed to steric repulsion. The only other
long range inter bilayer repulsion is electrostatic repulsion. But it is difficult to imagine an abrupt
increase in electrostatic repulsion on going from the fluid to gel phase. An abrupt decrease in the
attractive van der Waals interaction across this transition is also very unlikely. One possibility
is that this MLV — ULV transformation is not driven by a relative increase in the inter-bilayer
repulsion, but by a relative change in the Gaussian and bending rigidities of the bilayer due to
contributions arising from electrostatic interaction, which are known to have opposite signs in
the two cases®. It has been shown that different bilayer morphologies, such as ULVs and flat

(26.27)  Hence it

bilayers, are stable over different ranges of the ratio of these two elastic moduli
is conceivable that the observed change in the bilayer morphology results from variations in the
elastic moduli on approaching the chain melting transition from above. Further work is needed
to understand the origin of this unexpected behaviour.

For DMPC, DSC traces of pH=2 samples with and without salt, are ver similar, but for an in-
crease in the width of the peak in the presence of 100 mM NaCl. On cooling they show a large
peak followed closely by a smaller one. They are reminiscent of the main and the pre transitions
of DMPC at higher value of pH, but with the two transition occurring very close in tempera-
ture. Since the salt free samples consists mainly of ULVs, as deduced from the SAXS data, these
transitions should correspond to changes in each bilayer. It may be mentioned here that the pre-
transition is believed to occur in isolated bilayers®®, hence the possibility of the smaller peak
corresponding to such a transition can not be ruled out. However, in the absence of a periodic
stacking of bilayers, it is no possible to deduce the occurrence of this transition from our SAXS
data. We have tried to probe this temperature range in detail in samples with salt, since they
form MLVs at high temperatures. However, the formation of ULVs on cooling prevented us from
gaining an understanding of the structural changes in the system over this temperature range.

WAXS profiles of DMPC samples at pH=2, collected after 1 day of incubation, which are com-
parable to the samples used in DSC studies, show a fluid to gel transition at around 30°C. Pres-
ence of one sharp peak in the wide angle region shows that the lipid chains are not tilted with
the respect to the bilayer normal, and the gel phase can be identified as Lg. In contrast, two or
three peaks are observed in the Ly phase, depending on the direction of chain tilt with respect
to the chain lattice (®,09). Since DMPC forms the Lg phase at higher pH, observation of the Ly
phase suggests a reduction in the headgroup cross-sectional area at pH=2. As suggested in the
literature, the PC headgroups are dehydrated at lower pH(13'16). Although repulsion between the
headgroups also increases due to their charging, the effect of dehydration dominates in determin-
ing their cross-sectional area. This leads to the formation of the Lg phase at lower temperatures
at pH=2. Since the chains are ordered on a two-dimensional hexagonal lattice in the Lg phase,
the area per lipid can be calculated using the relation, A = (4/+/3)d?, where d is the spacing of
the WAXS peak (0.42 nm). This gives A=0.41 nm?, which is in good agreement with the value
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found in the Ly phase of 1,2-Dilauroyl-sn-glycero-3-phosphorylethanolamine (DLPE), which has
a much smaller head group compared to DMPC (). In comparison, A=0.47 nm? in the Lg phase
of DMPC (). DLPE has shorter chains compared to DMPC, but the area per lipid is not affected
by this difference. Thus the reduction in A at low pH is quantitatively borne out by our results.
Occurrence of a swollen Lg phase clearly demonstrates the two concurrent effects of low pH on
the headgroups, namely, charging and dehydration. Similar WAXS studies were not done in the
case of DLPC. But the trend in the SAXS profile and DSC thermograms of DLPC are very similar
to that found in DMPC. As the effect of dehydration at low pH is independent of chain size, it is
expected that the WAXS pattern of DLPC also will be very similar to that of DMPC.

A new phase appears at low temperatures after days of incubation, giving rise to a SAXS pat-
tern similar to that of a lamellar phase of 3.1 nm periodicity in the case of DMPC and of 2.8 nm
periodicity for DLPC. From the WAXS profile of DMPC this phase can be identified as a crystal, as
it consists of many sharp peaks. Formation of a crystalline phase can be attributed to the drastic
reduction in the head group hydration at lower pH. These observations suggest that the reported
ability of acetic acid to promote crystallization of lipids results from a lowering of the solution
pH caused by dissociation of this weak acid ®”. We have not probed the structure of these crys-
tallites to see if it differs from the reported crystal structure®?). These crystallites coexist with a
gel phase at low temperatures. They both melt on heating leading to the formation of hexagonal
phase, which can be identified as an inverted phase as it coexists with an aqueous solution. The
appearance of the inverted hexagonal phase (Hj;) at high temperatures again points to the reduc-
tion in the head group size due to dehydration, as this phase is exhibited by aqueous dispersions
of lipids such as DPPE and DLPE, which have a much smaller phosphatidylethanolamine (PE)
headgroup, but saturated hydrocarbon chains similar to those of DMPC®). Changes in the SAXS
profile suggest that the Hj; phase melts into a more disordered structure, such as an isotropic
phase of inverted micelles, at higher temperatures.

The phase behaviour at pH=1 is very similar to that at pH=2, with a few minor differences.
Increase of Ty, is more at pH=1, for both DMPC and DLPC, in agreement with earlier report(12-14).
The crystalline and inverted hexagonal phases appear much faster here compared to pH=2 sam-
ples, probably due to a higher degree of dehydration. In the case of DMPC, the scattering data
show the coexistence of gel and crystalline phase at 30°C and suggests an Ly — L, transition at
50°C. On heating further, the L, phase gets converted into the Hj; phase at around 55°C. In the
case of DLPC the conversion to Hj; phase takes place at around 45°C. This sequence of phases
is usually exhibited by aqueous dispersions of lipds with smaller headgroups such as DPPE and
DLPE®), illustrating the key role played by the head group size in determining the phase be-
haviour. A careful observation on DMPC dispersions at pH=1 shows that the swollen gel phase
almost disappears after a few days of incubation and only the crystalline phase is observed. These
crystallites melt at around 60°C and form a dispersion of isotropic droplets in the aqueous medium
(tig.6.14b). The high temperature liquid phase scatters X-rays very weakly and does not give any
noticeable SAXS signals. The inability of the crystallites to form any liquid crystalline phases on
melting is a clear indication of the extreme dehydration of head groups at pH=1. Observation of
lamellar peaks in the pH=1 samples may be due to the reduction of interbilayer repulsion com-
pared to pH=2. This can be attributed to the lower Debye length at pH=1, which is of the order
of 1 nm, compared to 3 nm at pH=2. Although the surface charge density is higher at pH=1, the
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lower Debye length leads to increased correlation between the bilayers.

Crystallization is a slow process, it is expected that the crystals of PC lipids will form at lower
pH only a few days of incubation. The duration of incubation is much shorter at pH=1, as a result
of much higher degree of dehydration of the headgroups. On the other hand, the delay in the
appearance of the Hj; phase is rather surprising. This phase can be expected to form only when
the headgroup size is reduced sufficiently due to dehydration. Hence the appearance of the Hy;
phase many days after incubation suggests that the kinetics of headgroup dehydration is very
slow.

In order to further probe the observed dehydration of the PC headgroups at low pH, we have
studied the pressure-area isotherms of DMPC monolayers at air-water interface for three different
values of the pH of the subphase at T=25°C. We do not find any significant differences between
the isotherms measured at pH=7,3,2 and 1 (fig.6.26) !"). This suggests that the area per molecule in
the monolayer is not affected by the pH of the aqueous solution, in contrast to the case of bilayers.
It may be noted here that DMPC monolayers are in the liquid expanded phase at ambient temper-
ature, irrespective of the applied pressure®V). It would be interesting to see if lipid monolayers
exhibiting the liquid condensed phase also exhibit this insensitivity to the pH of the subphase.

It is difficult to correlate the results of the present study on a simple model membrane system
to the behaviour of multi-component biological membranes. However, since animal membranes
typically contain an appreciable amount of cholesterol)), which is known to significantly alter
the phase behaviour of DMPC ®?, a natural extension of the present study will be to probe the
influence of low pH on DMPC-cholesterol membranes.

6.5 Conclusions

We have studied the effect of acidic pH on the phase behaviour of two zwitterionic lipids, namely
DMPC and DLPC. Dispersions of DMPC in HCl solution of pH=4 and pH=3 behave identical
to dispersions in water. PC bilayers get charged at lower pH on approaching the pK of the PC
headgroup. At the same time head group size is reduced due to dehydration. This results in
the formation of the untilted gel phase at low temperatures and the inverted hexagonal phase at
higher temperatures. Headgroup dehydration leads to the formation of crystals after a few days
of incubation at pH=2 and pH=1.
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FIGURE 6.15: DSC thermograms of DLPC dispersions in water and HCI solutions of
pH=2 and pH=1.
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FIGURE 6.16: SAXS profiles of DLPC dispersions in HCl solution of pH=2 on day 1.
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FIGURE 6.17: SAXS profiles of DLPC dispersions in HCl solution of pH=2 on day 4.
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FIGURE 6.19: SAXS profiles of DLPC dispersions in HCl solution of pH=1 on day 1.
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FIGURE 6.22: SAXS pattern of a 5wt% DMPC dispersion at pH=2, in the gel (T=10°C)
and fluid (T=40°C) phases. The smooth lines are fits to the bilayer form factor given
by eq.6.1.
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FIGURE 6.23: electron density profiles obtained from the model.
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FIGURE 6.24: SAXS patterns of DMPC dispersion at pH=2 in the presence of 100mM
NaCl. The sample was prepared at 40°C in the fluid phase and cooled down to 20°C
in the gel phase. It was subsequently reheated to the fluid phase.
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(MLVs) and unilamellar vesicles (ULVs), observed in the present study. ULVs are

often referred to as large unilamellar vesicles (LUVs) and small unilamellar vesicles
(SUVs), if their diameters are more or less than 100 nm, respectively.
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Chapter 7

Conclusions

In this thesis we study the structure, phase behaviour and polymorphism of different selfassem-
bled aggregates of ionic amphiphilic molecules in the presence of polyelectrolytes and salt. In ad-
dition, the influence of pH on the phase behaviour of zwitterionic bilayers has also been probed.
Various experimental techniques, such as small angle x-ray scattering (SAXS), polarising optical
microscopy (POM), cryogenic scanning electron microscopy (cryo-SEM) and differential scanning
calorimetry (DSC), are used to probe the structure of different phases and the underlying interac-
tions.

In chapter 1 we give a brief introduction to amphiphilic molecules and principles of their
self-assembly. Then we present a short description of the phase behaviour of amphiphilewater
systems. We provide an outline of relevant interactions present in systems probed in this study.
We also describe the basic principles of experimental techniques, such as xray scattering, polar-
ising optical microscopy and cryo-SEM. SAXS data modelling for the determination of various
structures observed in our systems is also discussed.

In chapter 2 we have studied the structure of complexes of DNA with cationic alkyltrimethy-
lammonium bromide (C, TAB) surfactants for n varying between 8 and 18. These complexes are
found to have a two-dimensional hexagonal structure for n > 14. On the other hand, a two-
dimensional square phase is observed for n = 10. In the intermediate case of n = 12, the square
phase is observed at relatively higher surfactant concentrations, but a hexagonal phase, distinct
from the one exhibited by complexes of longer chain surfactants, is observed at lower surfactant
concentrations. Formation of the square phase at lower surfactant-chain length can be attributed
to higher DNA-DNA repulsion in the hexagonal phase. At presenet we do not know what is the
reason behind formation of Hs phase for C;,TAB-DNA complexes. Further work is needed to
understand this phase behaviour. Structural polymorphism of these complexes demonstrate the
delicate interplay between entropy and electrostatic energy in these two-dimensional macroion
crystals.

In chapter 3 we have studied the effect of an oppositely charged polyelectrolyte on the inter-
action between ionic surfactant bilayers, as a function of salt concentration in the solution. At low
salt concentrations, polymer bridging between adjacent bilayers creates an effective interbilayer
attraction, that results in a condensed lamellar complex. At high salt concentration the polyelec-
trolyte does not bind to the bilayers and the van der Waals inter-bilayer attraction leads to the
formation of a collapsed lamellar phase. A swollen complex occurs over intermediate salt concen-
trations, which forms a bicontinuous sponge phase in the case of DDAB and a swollen lamellar
phase for DDAC and DOAC. A speard in the spacing is observed in the swollen phase. Further
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work is needed to understand the reason behind it. Formation of the sponge phase can be at-
tributed to an increase in the Gaussian rigidity of the bilayers due to polymer adsorption, as has
been theoretically predicted.

In chapter 4 we have studied the effect of salt on the phase behaviour of fluid lamellar phase
formed by ionic surfactants and lipids at low salt regime. In the case of surfactant bilayers (DDAC
an DDAB) the system goes from an electrostatically stabilized phase to a undulation stabilized
phase on increasing the salt concentration in the solution, before it goes into a collapse lamellar
(L%) phase. The value of salt concentration at which the collapsed phase appears is different for
DDAC and DDAB. This can be attributed to the difference in the counter-ions in the two systems.
A specific-ion effect is also observed as the value of C; at which the L phase appears in the case
of DDAC, is slightly higher for LiCl and CsCl compared to NaCl or KCI. Further work needs to be
done to understand such specific ion effect. A temperature driven L — L, transition is observed
in the case of lamellar phase formed by DDAC. The transition temperature depends on the salt
concentration. In the case of charged lipid bilayers (DMTAP), whose bare bending rigidity is a
order of magnitude higher compared to the surfactant bilayers, a gradual reduction of d-spacing
is observed with increasing Cs.

In chapter 5 we have studied the effect of salt on the phase behaviour of fluid lamellar phase
formed by ionic surfactants and lipids at high salt regime. For LiCl and NaCl, on increasing the
salt concentration after a threshold (~ 2 M), an increase in d-spacing is observed. But for KCl and
CsCl such significant change in spacing is seen. The trend of the d-spacing changes follows the
trend of activity coefficient of alkali metal chlorides with concentration. The spacing of DDAC-
NaCl (or DDAC-LiCl) samples at high salt concentration (~ 3 M) is found to be higher than the
DMTAP- NaCl (or DMTAP-LiCl) samples. This maybe due to the higher bare bending rigidity
of lipid bilayers. The effect of different alkali metal bromides on the L, phase of DDAB is also
studied. No change in spacing is observed for DDAB-KBr and DDAB-CsBr samples. For DDAB-
NaBr an optically isotropic phase is found at high NaBr concentration ([NaBr] ~ 3 M). The spacing
also increases. A single broad peak is found, that can be fitted to a scattering from a lamellar
phase. For LiBr at similar salt concentration (~ 3 M), a broad peak (corresponding to a higher
periodicity) and a sharp peak (corresponding to a lower periodicity) are observed. The pattern in
which d-spacing changes with salt concentration follows the similar trend of activity coefficient of
alkali metal bromides. At present we are no able to figure out the ion specificity of such behaviour
and further work needs to be done to understand the behaviour.

In chapter 6 We have studied the effect of acidic pH on the phase behaviour of two zwitterionic
lipids, namely DMPC and DLPC. Dispersions of DMPC in HCl solution of pH=4 and pH=3 behave
identical to dispersions in water. PC bilayers get charged at lower pH on approaching the pK of
the PC headgroup. At the same time head group size is reduced due to dehydration. This results
in the formation of the untilted gel phase at low temperatures and the inverted hexagonal phase at
higher temperatures. Headgroup dehydration leads to the formation of crystals after a few days of
incubation at pH=2 and pH=1. Since animal membranes typically contain an appreciable amount
of cholesterol, which is known to significantly alter the phase behavior of PC lipids, a natural
extension of the present study will be to probe the influence of low pH on DMPC-cholesterol (or
DLPC- cholesterol) membranes.
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